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Preface to ”Recent Progress in Urbanisation
Dynamics Research”

This book is devoted to in depth analysis of past, present and future urbanization processes

all over the world. New methods and assessment techniques were also investigated extensively.

The development of science and technology has provided many new tools for the observation

of urbanization processes and the formulation of conclusions about this phenomenon. Recent

Progress in Urbanization Dynamics Research contains a broad range of papers presenting the

complexity of the urbanization process, and varied approaches focusing on different aspects of urban

development in relation to land development. This issue of Land is dedicated to the dynamics of

urbanization processes, rapid changes in urbanization and scattered development of urban areas,

zoning, sustainable development, urban sprawl, spatial conflicts, the real estate market, transport

accessibility, spatial analyses involving GIS tools, and map-making methods.

Iwona Cieślak, Andrzej Biłozor, Luca Salvati

Editors
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Land as a Basis for Recent Progress in the Study of
Urbanization Dynamics

Iwona Cieślak 1,* , Andrzej Biłozor 1 and Luca Salvati 2

1 Department of Socio-Economic Geography, Faculty of Geoengineering, University of Warmia and Mazury in
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2 Department of Economics and Law, University of Macerata, Via Armaroli 43, 62100 Macerata, Italy;
luca.salvati@crea.gov.it

* Correspondence: isidor@uwm.edu.pl

Urbanization is one of the most dynamic processes occurring on the Earth. The urban
population continues to increase due to the benefits of the urban lifestyle and the economic
and social aspects of urbanization. This process became especially intensified in the second
half of the 20th century, when the number of urban dwellers rose from 751 million to 4.2 bil-
lion in 2018. According to international forecasts, by 2050, the world’s urban population
will grow by another 2.5 billion, i.e., by 68%. However, the rapid rate of urbanization leads
to serious environmental, spatial and socio-economic problems such as soil degradation,
loss of urban ecosystem services, urban heat islands and air pollution. Health problems,
urban poverty, rising crime and overcrowding are also becoming very acute. However, it
should be noted that urbanization is perceived positively in many dimensions. Planned and
sustainable urban development is the basis of a properly functioning economy, promoting a
rise in living standards through higher quality of education and improved access to health-
care, culture and art. Researchers thus devote much attention to this process and monitor it
constantly. Until recently, statistical data, including population or investment growth in
administrative units, were the primary source of information for studying urbanization
processes in the global or local dimension. This process could not be followed with a fre-
quency suited to the rate of its progress based on data on spatial transformation. However,
enormous databases containing a broad spectrum of spatial information, as well as new
and rapid tools for processing spatial data have been available to researchers for more
than 20 years, not only locally, but also on the international and global scale. The scope
and quality of research on urbanization processes based on land data are also increasing.
According to estimates, in 1990–2000, the average annual increase in built-up land was
approximately 3.6% in developing countries and only 2.9% in industrialized countries. The
most dynamic changes in land use towards urbanization have been observed in East Asia,
including the Pacific region, and South-East Asia, where the increase in urbanized land
reached 7.2% and 6.4%, respectively. In Europe, the annual increase in urban area does not
exceed 2% in the most rapidly developing areas and is close to zero in rural areas.

Land use (LU) studies have become easier thanks to land cover (LC) observations.
Land cover analyses are becoming increasingly advanced and provide knowledge on all
dimensions of urbanization at various scales of reference. Most of the world’s urban areas
have experienced significant changes in land cover over the years. Land data, generally
referred to as Spatial Information System (SIS) data, are increasingly used in research. The
SIS provides information on LU/LC and currently covers various areas of interest, including
administrative boundaries, transport and hydrographic networks, terrain, settlement and
anthropogenic structures. These data are expanded to include environmental and social
dimensions that describe not only the changes taking place in the environment, but also in
the quality of life. SIS databases are being created at all levels of detail. Various types of
national spatial information systems provide access to key data. In this case, spatial data
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refer to location (coordinates in the adopted reference system), the geometric properties
and spatial relationships of objects that are identified in relation to the Earth and can
be used in the analyses of urbanization processes. Spatial information can be presented
cartographically and analyzed to identify urbanization patterns. Based on this reasoning,
the Earth is one of the primary sources of information on urbanization processes.

Urbanization causes deep changes in space and gradually modifies the land use struc-
ture. There is an enormous need for monitoring urban space as well as changes that occur
in areas directly subjected to urbanization pressure. The development of science and
technology has provided many new tools for the observation of urbanization processes
and the formulation of conclusions about this phenomenon. Recent Progress in Urbanization
Dynamics Research contains a broad range of papers presenting the complexity of the urban-
ization process, and varied approaches focusing on different aspects of urban development
in relation to land development emphasize the need for further research on urbanization.
Different chapters are dedicated to the dynamics of urbanization processes, rapid changes
in urbanization and scattered development of urban areas, zoning, sustainable develop-
ment, urban sprawl, spatial conflicts, the real estate market, transport accessibility, spatial
analyses involving GIS tools and map-making methods. Specifically, the authors focus on:

• The latest research results and the most interesting methods and information sources
used in studies of urbanization dynamics. Numerous examples and potential uses of
spatial data for the analyses of urbanization processes are also presented [1].

• A geospatial analysis of urban development patterns aiming to identify the character-
istic features of urban expansion with the use of the Geographic Information System
(GIS) and remote detection techniques (Landsat images) [2].

• Monitoring and modeling urban development patterns and trends with the use of
the Urban Sprawl Matrix and CA-Markov Model, analyzing changes in the urban
landscape and predicting LULC changes [3].

• Spatial and temporal characterization of urban expansion with the use of a concentric-
ring and grid-based analysis. These approaches were combined to describe urban
expansion processes in five large Latin American cities in 2000–2014 [4].

• An analysis of temporal and spatial patterns and urban expansion factors in the Texas
Triangle Megaregion with the use of land cover data and the imperviousness of the
National Land Cover Database transport data for 2001–2016, transport data from
the Texas Department of Transportation (TxDOT) and auxiliary socio-demographic
data [5].

• Urban Innovation Efficiency Improvement in the Guangdong–Hong Kong–Macao
Greater Bay Area from the Perspective of Innovation Chains, presenting a three-step
”knowledge innovation–scientific research innovation–product innovation” model
that proposes effective solutions and suggestions regarding the promotion and op-
timization of innovations based on cooperation in the Greater Bay Area, in view of
various factors, industrial structure and urban agglomeration innovation networks [6].

• Analysis of susceptibility to land-use conflict aimed at developing a procedure for
evaluating the risk of conflict in land management based on the specific attributes of
land with the use of databases, GIS tools and statistical data-processing methods [7].

• Analysis and evaluation of the spatial structure of Cittaslow cities based on examples
of several regions in central Italy and north-eastern Poland, including an assessment of
the urban layout, architectural features and the composition of urban and architectural
factors that are largely responsible for the perception of multidimensional spaces [8].

• Spatial differences in land-use change indicators per capita in Rome in central Italy
(in 1949, 1974, 1999, 2008 and 2016) with the aim of quantifying the discrepancies
between urban expansion and population growth. The empirical results of this study
encourage a discussion on the (presumed) unsustainability of the current urban ex-
pansion compared to former settlement structures, which can be attributed to land
fragmentation, loss of relict habitats and traditional croplands on the outskirts of the
city [9].
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• Spatial processes accompanying the loss and expansion of forests in the Rome metropoli-
tan area with the use of diachronic maps from 1936-2018, representing different socioe-
conomic conditions [10].

• Promoting the high-quality development of areas subjected to urbanization pressure,
improving the effectiveness of green innovations in urban agglomerations, analyzing
the impact of network structure characteristics (such as network scale and network
structure hole) on green innovations in urban agglomerations with the use of the unex-
pected output SBM model to measure green innovation efficiency in eight prefecture-
level cities in the Great Changsha-Zhuzhou-Xiangtan City Group, and to analyze the
contributing factors using the panel Tobit model [11].

• Improved methodology for selecting the optimum solutions for sustainable spatial
and traffic planning by combining quantifiable results of traffic microsimulation with
the multi-criteria optimization method [12].

• Transport accessibility in the suburban zone and its impact on the local real estate
market, in view of commuting time and demographic changes. The spatial differen-
tiation in population distribution was analyzed with the use of the Gini index and
geostatistical interpolation techniques [13].

• The role and significance of a pedestrian freeway overpass in Trabzon. Safety issues
and the motivation for using the overpass among respondents from different age
groups were described in detail [14].

All of the discussed topics relate to urbanization processes that are observed on a
daily basis as well as the methods and techniques for monitoring these phenomena. The
relationship between urbanization and space seems obvious, but it is also interesting and
multi-layered. Scientific and technological advancement has generated numerous tools for
observing urbanization processes, conducting analyses and formulating conclusions about
urbanization. Recent Progress in Urbanization Dynamics Research presents the latest research
trends by relying on the extensive body of knowledge relating to urban geography. Special
emphasis was placed on the global effects of urbanization, and this multidisciplinary
phenomenon was analyzed with the use of satellite and photogrammetric observation
techniques and GIS tools.
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Abstract: Urbanisation rapidly accelerated in the 20th century. Along with the increasing dynamics
of this phenomenon, the desire to know its origins and its course as well as to anticipate its effects is
also growing. Investigations into the mechanisms governing urbanisation have become the subject of
numerous studies and research projects. In addition, there has been a rapid increase in the number
of tools and methods used to track and measure this phenomenon. However, new methods are
still being sought to identify changes in space caused by urbanisation. Some of the indicators of
urbanisation processes taking place include quantitative, qualitative and structural changes in land
use, occurring at a certain time and place. These processes, related to human activity at a given
time and in a given area, are determined by spatial diffusion, usually spreading from the city center
towards the peripheral zones. Changes in land use involve the transition from less intensive to
more intensive forms of land use. The constant effort to acquire new land for development, the
search for alternative solutions for the location of investments and the need to determine the correct
direction of development generates the need to constantly apply newer methods in the study of the
dynamics of urbanisation processes. This paper presents an overview of recent studies and the most
interesting—in the authors’ opinion—methods used in research into the dynamics of urbanisation
processes. The main objective of the authors was to produce a compendium to guide the reader
through the wide range of topics and to provide inspiration for their own research.

Keywords: urbanisation; land use; dynamics of urbanisation; methods for mapping

1. Introduction

Urbanisation is one of the most visible manifestations of global change occurring
for anthropogenic reasons [1]. It can be defined as a process of population concentration,
mainly in urban areas, which also determines the growth of the urban population and
its share in the population of a given area. Urbanisation is described as a cultural and
civilizational process reflected in the development of cities, the increase in their number, the
expansion of their area, the progressive concentration of the population in their immediate
vicinity, the expansion of non-agricultural sources of income, the acceptance and assim-
ilation of urban standards, customs, etc. It is a complex and diversified process, taking
place with differing intensity and speed and with different effects in various countries and
regions of the world [2].

Urbanisation is both a process and a state [3]. As a process, it involves the changes
in human activities and socio-economic behavior described above, etc. As a state, i.e.,
the result of a process, urbanisation most often refers to the number and size of urban
settlement units, the proportion of the urban population in relation to the total population
of the country or region (urbanisation coefficient), the concentration of the population
in large cities or its dispersion, and the area occupied by city buildings [4]. These two
dimensions are interrelated and are dependent on each other. It should also be noted that
urbanisation is a global phenomenon, which is irreversible and inherent within human
development. It is associated with the scientific and technological revolution, with the
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concentration of productive forces and forms of social relations, with the spread of the
urban style of life, with changes in social relations and ties, with the transformation of the
rural population into diversified non-agricultural groups and with the modernization of
the entire settlement network [5,6].

Nowadays, urbanisation is approached as a multidimensional complex of economic,
social, demographic, cultural and spatial events and phenomena leading to the growth of
cities and an increase in the share of the urban population, the population concentration
in spatially expanding urban areas, the concentration of economic and administrative
activities generating an increase in the importance of cities, shaping specific cultural
patterns of urban lifestyle and specific arrangements of landscape and architecture [7].

The study of urbanisation processes can be based on each of these dimensions. The
demographic dimension of urbanisation is related to the increase in the number of city
residents, caused both by rural population migration to cities and by natural growth in
cities and the creation of new settlement units. With regard to rural areas, demographic
urbanisation, especially in the suburban zones of highly developed countries, is related
to the population outflow from cities to the countryside. The social dimension of urbani-
sation is expressed in the spread and deepening of the “urban lifestyle”, i.e., in attitudes,
skills, behavioral patterns and even personality traits that are characteristic of metropolitan
communities, both in the city area and in the countryside [8–10]. The economic dimension
of urbanisation involves changes in occupational structure and employment. The occu-
pational diversification of the population is becoming more pronounced in the city. The
number of people employed in various services is growing at the expense of agriculture
and crafts. The proportion of employment in traditional agricultural jobs is changing in
rural areas in favor of non-farm jobs. All of the above dimensions of urbanisation are
linked by spatial changes in the appearance and organization of the surrounding areas.
Therefore, the spatial dimension of this phenomenon is one of the most interesting topics
for research into the dynamics of urbanisation, since it provides a basis for inferring the
causes and effects of the aforementioned aspects. The spatial dimension of urbanisation
applies to both urban and rural areas. Spatial urbanisation is understood as the expansion
of the urban landscape [11–15] and includes an increase in the urban investment area as
well as the saturation of villages with urban-like infrastructure and buildings. In rural
areas, spatial changes are associated with transformations in land use. The area of land
used for farming is decreasing in favor of other, non-agricultural forms of use. Changes are
taking place in the physiognomy of the buildings and the village morphology, as well as in
the modernization of the technical infrastructure.

Current research primarily focuses on demographic and spatial urbanisation. It should
be stressed that these are essentially just objectively separated manifestations of the same
phenomenon. However, no spatial effects of urbanisation exist without demographic
changes. The anthropogenic background of this phenomenon makes the demographic
aspect an overriding factor in understanding the causes of spatial change. In practice, de-
mographic urbanisation is measured and expressed, first of all, in the form of census-based
statistics, the purpose of which is (at least in principle) is to distinguish the inhabitants
of cities and towns from those living in rural areas [16]. The demographic dimension of
urbanisation is related to the increase in the proportion of the urban population. Neverthe-
less, quantitative changes are also accompanied by qualitative ones. Changes are taking
place in the gender and age structures of the population, the level of population growth,
the balance of migration, the occupational structure of the population, the size of the family
and its socio-professional status, and the size of the household, etc. [17] Accordingly, in
recent studies, demographic urbanisation is examined in a much broader context, taking
into account all the transformations occurring in demographic structures and processes,
not only in quantitative but also in qualitative terms [4,18,19].

Spatial urbanisation is most often reflected in the rapid growth of cities, which has
exerted pressure on land, local resources and especially on rural areas in their immediate
vicinity [20,21]. The concentration of human activity in specific locations and regions
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favors the development of large cities and various forms of urban settlement [22]. Urban
growth and transformation are driven by the forces of attraction between specific locations.
This process of spatial diffusion results from interactions between multiple factors and
contributes to the development of new spatial patterns [23]. This is primarily due to the
specific topography of the city surroundings, the existing road network, the land ownership
structure and the pace of its development. These changes are catalyzed by the development
of transport networks, as well as the advantages arising from the spatial agglomeration
of resources, including human resources. Urbanisation is viewed as a process of organic
growth, starting in the city center and leading to the spontaneous formation of ‘mini’ urban
areas, especially throughout the transport network [24]. The majority of these processes are
very dynamic and cause rapid changes in the structure and organization of land use [23].
The process of urbanisation, particularly spatial urbanisation, requires the application of
continuously evolving research methods and techniques, which render it possible to grasp
its essence and pace. The aim of this paper is to present the most interesting, according to
the authors, methods used in research on the dynamics of the spatial urbanisation processes.
Sources of information employed in the analyses of urbanisation processes are described
and a number of examples of the use of spatial data in analyses of urbanisation processes
are presented. The solutions described apply to multiple countries and continents and the
issue is a common one. Studies addressing this subject usually test new methods for a
universal understanding of the urbanisation phenomenon. The added value of this paper
is in the fact that it describes ready-to-use solutions in a single publication, in the form
of data sources and their use in analysing urbanisation processes. This should facilitate
the selection of an appropriate method and its application in research on the dynamics of
urbanisation processes for many researchers. The paper presents an overview of recent
research and the most interesting, according to the authors, methods used in research on
the dynamics of urbanisation processes. The main aim of the article was to produce a
compendium that would guide the reader through the wide range of topics and provide
inspiration for their own research. The first chapter defines the concept of urbanisation.
Chapter 2 presents demographic changes and the spatial dimension of urbanisation from a
global perspective. Chapter 3 describes recent trends in research on urbanisation processes.
Sources of information used in the analyses of urbanisation processes are described in
detail in Section 3.1. Section 3.2 presents examples of applying spatial data in analyses
of urbanisation processes. Section 3.3 examines the possibilities of using spatial data in
the study of urbanisation processes. Discussion, conclusions and further directions for
research are presented in Chapter 4.

2. Demographic Changes and the Spatial Dimension of Urbanisation from a
Global Perspective

Demographic processes are the driving force behind urbanisation. According to data
published in World Urbanisation Prospects—The 2018 Revision [1]—approximately 55% of
the world’s population lived in towns and cities in 2013. It is projected that this value will
reach 68% by 2050. This is due to changing lifestyles and a gradual reduction in agricultural
employment in favor of the endogenous functions of cities [25]. According to the data
published by the United Nations, two-thirds of the world’s population will live in urban
areas (Figure 1).
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Figure 1. Global urban and rural populations: historical and projected. Source: [1].

In the second half of the 20th century, urbanisation rapidly accelerated. Dynamic
growth of cities was observed in the more developed regions of the world, such as Europe
and later North America. Yet, in recent decades, it has been Asia that has been urbanising at
a tremendous rate—it now has more than half of the world’s 40 megacities (with more than
10 million inhabitants). Africa is also gaining urbanisation momentum and now has three
megacities in Cairo, Lagos and Kinshasa [26]. People migrate in search of a higher standard
of living and the benefits of an urban lifestyle [27–29]. This process is particularly visible
in Asia and Africa (90% urban population growth), where the highest rates of population
growth are also found [30,31]. The migration of people to towns and cities was particularly
high after 1950. From the level of 751 million, the urban population grew to 4.2 billion
in 2018. It is predicted that by 2050 this number could rise by another 2.5 billion [32]
(Figure 2).

Figure 2. Growth rates of urban agglomerations by size class. Source: https://population.un.org/
wup/Maps/ (accessed on 2 August 2021).

Today, the most urbanised areas include North America (82% of the population live in
urban areas), Latin America and the Caribbean (81%), Europe (71%) and Oceania (68%).
Although these percentages are much lower in Asia (50%) and Africa (43%) in view of the
relatively lower numbers of cities and towns, these are the areas with the largest cities
(over 10 million) [1]. It is expected that by 2030, the number of cities with over 10 million
inhabitants will rise to 43, while in 1970, there were only three such locations. The scale of
these changes is shown in Figure 3.
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Figure 3. The projected growth of urban population and cities in 2030 compared to 1970. Source:
https://population.un.org/wup/Maps/ (accessed on 2 August 2021).

Urban areas are the focal point of economic activity in most areas of the globe. Cities
provide driving forces for development, bringing economies of scale, developing markets,
creating jobs and encouraging new forms of business. As economies progress from basic
activities—agriculture, fishing and mining—to industrial production and then services,
the role of cities in the global economy expands with each transition. At present, about
55% of the world’s population (4.2 billion people) live in cities, and by 2050, almost 7 out
of 10 people worldwide will live in urban areas. According to the figures provided by
the World Bank, more than 80% of global GDP is generated in cities. Major urban areas,
particularly in developed countries, are economic giants [33]. The 600 largest urban centres,
with a fifth of the world’s population, generate 60 per cent of global GDP. The 380 largest
cities in the top 600 in terms of GDP accounted for 50 per cent of global GDP [34].

Research studies conducted on the phenomenon of urbanisation are usually based on
an analysis of statistical data concerning demographic and investment growth in adminis-
trative units. They are very significant as they clearly show the scale of the phenomenon.
However, these studies often lack a spatial reference indicating the direction and the
territorial extent of the changes.

The development of towns and cities is no longer controlled. The main reason behind
this is the scale of economic and social change. The increased population mobility, the
development of technology and the exchange of information have also resulted in city
boundaries becoming indistinct [35]. The constantly growing urban population needs more
space and the rate of growth results in a low level of space urbanisation processes [20,36].
This poses a serious threat to the spatial order and ultimately reduces the quality of this
space and, consequently, the quality of people’s lives [37]. Housing land, which accounts
for over 70% of land use in most urban areas, determines the form and density of cities,
provides employment and contributes to their growth. Housing policy and the provision of
adequate infrastructure to residents for their safety and health is one of the most important
challenges for these cities. In addition, it should be remembered that the shortage of
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space causes price increases in the property markets, which leads to an increase in the
number of residents living in extremely poor conditions or slums [22,38]. It is estimated
that 881 million urban dwellers live in slums, a number that has increased globally by 28%
in the last 24 years. Although the share of urban populations living in slums has declined
over the past two decades, the number of slum dwellers continues to rise [24,39].

Forecasts show that the amount of urban land on Earth by 2100 may range from
around 1.1 million to 3.6 million km2 depending on the approach and the application of
sustainable development principles—Figure 4.

Figure 4. Projected growth of urban areas between 2000 and 2100. Source: https://population.un.
org/wup/Maps/ (accessed on 2 August 2021).

Transformations of land use triggered by new human demand affects many aspects
of the environment at spatial and temporal scales, including freshwater quality and avail-
ability, extreme precipitation and flooding, biodiversity and habitat loss, and global warm-
ing [40]. Although cities around the world are the driving forces for economic value
creation and income generation, fulfilling an essential role in many aspects of society, the
spatial changes they induce and do not control can pose a huge threat to human beings.

Uncontrolled urban growth is clearly visible in the surroundings of metropolitan cities
and often results from insufficient space that can be allocated for investment purposes
within the city to satisfy the needs of an economically and demographically expanding
metropolis. The spatial dimension of urbanisation applies to both urban and rural areas,
which is reflected in the amount of space used in a characteristic urban manner. Rural
areas, in particular, are experiencing a constant transformation, which is caused by the
interest in these areas of urban dwellers. These processes are usually very dynamic and
produce rapid changes, based mainly on the principle of reorganisation of the structure
of space, and manifest themselves as advanced suburbanisation and exurbanisation [35].
In the literature, this phenomenon has become known as ‘urban sprawl’, denoting the
process of spreading and the enlargement of big cities [41,42]. This phenomenon is seen as
a process resulting from socio-economic changes due to spontaneous and disorderly urban
expansion [43]. For this reason, it is extremely important to monitor the direction, the level
and the pace of spatial urbanisation. Urban sprawl is often measured by the population
density gradient (as the percentage decrease in density over increasing distance from the
city centre) [44] or by the spatial size of the urban area [45]. The analysis of these values
shows a disproportionate increase in urban space to the increase in urban population [46].

Suburbanisation is of particular importance in a period of rapid urban growth. Areas
under direct urbanisation pressure are described in the literature as the urban–rural transi-
tion zone [47,48], the urban–rural continuum [49–53] or the suburban zone [54–57]. Studies
of these areas focus not only on the progressive integration of new land into the urban
sphere of influence, but also on changing land use, the extent of infrastructure, access to
services and markets, and exposure to urban production processes and environmental
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pollution [58]. Changes in land use in areas are referred to as a rural–urban fringe [59–64],
in so-called “green belts” surrounding the city [65–67] and areas referred to as “urban
villages” [68] are also explored. Areas under urbanisation pressure are also investigated in
terms of investment attractiveness [69,70] or real estate market analyses [71–75].

3. Methodology of Proceeding and the Determination of Recent Trends in Research on
Urbanisation Processes

In order to describe the investigated area of knowledge, based on an extensive lit-
erature review, a number of methods and techniques used to study the dynamics of
urbanisation processes were examined. The variety of attributes and the large range of
data make the process of analysing spaces under urbanisation pressure both complex and
time-consuming. The key to the choice of the spatial data presented and the methods
applied in the research on the dynamics of urbanisation processes was their availability,
the difficulty of classifying certain forms of development, the time of implementation, costs
and their spatial and temporal continuity. The main focus of the paper is on the use of
photogrammetric and remote sensing sources to study urbanisation changes. Among these,
sources were separated according to the type of information and their spatial scope. The
examined sources demonstrate land cover changes, which can be divided into four classes:
land-use change analyses, environmental change analyses and demographic and economic
change analyses. The spatial extent of the data gathered is highly diverse. Its scope can be
classified as local, regional, national or global. Taking into account these two aspects, the
most interesting examples of applying particular databases created with photogrammetric
and remote sensing sources for the purpose of analysing the dynamics of urbanisation
processes were identified by a literature review. The presented research results are based on
data from 1990–2020. The classification of spatial data sources and the selection procedure
of application cases are shown in Figure 5.

Figure 5. Classification of spatial data sources.
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3.1. Sources of Information Used in Analyses of Urbanisation Processes

Urbanisation produces profound changes in space and gradually modifies the struc-
ture of land use. There is a great need to monitor urban space, as well as the changes that
are taking place in areas subject to the direct pressure of urbanisation. The development
of science and technology provides many new tools to observe urbanisation processes
and to analyse and draw conclusions regarding this phenomenon. Sources of information
data used in analyses of urbanisation processes can be generally divided into statistical,
cadastral, photogrammetric and remote sensing.

Statistical data used in analyses of urbanisation processes take into account changes
occurring over time in land-use forms, settlement unit boundaries, changes in the territorial
division, in the number of towns and cities, as well as in the area, population and structure.
Statistical data collected and processed, e.g., by the European Statistical Office (Eurostat)
and governmental statistical offices (Statistics Poland), also refer to internal and external
population migration processes.

Cadastral data used in an analyses of urbanisation processes are gathered in pub-
lic registers and cartographic studies. The data in the registers include, among others,
information on persons, their rights, legal transactions, obligations, goods, etc. For ex-
ample, in Poland there are about 280 public registers serving different purposes, e.g., the
registration of the actual state of real estate is assigned to the land and building register,
while the registration of the legal status of real estate belongs to the scope of the land
and mortgage register [76]. Descriptive and spatial attributes of real estate used in an
analyses of urbanisation processes include the number of parcels, numerical description
of boundaries, surface areas, land use contours and soil classes, designation of the land
and mortgage register or sets of documents defining the legal status of the real estate,
street names and ordinal numbers of buildings, names of physiographic objects, GESUT
(geodetic records of public utilities) data, providing information on ground, aboveground
and underground technical infrastructure. Data from cartographic studies also contain
information on the condition, distribution and interrelationships of various types of terrain
objects and phenomena, their qualitative and quantitative characteristics, as well as their
names and descriptions. The analysis of urbanisation processes with the use of digital
or analogue cartographic works, such as a topographic map, takes into account surface
elements of the landscape, such as residential estates, industrial and agricultural facilities,
water and related facilities, vegetation, crops, land, boundaries, landforms, etc. In general,
cadastral data can be divided into qualitative (describing the type, equipment, buildings,
utilities), quantitative (area, volume) and situational information (location, access).

Photogrammetric and remote sensing data seem to be particularly important in the
analysis of urbanisation processes. Photogrammetry (terrestrial and aerial) is used to
develop and update various types of maps, orthophotomaps, digital elevation models
and spatial information systems. Remote sensing data (data on phenomena and objects
acquired without direct contact with them), which are produced at various altitudes and
by various sensors, can be divided into active (radars-SAR, scanners-LiDAR) and passive
data (cameras or thermal scanners-placed on the board of satellites, aircraft and drones).
The sensors provide images in various ranges of electromagnetic radiation. The resulting
databases, complemented by spatial databases, which are already common today, provide
enormous research material and make it possible to study the phenomenon of urbanisation
with greater intensity and in a more up-to-date context.

Photogrammetric and remote sensing (RS) data and GIS tools provide accurate infor-
mation on land use and land cover changes. Currently, the main sources of data are the
Copernicus (program supervised by ESA) and Landsat (program supervised by NASA)
satellites. The data acquired and shared from the Copernicus (in particular Sentinel-2 and
Sentinel-1) and Landsat satellites provide a high level of detail. The use of a variety of
sensors, including optical and radar, facilitate monitoring land cover and support crisis
management. Additionally, the photogrammetry and remote-sensing products obtained
through the Copernicus and Landsat programs, generating high-resolution images of land
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cover [77], make it possible to monitor urbanisation processes [78–80]. Monitoring land
cover with high-resolution imagery, especially in urban areas, is a key task and has applica-
tions in many fields, such as land development planning, urban planning and architecture,
ecology and environmental protection, etc. These data are also of fundamental importance
for understanding spatial urbanisation processes. With the availability of urbanisation data,
photogrammetry and remote sensing techniques are becoming increasingly popular for
monitoring changes in land use processes. The Copernicus program services, coordinated
by the European Environment Agency, provide information on land cover and land use
on a European, national and local scale. The pan-European component includes, among
others, the uniform land cover databases (CLC1990, CLC2000, CLC2006, CLC2012 and
CLC2018) and High Resolution Layers (HRL).

The CORINE Land Cover database includes all land cover forms occurring on the Euro-
pean continent, leaving no unclassified areas (clc.gios.gov.pl, access date: 1 February 2018).
The database contains information on both land cover and land use. In the CLC, land
cover forms are hierarchically divided into three levels. The database distinguishes five
basic forms of land cover: anthropogenic land (built-up areas, used for housing, services,
industry or mines, and municipal green spaces), agricultural land (arable land, permanent
crops, meadows and pastures, and wooded and shrubby land used for agriculture), forests
and ecosystems (land covered with or partially devoid of forest vegetation), wetlands
(inland marshes, peat bogs, salt marshes and mudflats) and water areas (inland waters and
sea waters). These forms are further subdivided into levels two and three, which specify
the form of land use within the group [81]. The CLC database is a tool for conducting
complex spatial analyses based on diverse land-use types. One of the greatest advantages
of the CLC dataset is that it is regularly updated, which makes this resource particularly
useful for analysing the rate of changes in land use and developing forecasts. HRLs contain
detailed information on characteristic land cover forms: impervious areas, wooded areas,
areas with grass cover, water bodies and wetlands. These layers are complementary to the
Corine Land Cover databases.

The local component also offers Urban Atlas, Riparian Zones and Natura 2000. The
Urban Atlas data represents the functional zones of urban areas and contains detailed
data on land cover (land use) compiled for the most populous European cities (for most
cities with more than 50,000 inhabitants). The classification recognises 17 urban classes
(including five classes of mixed-density development) and ten other classes associated
with other land cover forms. The Urban Atlas project currently comprises nine products,
including land cover data from 2006, 2012, 2018 and Urban Atlas Change 2006–2012 and
2012–2018. Riparian Zones data concern land cover and land use in areas along rivers, i.e.,
riparian areas. The primary objective is the need to monitor biodiversity at the European
level, including as part of the improvement of ’green’ and ’blue’ infrastructure in the
European Union. Natura 2000 data relate to grassland-rich areas and their assessment for
conservation efficiency. Coastal Zones data are used to monitor the dynamics of land-use
change in coastal zones.

The above-mentioned types of sources of information on urbanisation processes are
merged to create Spatial Information Systems (SIP). The data necessary for analyses of
urbanisation processes can be found in various databases of this system, such as Euro-
Geographics. EuroGeographics facilitates access to official, comparable and verifiable
geospatial data from European national authorities responsible for maps, cadaster and land
and mortgage registers. EuroGlobalMap is a geodatabase at a 1:1,000,000 accuracy level
covering 45 European countries and territories. The thematic scope of the data includes
administrative boundaries, transport and hydrographic networks, landforms, settlements
and anthropogenic objects. EuroGlobalMap provides an ideal background for a wide
range of activities, from network planning, monitoring and analysis to the presentation of
environmental policies.

Access to key data is also provided by all types of national spatial information sys-
tems. Spatial information refers here to information on the location (coordinates in an
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assumed reference system), geometric properties, and spatial relationships of objects that
are identified in relation to the Earth and that can be used in an analyses of urbansation
processes. In Poland, for example, the National Geographic Information System (KSIG)
consists of standardised reference databases containing information on objects located
on and below the Earth’s surface, together with their location, situated in the territory
of Poland, as well as procedures and techniques for the systematic collection, updating,
processing and disseminating of the data. The most important components of KSIG include
vector map level 2 (VMAP2), topographic database (TBD), topographic and base maps,
general geographic database (BDO), photogrammetric database, orthophotomaps and the
land and building register (EGIB). The most important feature distinguishing the spatial
information systems in operation, which is the consequence of the presence of spatial
information contained in them, is the possibility of its cartographic presentation and of
an analysis allowing answers to be obtained regarding the real world modelled by the
system [82].

3.2. Examples of Using Spatial Data in Analyses of Urbanisation Processes

The examples presented below reflect the latest and, in the authors’ opinion, the most
interesting trends in the research on the dynamics of spatial urbanisation processes.

3.2.1. The Analysis of Urbanisation Processes Using Aerial and Satellite Images

Aerial and satellite imagery is very often used in spatial analyses. The result of
processing these images is an orthophotomap, which, unlike a traditional map, presents
the state of land cover and land use in the most realistic way. The use of publicly available
orthophotomaps enables the identification and location of the urban investment boundary,
the degree and rate of urbanisation of the area (Figure 6).

Figure 6. An orthophotomap of the southern part of Olsztyn: (a)—1995, (b)—2005, (c)—2009,
(d)—2017. Source: https://msipmo.olsztyn.eu/imap/ (accessed on 20 July 2021).
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The expert method of visual interpretation of the orthophotomap (photointerpretation)
and additional data—e.g., from the land and building register and from the field visits,
make it possible to identify current and historical land-use forms (Figure 7).

Figure 7. Inventory of the existing development—an example, 2017. Source: [20].

At present, orthophotomaps are produced with a field resolution of 10 cm, which
allows the precise identification of objects. Orthophotomaps are successfully used as
separate layers in geographic systems and form the background for spatial planning and
the creation of thematic studies.

3.2.2. The Analysis of Urbanisation Processes Using Corine Land Cover Data (CLC) Data

The European Earth observation program known as Copernicus Land Monitoring
provides two datasets on land cover characteristics in Corine Land Cover data (CLC) and
High Resolution Layers (HRL). The Corine Land Cover initiated in 1985, updated in 2018,
provides information for the whole area of the European Union—39 countries. Mainly,
the identification of land cover is mapped by a visual interpretation of high-resolution
satellite images. The CLC dataset is divided into 44 classes, which describe five categories:
artificial surfaces, agricultural areas, forest and seminatural areas, open spaces with little
or no vegetation and wetlands and water bodies [23,48,83,84].

A land cover model based on Corine Land Cover data (CLC) is presented in a study
conducted by Biłozor A. et al. (Identification and Location of a Transitional Zone between
an Urban and a Rural Area Using Fuzzy Set Theory, CLC, and HRL Data). The result of the
aggregation of individual CLC data classes defining the range of land uses for the selected
area is shown in Figure 8.

The CORINE Land Cover (CLC) databases compiled for the period 1990–2000–2006–
2012–2018 provide another reliable source of information about ongoing urbanisation
processes. One of the uncontrolled urbanisation phenomena is suburbanisation connected
with the emergence of urbanised areas far beyond the city limits in the form of often
chaotically located buildings. This is common practice but is undesirable due to the
quality of these areas, which tend to be poorly equipped with technical infrastructure and
significantly increase the cost of commuting to work and of basic services. An example
of using the CLC database, Geographical Information System (GIS) tools and the over-
urbanisation (OU) indicator described in the publication: The Use of the CORINE Land
Cover (CLC) Database for Analyzing Urban Sprawl [84] is presented in Figure 9.
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Figure 8. Land cover model in the area under investigation based on the CLC data. Source: [48].

Figure 9. Aggregated urban areas. Source: [84].

3.2.3. The Analysis of Urbanisation Processes Using High Resolution Layers Data (HRL)

Another type of data-High Resolution Layers (HRL) provides more detailed infor-
mation about land cover than CLC. This dataset was first produced in 2012 from satellite
imagery through a combination of automatic processing and interactive rule-based classifi-
cation. Currently, the main source of data are satellites created in the Sentinel project, in
particular, Sentinel-2 and Sentinel-1, which allows the use of different sensors, including
optical and radar. In this dataset, which is presented in spatial resolution of 20 × 20 m for
39 countries in the EU, five themes can be identified which correspond with the main cate-
gories in CLC. The level of sealed soil (imperviousness degree 1–100%) which is produced
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using a semi-automated classification based on calibrated NDVI, captures the different
types of specific land cover. Those five products capture the spatial distribution of Impervi-
ousness, Forest, Natural Grassland, Wetlands, Permanent Water-bodies, Wetness and Water
and Small Woody Features [85–87]. The land cover model based on HRL Imperviousness
data is presented in Biłozor A., Czyża Sz., Bajerowski T.-Identification and Location of a
Transitional Zone between an Urban and a Rural Area Using Fuzzy Set Theory, CLC, and
HRL Data [48] (Figure 10). The conducted analyses included raster reclassification followed
by the polygonization of urbanised areas. The measures taken enabled the indication of
the boundary of the urban area, which, according to the adopted assumptions, determined
areas with imperviousness at a level of 30%.

Figure 10. Land cover model in the area under investigation based on HRL Imperviousness data
Source: [48].

HRL databases are also a reliable source of information about ongoing urbanisation
processes. In their research, Liua X. et al. (High-resolution multi-temporal mapping of
global urban land using Landsat images based on the Google Earth Engine Platform) used
the Normalized Urban Areas Composite Index (NUACI) method and utilised the Google
Earth Engine to facilitate the global urban land classifications from an extensive number
of Landsat images [87]. High-resolution multi-period mapping (with a 5-year interval) of
global urban areas using Landsat imagery based on the Google Earth Engine platform is
shown in Figure 11.

3.2.4. The Analysis of Urbanisation Processes Using Urban Atlas Data

The Urban Atlas contains pan-European comparable data on land cover and land use
comprising a range of functional urban areas. The presented example describes changes
to the urban landscape identified and assessed using the Urban Atlas data. The aim of
the research conducted by Pazúr R. et al. (Changes of urbanised landscape identified
and assessed by the Urban Atlas data: Case study of Prague and Bratislava [88]) was to
document, examine and compare changes in land use/cover (LUCC) of LUZ (Large Urban
Zones) in Bratislava and Prague in 2006–2012 using the UA data, and to demonstrate how
these changes are recorded in official statistics—Figure 12.
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Figure 11. Urban land expansion from 1990 to 2010 in the representative cities. Source: [87].

Figure 12. (a) LUC in (A) FUA Bratislava and B) FUA Prague in the years 2006 and 2012 according to the UA data; (b) LUC
gains in (A) FUA Bratislava and (B) FUA Prague in the period 2006–2012 according to the UA data. Source: [88].

3.2.5. Monitoring Changes in Land Use with Landsat Time Series

The presented example shows the mapping of urban development patterns in Oua-
gadougou, Burkina Faso, using machine learning regression modelling with Landsat
two-season time series [89]—Figure 13. The study was designed to quantify land cover for
the Ouagadougou metropolitan area from 2002 to 2013 using Landsat-TM/ETM + /OLI
time series.

3.2.6. The Use of Nighttime Light (NTL) Data in Analyses of Urbanisation Processes

Nighttime Light (NTL) data are increasingly often used in an analyses of urbanisation
processes because of their strong relationship with human activities. Systems such as the
Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band (DNB) onboard the
Joint Polar Satellite System (JPSS) are designed with very high sensitivity to detect even
the faintest light in the visible range. This makes them ideal for observing the lighting
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on the ground. An example of the use of these data is presented in The Annual Cycling
of Nighttime Lights in India [90]—Figure 14. By classifying the ACF (autocorrelation
function) profiles for each pixel location, interesting spatial patterns were revealed in
different regions.

Figure 13. Fraction development of urban surfaces, seasonal vegetation and soil from 2002 to 2013.
Source: [89].

Figure 14. (a). Land use/land cover map for India. (b). Binary background mask from the 2019 annual VIIRS Nighttime
Light (VNL) product. Source: [90].

Up-to-date and accurate information on the dynamics of urban expansion is essential
to reveal the relationship between this phenomenon and the ecosystem in order to optimise
land-use patterns and to promote efficient urban development. A publication entitled
“Extracting the dynamics of urban expansion in China using DMSP-OLS nighttime light
data from 1992 to 2008” [91] describes a method for systematically correcting multi-year
stable night light (NSL) data from multiple satellites and rapidly extracting urban expansion
dynamics based on the corrected data—Figure 15.
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Figure 15. Accuracy assessment of selected urban areas in China in 2008 extracted using NSL data.
Source: [91].

The dynamics of city expansion in China from 1992 to 2008 were extrapolated with an
overall average accuracy of 82.74% and a mean Kappa value of 0.40—Figure 16.

Figure 16. The dynamics of urban expansion in China from 1992 to 2008. Source: [91].

3.2.7. The Use of Greenhouse Gas Emission Data in Analyses of Urbanisation Processes

The research conducted by Christopher Jones and Daniel M. Kammen in the USA
revealed that the spatial distribution of household carbon footprints identifies a process
of suburbanisation by analysing the effects of greenhouse gas emissions linked to urban
density [92]. The econometric models of demand for energy, transportation, food, goods
and services were developed using national household surveys and were used to determine
the average household carbon footprint (HCF) for U.S. zip codes, cities, counties and
metropolitan areas. A lower HCF was observed in city centres and a higher carbon
footprint in the peripheries (~50 tCO2e), ranging from ~25 to > 80 tCO2e in the 50 largest
metropolitan areas. Population density demonstrates a weak, though positive, correlation
with HCF until a density threshold is reached, after which the range, mean and standard
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deviation of HCF decrease. Population density contributes to the relatively low HCF in the
urban centres of large metropolitan areas. In contrast, more extensive suburbanisation in
these regions contributes to an overall net increase in HCF—Figure 17.

Figure 17. HCF from (A) electricity, (B) natural gas, (C) fuel oil and other fuels, (D) housing = A + B
+ C + water, waste, and home construction, (E) transportation, (F) goods, (H) food, (I) services, and
(G) total = D + E + F + H + I. Transportation includes motor vehicle fuel, lifecycle emissions from
fuel, motor vehicle manufacturing, air travel direct and indirect emissions, and public transit. Scales
below each map show gradients of 30 colours, with labels for the upper value of lowest of quantile,
median value and lowest value of highest quantile, in metric tons CO2e per household, for zip code
tabulation areas (ZCTAs). East Coast metropolitan statistical areas (J), with a larger map of New York
metropolitan area (K, outer line) and New York City (K, inner line), highlight the consistent pattern
of relatively low GHG urban core cities and high GHG suburbs. Source: [92].

3.2.8. The Use of Data on Plant Vegetation Changes in Analyses of Urbanisation Processes

Urbanisation destroys and divides large amounts of natural habitats, with serious
consequences for ecosystems, which is particularly evident in developing countries. The
term ‘urban landscape’ refers to a region where specific landscape elements within an urban
area prevail, including buildings, roads, infrastructure and green spaces. A number of
studies have been carried out to monitor the dynamics of urban landscape changes and the
ecological impact of urbanisation. Sufficient evidence has been found to demonstrate that
changes in the spatial arrangement of urban landscapes (e.g., distribution, composition and
configuration) lead to mass plant die-offs [93], a decrease in biodiversity [94], a reduction
in atmospheric humidity [95] and a change in ground surface temperature [96,97], and an
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increase in fine particulate pollution [98]. Therefore, the change in the urban landscape
pattern is one of the most striking aspects of urbanisation, with a negative impact on
ecosystems. The presented example describes the response of vegetation to a change in
the urban landscape spatial pattern in the Yangtze River Delta, China [99]. Figure 18
depicts the spatial patterns of vegetation cover in 2004, 2008, and 2013 in the Yangtze
River Delta Urban Agglomeration (YRDUA). The remote sensing datasets used in this
study include the Defense Meteorological Satellite Program’s Operational Linescan System
(DMSP/OLS) and the normalised difference vegetation index (NDVI) obtained from a
Moderate Resolution Imaging Spectroradiometer (MODIS) dataset. The vegetation level
with a fc (fractional vegetation cover) value higher than 0.75 extended over a large part of
the study area, which was mostly dominated by trees, shrubs or green plants. Scattered
vegetation in the northern and central parts of the YRDUA experienced the most notable
reduction. It should be noted that since these two regions mainly consist of arable land
and building land, the decline in fc can be attributed to land use transformation caused
by intensive human activities, and vice versa, as the fc values in the southern part of the
YRDUA, i.e., most of Zhejiang Province, have basically remained unchanged. Until 2013,
the fc value for the entire area under investigation presented a clear spatial disproportion
between the north and the south.

Figure 18. Spatial patterns of vegetation cover for (a) 2004, (b) 2008, and (c) 2013. Source: [99].

The spatial pattern of the vegetation change trend is shown in Figure 19.

Figure 19. Trends of vegetation change in (a) YRDUA and (b) urban sprawl area in 2004–2013.
Source: [99].
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3.2.9. The Use of Synthetic Aperture Radar (SAR) in the Analysis of Urbanisation Processes

Synthetic Aperture Radar (SAR) for high-resolution images of stationary objects is
used to create images of the land surface, of the Earth and other planets using remote
sensing techniques. Remote sensing satellites, especially the German TerraSAR-X radar
system, independent of weather and time of day, and which takes up to three days to
revisit a particular area, have been successfully providing short-term data on urbanisation
processes for many years. The presented example investigates the potential and limitations
of TerraSAR-X in the context of automated, object-based detection of human settlements.
The approach presented by Thiel M. et al. (Object-oriented detection of urban areas from
TERRASAR-X DATA) [100] for urban detection using TerraSAR-X data, achieves an overall
accuracy of around 95% and 89%—an indication of the high potential of TerraSAR-X data
to identify developed areas—Figure 20.

Figure 20. Filtered TerraSAR-X intensity layer (a) and calculated speckle divergence layer (b) of
a subset of the region of Munich. The built-up areas are characterised by high values of speckle
divergence. Source: [100].

3.3. Possibilities of Using Spatial Data in the Research on Urbanisation Processes

The development of a relatively simple measure of urban sprawl based on the ob-
servation of changes in actual land cover using GIS and a tool supporting rational land
management provides a substantive basis for city planning. An example is the research
described in a study entitled “An analysis of urbanisation dynamics with the use of the
fuzzy set theory—A case study of the city of Olsztyn”, enabling the application of fuzzy set
theory as a tool supporting rational space management and provides a substantive basis
for urban spatial planning [20]. The established degrees of membership determine which
forms of space use have a so-called “more city-like” character than the others, i.e., have
more characteristics of urban space. The results according to the assumptions of the fuzzy
set theory are determined in the interval [0, 1]. The determined degrees of membership
in urban-type uses and the data from the inventory of the existing state of development
(interpretation of satellite images) in 2005, 2010 and 2018 enable the development of a fuzzy
city model—Figure 21.

Boundaries of urbanised areas determined by the developed method based on the
fuzzy set theory for 2005, 2010 and 2018 make it possible to determine the degree of
urbanisation of the area in the interval [0, 1] and the dynamics of changes in urbanisation
processes in the years of 2005–2010–2018 (Figure 22).
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Figure 21. Urban use in the study area in the degree of membership interval of [0.00–1.00]: (a)—2005; (b)—2010; (c)—2018.
Source: [20].

Figure 22. Changes to land use in the years: (a): 2005–2010; (b): 2010–2018; (c): 2005–2018. Source: [20].

The spatial development of cities and the related population growth has become a
subject of broadly understood spatial management research. Planners and geographers are
replacing previous models of cities that described the process of their development with
new models that express how uncoordinated local decisions affect their global growth [101].
Urban compactness studies can identify cities which are expanding to make optimal use
of suburban areas and those where suburban sprawl is chaotic. An example of research
into the compactness of urban systems is the establishment of a compactness index based
on the spatial length of the boundaries of the area covered with a particular form of
development [84]. Studies of this type can apply GIS-type data; in this case, the Corine
Land Cover Data CLC databases. Such data, for example, was used to examine the
compactness of the urbanised areas of 49 district towns in Poland. For the 49 urban areas,
the zone of the neighbouring municipalities was separated as the area most exposed to
suburbanisation, and subsequently, using the CLC databases according to the developed
research methodology, the areas related to urban use were separated for the three moments
of time 2006, 2012 and 2018—Figure 23.
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Figure 23. The areas related to urban use separated for the three moments of time 2006, 2012 and
2018. Source: own elaboration.

Based on the data concerning the area of these zones, the area compactness index AC
was calculated, which is equal to the ratio of the circumference of a circle with the surface
area equal to that of the urbanised areas to the length of the boundaries of these zones. The
index ranges from 0 to 1. The values closer to zero indicate lower compactness. The value
of 1 is theoretical and would represent the area of the city with an urbanised area forming
a dense circular surface.

This indicator increases for most cities in 2018 as compared to previous years, indi-
cating that areas that were heavily dispersed between 2006 and 2012 are becoming more
compact—Figure 24. Unfortunately, for all towns, the index for the years 2006, 2012 and
2018 included in the analysis is very low (apart from 4 examples, it does not exceed the
value of 0.4, and for more than a half, it is below 0.2), which indicates a strong dispersion of
development in the vicinity of the towns under analysis. The examples provided in the dis-
cussion illustrate how spatial data can be used to assess the level and pace of urbanisation.
As spatial databases become more accurate, complete and accessible, with images taken
and made available at a better resolution, more refined and novel methods for mapping
and analysing urbanisation processes will emerge.

Figure 24. The AC index in the analysed cities in Poland. Source: own elaboration.

4. Discussion and Conclusions

The dynamics of urbanisation processes have been the subject of multiple studies dif-
fering in both scale and aspect. Some interesting publications on this subject include works
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which are well known to researchers in this field, such as [102], but also some other very
interesting items [103,104]. These include some studies that use land cover information,
such as [105,106]. In the majority of these papers, the authors identify specific methods for
environmentally, economically or demographically oriented research. Contrary to other
manuscripts of this kind, this paper shows the wide possibilities of using spatial data to
study urbanisation processes at different scales and with different underlying meaning.

The analytical methods and databases discussed above differ in their availability, ease
of classification of selected land uses, labour intensity, cost, spatial and temporal continuity.
Most frequently, they also require a specialised knowledge and dedicated algorithms to
process the collected data. Automatic classification can result in errors in identifying and
separating different land-use types when a large number of similar and overlapping land
cover types are processed, such as single-family homes and multi-family housing. In view
of the variety of colours, structures and textures in urban areas, spatial conditions in the
vicinity of the identified areas should also be taken into account. The interpretation of
aerial and satellite photographs alone is time-consuming and requires a team of several
researchers. However, from a longer perspective, such analyses are less time- and cost-
intensive and can be carried out on a large number of cities to generate sufficient data to
draw conclusions concerning the degree and nature of urbanisation.

Urbanisation is a global phenomenon, irreversible and inherent within human de-
velopment. The inevitability of these processes stimulated by developing cities requires
systematic research into the characteristics and parameters that form them and the var-
ious processes of transformation taking place. Urban development significantly affects
areas located at the interface between urban and rural uses, resulting in the permeation
and overlapping of different land-use forms in the fringe zone. Spatial development of
cities manifested by an increased demand for new land exerts a significant impact on
the surrounding grassland and agricultural areas. The demand for new non-urbanised
building land, much cheaper than property in cities, is triggering a response from munici-
pal governments, environmentalists, farmers and the non-agricultural rural population.
Identifying the specific nature of urbanisation processes occurring in and around cities
can minimise the uncontrolled and unplanned creation of zones of chaotic development,
degrading natural resources and could limit uncontrolled and unplanned city growth. This
is also of fundamental importance in the context of sustainable urban development. New
methods of urban management, environmental protection, uncontrolled suburbanisation,
acquisition of new urban land (agricultural as well as post-industrial) transport, social par-
ticipation, etc., are new challenges for sustainable urban areas and practices. Planning for
sustainable urban development requires a knowledge of the individual elements of the city
system and its surroundings and the relationships between them, the adoption of certain
assumptions and goals leading to sustainability, and the adaptation of these assumptions
to local conditions. This is particularly important from a spatial perspective [107–114].

Rapid urban growth and the resulting challenges require precise techniques for identi-
fying and locating urbanised areas and for their mapping in order to represent complex
land cover characteristics in adequate detail. Geospatial data provide a rich source of
knowledge and a reference for the development of new tools for identifying and moni-
toring urbanisation processes. This applies in particular to areas subject to urbanisation
pressures which cannot be clearly classified as urban or rural. These discrepancies are re-
flected in the existing land use and land cover types. For this reason, the degree and rate of
urbanisation can be most effectively analysed by monitoring land cover changes. Virtually
unlimited access to land cover data provided by current and historical orthophotomaps
and databases, as well as developing GIS techniques, enable the rapid processing of spatial
information. Research on spatial urbanisation consumes much less time and concerns a
large number of cities, which may provide new sources for drawing conclusions about the
scale and nature of this phenomenon.

The possibilities and constraints related to decision-making regarding the spatial
development of the city are primarily attributable to the multidimensional nature of the
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spatial development space and its probabilistic and fuzzy nature. The variety of spatial
features (attributes) and the wide range of data result in the process of investigating and
planning a suburban area, which is complex and lengthy and, consequently, subject to
high risk. Studies of urbanisation processes must take into account the nature of the
explored component, characteristics, as well as the frequency, pace and magnitude of these
changes. The analyses presented in this paper provide an attempt to further define current
trends, methods, techniques and databases used in the analysis of the ongoing urbanisation
processes.
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emphasis on Brąswałd, Dorotowo and Jonkowo. Acta Sci. Pol. Adm. Locorum 2014, 13, 39–68. (In Polish)

28



Land 2021, 10, 1117

52. Szmytkie, R. Methods of Analysis of the Morphology and Physiomic of Sedate Units; Scientific Hearings of the Institute of Geography and
Regional Development of the University of Wrocław no. 35; Institute of Geography and Regional Development of the University
of Wrocław: Wrocław, Poland, 2014; Available online: http://www.geogr.uni.wroc.pl/data/files/publikacje-rozprawy-naukowe-
igrr/rozprawy_35.pdf (accessed on 15 July 2021). (In Polish)

53. Konecka-Szydłowska, B. The smallest cities in Poland in terms of the concept of urban-rural continuums. Reg. Dev. Reg. Policy
2018, 41, 151–165. (In Polish)

54. Degórska, B. Spatial urbanization of rural areas in the metropolitan area of Warsaw. Ecological and landscape context. In Institute
of Geography and Spatial Development im. Stanisława Leszczyckiego, Polish Academy of Sciences, Geographic Work, no 262; Institute of
Geography and Spatial Development: Warsaw, Poland, 2017. (In Polish)

55. Ravetz, J.; Warhurst, P. Manchester: Re-inventing the local–global in the peri-urban city-region. In Peri-Urban Futures: Scenarios and
Models for Land Use Change in Europe; Nilsson, K., Pauleit, S., Bell, S., Aalbers, C., Sick Nielsen, T., Eds.; Springer: Berlin/Heidelberg,
Germany, 2013. [CrossRef]

56. Loibl, W.; Piorr, A.; Ravetz, J. Concepts and methods. In Peri-Urbanisation in Europe: Towards a European Policy to Sustain
Urban-Rural Futures; Piorr, A., Ravetz, J., Tosics, I., Eds.; University of Copenhagen, Academic Books Life Sciences: Copenhagen,
Denmark, 2011; pp. 24–29.

57. Labbé, D. Facing the Urban Transition in Hanoi: Recent Urban Planning Issues and Initiatives; Institut National de la Reherche
scientifique Centre-Urbanisation Culture Société: Québec City, QC, Canada, 2010; Available online: http://espace.inrs.ca/id/
eprint/4986/1/HanoiUrbanization.pdf (accessed on 15 July 2021).

58. Acevedo, W.; Masuoka, P. Time-series animation techniques for visualizing urban growth. Comput. Geosci. 1997, 23, 423–435.
[CrossRef]

59. Csatári, B.; Farkas, J.Z.; Lennert, J. Land Use Changes in the Rural-Urban Fringe of Kecskemét after the Economic Transition. J.
Settl. Spat. Plan. 2013, 4, 153–159.

60. Nabielek, K.; Kronberger-Nabielek, P.; Hamers, D. The rural-urban fringe in the Netherlands: Recent developments and future
challenges. SPOOL 2013, 1, 1–18. [CrossRef]

61. Simon, D.; McGregor, D.; Nsiah-Gyabaah, K. The changing urban–rural interface of African cities: Definitional issues and an
application to Kumasi, Ghana. Environ. Urban. 2004, 16, 235–248.

62. Tacoli, C. The links between rural and urban development. Environ. Urban. 2003, 15, 3–12. [CrossRef]
63. Hoffmann, E.; Jose, M.; Nölke, N.; Möckel, T. Construction and Use of a Simple Index of Urbanisation in the Rural–Urban

Interface of Bangalore, India. Sustainability 2017, 9, 2146. [CrossRef]
64. Gallent, N. The Rural–Urban fringe: A new priority for planning policy? Plan. Pract. Res. 2006, 21, 383–393. [CrossRef]
65. Hao, P.; Geertman, S.; Hooimeijer, P.; Sliuzas, R. The land-use diversity in urban villages in Shenzhen. Environ. Plan. 2012, 44,

2742–2764. [CrossRef]
66. Gallent, N.; Shaw, D. Spatial planning, area action plans and the rural-urban fringe. J. Environ. Plan. Manag. 2001, 50, 617–638.

[CrossRef]
67. Gant, R.; Robinson, G.; Shahab, F. Land-use change in the ‘edgelands’: Policies and pressures in London’s rural–urban fringe.

Land Use Policy 2011, 28, 266–279. [CrossRef]
68. Datta, R. Territorial Integration: An approach to address urbanising villages in the planning for Delhi metropolitan area, India. In

Proceedings of the Territorial Integration of Urbanising Villages 40th ISoCaRP Congress, Geneva, Switzerland, 22 September 2004.
69. Biłozor, A.; Renigier-Biłozor, M.; Cellmer, R. Assessment Procedure of Suburban Land Attractiveness and Usability for Housing.

In Proceedings of the Baltic Geodetic Congress, Olsztyn, Poland, 21–23 June 2018. [CrossRef]
70. Renigier-Bilozor, M.; Bilozor, A. Optimization of the Variables Selection in the Process of Real Estate Markets Rating. Oeconomia

Copernic. 2015, 6, 139–157. [CrossRef]
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Abstract: Urban sprawl related to rapid urbanisation in developed and developing nations affects
sustainable land use. In Sri Lanka, urban areas have mostly expanded in a rather spontaneous,
unplanned manner (based on the current settlers’ subjective movement) rather than conforming to
the local government’s development plan. This growth inevitably leads to uncontrolled urban sprawl
in many Sri Lankan cities, including Batticaloa. So far, Sri Lanka’s planners or researchers have not
yet tackled the sprawling developments in this city. Understanding the different forms and patterns
of urban sprawl is the key to address sprawling growth. This study aims to identify the characteristics
of urban sprawl in the Batticaloa municipal council using Geographic Information System (GIS) and
remote sensing technology. Landsat satellite images for the years 2000, 2010, and 2020 as well as
2002, 2011, and 2019 population data were used and analysed using ArcGIS’ maximum likelihood
classification tool and the density function, respectively, to delineate the characteristics of urban
sprawl. The results revealed that low-density development, leapfrog development, commercial
ribbon development, and scattered growth are the influencing characteristics of urban sprawl in the
Batticaloa municipality. These characteristics were found mainly in the urban edge of the city and
have led to urban sprawl. The finding provides knowledge into recognising the characteristics of
urban sprawl with empirical evidence. It affords a clear direction for future studies of urban sprawl
in rapidly growing cities that are numerous in Sri Lanka, and the identified characteristics of urban
sprawl can be useful in minimising future sprawl. This result can be a tool for future urban planning
and management in the Batticaloa municipality.

Keywords: urban sprawl; land use; urbanisation; leapfrog development; scattered development

1. Introduction

Urbanisation is a reflection of the human activities affecting the land that has been
threatened by the enormous pressure from population growth [1]. Rapid urban growth is
generally related to and driven by the concentration of population in an area [2]. According
to the United Nations’ world population prospects in 2019, there will be an increase in
the next 30 years of two billion people, from the current world population of 7.7 billion
to 9.7 billion in 2050. Further, this increase will grow to almost 400 cities in the early
21st century, which includes around 70% in developing countries [3], including Sri Lanka.
Currently, the urban population of Sri Lanka is almost 25% of the total population, which
is expected to increase by 65% by 2030, which will cause cities to grow physically and
numerically, creating urban sprawl issues in the future [4].

Urban sprawl has attracted much attention among policymakers and researchers
in developed [5,6] and developing [4,7–9] countries worldwide. Most arguments for
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urban sprawl are not based on strong empirical evidence but rather on speculation and
assumptions [10]. Many researchers explain this concept with the urban environment
of the research area. So far, there is no consensus on the definition of urban sprawl.
Further, urban sprawl is a socioeconomic phenomenon that has gradually become a critical
issue in many urban areas [11], including Sri Lankan cities. Built-up area, which is often
considered a parameter for measuring urban sprawl [2], especially settlement density or
size, can only afford an overall measure of the urban form [12]. Increasing urban sprawl
results in household preferences, the locational choice for commercial investment, often
being agricultural, and building construction in the cities [13,14]. Vacant lands, which are
primarily transformed into housing on a daily basis, are increasing sprawling growth and
property costs in the urban periphery and surrounding areas.

As a developing country in the world, Sri Lanka has been studied to define urban
sprawl [4] and its impact [15] particularly in Colombo city and the spatiotemporal patterns
of urban sprawl in Kandy city [8]. Besides these, the Batticaloa municipality area is highly
accompanied by residential and commercial development. According to the Sri Lanka
National Physical Planning Policy and Plan 2010–2030, Batticaloa is a rapidly developing
city in Sri Lanka that is expected to become a metro city by 2030. Considering the existing
situation in the Batticaloa municipality, many ongoing urban development projects have
been carried out since the end of the Civil War in 2009. However, these developments were
not well designed by planning experts. It led to less effective growth and changes in the
urban area. Some studies have examined the urban land use changes in this area [16,17],
and these studies provide an insight into why this area should be necessary for studying
urban sprawl patterns. The built-up development has been growing rapidly in this area
in recent decades [16], creating an irregular pattern or sprawling growth established with
empirical evidence.

Furthermore, the characteristics of urban sprawl have been studied in various cities
around the world (see Table 1), such as India, Malaysia, China, Romania, and the United
States. However, these studies have not identified all the characteristics of urban sprawl in
a single city. Several characteristics were only identified in a particular city in a developed
country or a developing country. Moreover, since Sri Lanka is a developing country, it is
difficult to identify influencing characteristics of urban sprawl based on the experience of
previous literature from developing countries. Furthermore, cities in Sri Lanka never stud-
ied the characteristics of urban sprawl before, which also makes it difficult to understand
the pattern of urban sprawl in the Batticaloa city. More precisely, there is still a lack of
knowledge, especially about the characteristics (forms and patterns) of urban sprawl via the
analysis of the different parts of the city, which is essential to tackle the sprawl effectively.
The built-up patterns are the key parameter to identify the different characteristics such as
low-density development, leapfrog development, commercial ribbon development and
scattered development to establish the urban sprawl development. So far, the planners or
academics have not yet addressed the sprawling development in this city in Sri Lanka. If
this growth continues in this city, it will affect its sustainability when it becomes a metro
city in 2030. In the end, this study can answer which characteristics influence the Batticaloa
municipality through geospatial analysis.

Thus, this study can involve finding the different characteristics of urban sprawl
in the Batticaloa municipality through spatial patterns. This finding can minimise the
sprawling growth in the future and develop a sustainable city in Sri Lanka. The influencing
characteristics in this city can be identified from the experiences of previous studies of urban
sprawl in different cities in the world (see Table 1). Therefore, this study aims to identify
the characteristics of urban sprawl patterns in the Batticaloa municipal council using
Geographic Information System (GIS) and remote sensing technology. The findings can
provide knowledge about the characteristics of urban sprawl to understand the sprawling
patterns in other cities in Sri Lanka that have not been addressed so far. Apart from
the empirical and methodological contributions, the findings of this study, in line with

34



Land 2021, 10, 636

Sustainable Development Goal 11 and the New Urban Agenda, offer useful insights and
measures to control sprawl.

Table 1. Summary of characteristics for urban sprawl based on previous studies.
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Hamad [1] X X X
Grigorescu et al. [5] X X X

Lv et al. [7] X X X
Yue et al. [9] X X

Paul et al. [12] X X X X
Farooq & Ahmad [13] X X X

Prakasa, Soemardiono, & Defiana [18] X X X X
Galster et al. [19] X X

Sudhira & Ramachandra [20] X X X
Ottensmann [21] X X X X
Shirkhanloo [22] X X X

Nikolov [23] X X X
Sinha [24] X X X X

Bhatta et al. [25] X
Osman, Nawawi, & Abdullah [26] X X X

Johnson [27] X X
Pichler-Milanović [28] X

2. Definition and Characteristics of Urban Sprawl

Although urban sprawl is still considered an elusive concept, it has been used around
the world for almost eighty years [29]. It was first realised through the transformation of
agricultural and forestry areas into industrial, residential, and commercial development
in the United States in the late 1950s. The term “urban sprawl” appeared in printed
documents in 1960 [30] and is used in various fields, such as urban studies, remote sensing,
and geography [18].

Urban sprawl has been defined by its characteristics identified in a particular urban
area. Urban sprawl is the encroachment of non-urban lands to urban lands that occurred
beyond the built-up area with a leapfrog pattern, unorganised pattern, low-density pattern,
and unordered development [9]. Some patterns, such as ribbon development, low-density
development, and leapfrog growth, were identified in Aligarh city, India, called urban
sprawl [13]. However, urban sprawl was defined by eight metrics for land use, such
as concentration, clustering, proximity, mixed-use, nuclearity, density, clustering, and
centrality [19]. Sprawl is the irregular urban form with different scales of land use that
consist of common and institutional facilities [31].

In contrast, similar patterns, such as uncoordinated, uncontrolled, and unplanned
growth, were found along highways, called urban sprawl [20,32]. In addition, urban
sprawl is unplanned discontinuous growth categorised by low-density growth in urban
boundaries [5]. It is a typical pattern with scattered growth [11,21,22]. Urban sprawl
is car-dependent, and low-density development has several negative impacts [22]. Low-
density patterns and stripe development along major highways were identified in Colombo
metropolitan area, Sri Lanka [4]. Sprawl development was identified in three directions
along three main roads in Kandy city, Sri Lanka [8], which is almost the similar pattern of
Colombo city.
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Thus, the definition of urban sprawl varies among researchers who define it based on
the characteristics of their urban area [5,7,19,22–24]. Although specialists and researchers
still have problems defining the term “urban sprawl” [15,33]. However, many researchers
accepted Ewing’s (1997) definition is more suitable for recognising the urban sprawling,
which stated an urban land use existence, characterised by scattered development, low-
density, leapfrog development, and commercial strip development [12,34]. According
to Table 1, more than 17 researchers have used more than one of these characteristics to
explain urban sprawl.

Based on the review (see Table 1), urban sprawl characteristics, which are low density,
leapfrog development, commercial strip or ribbon development, scattered and dispersed
development, auto-dependent or car-dependent, uncontrolled growth, uncoordinated
growth, and unplanned growth, were mainly identified in the developed and developing
countries. Some characteristics, such as low density, leapfrog development, and scattered
development (see Figure 1), were found in many countries [12,18,21], for example, Indone-
sia and India. As a developing country in the world, Sri Lanka has many development
plans implemented due to the rapid urban growth in recent decades, which is causing
urban sprawl.

Figure 1. (a) Low-density development [35], (b) Leapfrog development [35], (c) Commercial ribbon
development [35] and (d) Scattered development [36].

3. Materials and Methods
3.1. Description of Study Area

The study area, Batticaloa Municipal Council, is the local authority in the Batticaloa
district located in the eastern part of Sri Lanka. The average elevation of Batticaloa is
8.523 m above Mean Sea Level. The total population in this area is 93,306 people. The
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propagation of ethnic population is as a “sandwich pattern” with Tamil (91%), Muslim
(5%), Sinhalese (0.14%), and others (3.86%) [37,38].

The total land area of the Batticaloa Municipality is 4311.87 hectares, which is allocated
for different purposes of utilisation such as residential, agricultural lands, commercial,
wetlands, water bodies, scrub forests, and others (refer to Table 2). Five (5) land parcels
separate this city from the inland water bodies. These land parcels are connected to the
bridges for transportation. As a clustered city, the land area uses for multiple purposes
and these links with various sectors, such as fishing, agriculture, small industries, and
commercial. Each land parcel has different property uses and has cluster development in
each sector, such as commercial, recreational, and residential. The most dominant land
use of this area is residential (1170.24 hectares), and the next is agricultural lands (935.6
hectares). One of the low proportions of the land-use class is commercial (23.5 hectares),
which compares to other major land uses. The natural lands, including wetlands (82.5
hectares), water bodies (58 hectares), and scrub forests (185.71 hectares), are also a certain
portion in this area [37].

Table 2. Major land use categories in Batticaloa Municipality.

Land Use Type Area (Hectares) Area (%)

Residential 1170.24 27.1
Agricultural lands 935.6 21.7

Commercial 23.5 0.6
Wetlands 82.5 1.9

Water bodies 58 1.4
scrub forests 185.71 4.3

Considering the infrastructure facilities in the Batticaloa municipal area, it is undeni-
able that ongoing development projects will improve their current conditions. However,
these development activities are not planned by urban planners and relevant development
officials. Arbitrary development occurs highly in this area which affects the pattern of
sustainable land use. Since 1990, the rapid growth of the population has caused several
changes in the built pattern that were not assessed by the authorities for sustainable devel-
opment. Permanent and temporary migration to Batticaloa municipality increased from
other parts of the district and the Eastern province due to the effects of the Civil War
because this area is the major urban centre in the Eastern Province, Sri Lanka, with all
amenities. In addition, the proposed development plan in Batticaloa municipality for 2030
contained many rules and regulations on land use, especially built-up development, which
is not considered much further in current development. Thus, Batticaloa municipality
began to face the urban sprawl development in the core city and the periphery. As rapidly
developing cities in Sri Lanka, Batticaloa received more concern from planners as the city
was expected to become a metro city by 2030. Therefore, this area has been chosen to study
the urban sprawl in Sri Lanka, which is more significant to understand the characteristics
of sprawling. Figure 2 shows the Batticaloa Municipal Council area, the study area in
this research.

3.2. Data Collection—Source of Data

Understanding the characteristics of urban sprawl requires the pattern of land use,
especially the built-up changes in the area. Google Earth Pro and ArcGIS 10.6.1 applications
were utilised to produce various layers, such as built-up maps, density maps using satellite
images, boundary map for Batticaloa municipal council, and Grama Niladhari division
map for Batticaloa Municipality.
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Figure 2. The Study Area—Land use pattern in the Batticaloa Municipal Council—2020. Source: Modified from the
Batticaloa Municipal Council Profile, 2021.

There are two (2) types of data, namely, remote sensing data (satellite images) and
demographic data, used to generate the maps. Satellite images were downloaded from
the Earth Explorer, United States Geological Survey [39]. Details of this data presented
in Table 3 with all the information. These time-series images for 2000, 2010, and 2020
used to produce the land use maps to identify the sprawling and extract the built-up area.
Meanwhile, the demographic data were collected from the Department of Census and
Statistics, Sri Lanka. This data was utilised to produce the population density map in order
to identify the density changes. Then, census data for the years 2001, 2012, and 2019, which
are the most recent years with satellite images, were compared with the built-up images to
understand the influence of population growth on urban sprawl.

Table 3. Details of satellite imagery data.

Type of Satellite Image ID Acquisition Date Resolution

Landsat ETM+ (2000) LE07_L1TP_140055_20000928_20170209_01_T1 28-SEP-00 30 m
Landsat TM (2010) LT05_L1TP_140055_20100924_20161212_01_T1 24-SEP-10 30 m

Landsat 8 (2020) LC08_L1TP_140055_20200303_20200314_01_T1 03-MAR-20 30 m, Pan-15 m

Source: Earth Explorer, 2021.
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3.3. Data Processing and Analysis

The downloaded satellite imageries were geo-referenced in World Geodetic System 84
(WGS84) and then projected to the Kandawala local coordinate system. Filters, brightness,
and contrast tools were used to improve the quality of the satellite images. The Batticaloa
Municipality’s boundary was digitised as a shapefile using the current map to demarcate
the study area. Based on this boundary, three (3) satellite images, which are from the years
2000, 2010, and 2020, were clipped to delineate the satellite images based on Batticaloa
Municipality’s boundary. Then, these images were classified into six (6) classes, namely,
built-up, agriculture, forest, water bodies, vacant land, and others, according to the training
land samples using Supervised Maximum Likelihood classification in ArcGIS. Then, the
classified images were validated using the accuracy assessment technique. About 85% of
overall accuracy is usually considered enough in the map data [25]. The overall accuracy
of land use can be obtained by the following Equation (1) [40]:

OA = (1/N)
r

∑
i=1

nii (1)

where OA is overall accuracy, nii is correctly classified pixels’ number, N is pixels’ total
number, and r is rows’ number.

Ground truth data was considered in comparing the classified Landsat images. Overall,
127 training samples for ground truth were obtained as random points at specific locations
using the grid layout in Google Earth Pro and using known coordinate points. Each point
has valid land-use class values, which are:

(1) Built-up;
(2) Agriculture;
(3) Water bodies;
(4) Scrubland;
(5) Mangroves;
(6) Vacant land;
(7) Others, including the playground, transportation, park, and public land, for the

classified and ground truth fields.

The confusion matrix was formulated to find the accuracy and obtain individual
accuracy between the classified classes and the reference data, such as coordinate points
collected from the field. The classification accuracy was determined to obtain the level of
precision. The final output of this process was a land use map of Batticaloa Municipality
from the years 2000, 2010, and 2020.

Then, density mapping was used, which is a method to show the location of points
or lines which can be concentrated in a given area. Such maps often use interpolation
methods to estimate a given surface where the concentration of a given function can be. The
population density is 1372 persons per km2 in Batticaloa [37], which is rapidly increasing
in recent decades due to rapid urbanisation. Therefore, the population density map
was produced using the density analysis tool in ArcGIS. The population for each Grama
Niladhari divisions was utilised to produce the density map. The spatial boundary data for
Grama Niladhari was developed using the base map of the Batticaloa Municipality. The
population data for each Grama Niladhari division were added to the spatial file to show
the population’s spatial distribution. Based on the standard calculation of the population
density, the number of people divided by land area is calculated. The Equation (2) for
population density is as follows:

PD = (Tn/a) (2)

where PD is population density, Tn is the total population in a particular area, and a is the
land area in hectares.

It is categorised by suitable data clustering methods, which is Jenks’s natural breaks
classification, designed to determine the best arrangement of values. It is used to classify
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the data into five (5) categories, such as very high, high, moderate, low, and very low. This
density distribution helps to understand the changes clearly as to which area is high and
low density. Figure 3 shows the complete methodological framework for identifying urban
sprawl characteristics.

Figure 3. The methodological framework for identifying urban sprawl characteristics.

Further, the built-up density map was also produced to establish the low-density
development. The buildings of the study area were digitised using Google Earth Pro. Each
building’s features were converted into points using the feature to point tool in ArcGIS.
Then, buildings for each Grama Niladhari divisions were clipped, and density analysis for
buildings was conducted to generate the built-up density for the Grama Niladhari division
in Batticaloa municipality. The density was categorised by Jenks’s natural breaks method
into five (5) classes as very high, high, moderate, low, and very low. The density changes
in the study area were identified by using these maps. Based on the results also, we can
clearly understand which area has more sprawl.

4. Results and Discussion

The dynamics of the built-up area, known as a typical process of urban sprawl, are
of particular importance for understanding spatial patterns for sprawl development. The
built-up spatial patterns identified the characteristics of the urban sprawl in the Batticaloa
Municipal Council.
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4.1. Built-up Patterns

The built-up patterns are presented in the maps of years 2000, 2010, and 2020 (refer to
Figure 4) to understand the sprawling characteristics in the Batticaloa municipal council.
The built-up area has an extent of 1162 hectares in 2000, which increased to 1439 hectares
in 2010. It increased to around 1557 hectares in 2020, showing the increases in the city’s
built-up pattern (refer to Table 4). Based on this, a rapid increase in built-up growth was
identified during the selected periods.

Table 4. The extent of built-up area in Batticaloa Municipality.

Category 2000 2010 2020

Built-up area 1162 Hectares 1439 Hectares 1557 Hectares

The accuracy of the built-up pattern is identified by the classified land use maps of the
study area. The analysis revealed that the producer accuracy and the user accuracy varied
during the selected periods. Producer accuracy refers to the accuracy of the map with how
often real features on the ground are displayed correctly. User accuracy refers to the map
user accuracy, which indicates how often the land use class on the map is actually present
on the ground. User accuracy shows the reliability of the map. According to the calculation,
the producer accuracy for the built-up area in 2000 is 89.43%, while the user accuracy is
96.72%; in 2010 the producer accuracy is 94.6%, while the user accuracy is 99.72%; and in
2020, the producer accuracy is 87.71%, while user accuracy is 93.29%, which is an excellent
precision for analysis. The overall accuracy of around 85% is considered enough to prove
the precision of the map data [25].

Figure 4. Cont.

41



Land 2021, 10, 636

Figure 4. Built-up patterns in the Batticaloa Municipal Council in (a) 2000, (b) 2010, and (c) 2020.
Note: The Grama Niladhari Division (GN) is a subdivision of the Divisional Secretariat in Sri Lanka.
A total of 14,022 Grama Niladhari divisions are in charge of 331 Divisional Secretariat divisions in Sri
Lanka; of these, 48 of Grama Niladhari divisions are in the Batticaloa municipality.
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The Batticaloa municipality area consists of 48 Grama Niladhari divisions. Thiraimadu
is one of the divisions that emerged with housing developments after the tsunami disaster.
This area is also developing as an administrative zone in the city that encourages people
to construct housing, which is one reason for rapid built-up development in this area. In
addition, Puliyanthivu Island is the city centre, with densely developed commercial and
residential buildings. However, the lower land value in the Navalady and Thiraimadu
areas attracts people with low and middle incomes to buy the land and build a house. The
main reason for the lower land value is that this area is often affected by disasters, especially
flood. Besides this, high land value has been identified in the Puliyanthivu, Oorani, and
Thandavanveli areas because these areas are close to the city centre, the highway, and
several infrastructure facilities. One of the best policies is Land Value Capture and Taxation,
which is beneficial for affordable housing in this city with a lower land value. This system
is in place to increase revenue and fix up the downtown buildings in the city. This income
can be used to develop housing for people with low incomes. However, the tax system
is already implemented in the city, which is not strictly followed annually. Although
everyone is aware of the property tax in the city, they sometimes forget to pay the annual
renewal tax. The municipality does not remember and observe these activities regularly,
which leads to the illegal land formation as well as sprawling development in the city.

Several groups of people own the total land area in the Batticaloa municipality. This
land has been distributed around 73.1% to the inhabitants, 9.1% to the government, 4.7%
to Batticaloa municipality, and 13.1% of obscure details. One of the principal regulations
is that people cannot construct any buildings in the Batticaloa municipality area without
obtaining an approved development permit. However, some people carry out illegal
construction development, which represents around 13.1% of the total area of Batticaloa
municipality, and those do not contain explicit information about the property. These
owners build houses or other buildings on other people’s land without getting the proper
approval from the municipality. These activities increase the most illegal construction in the
city. These developments triggered the formation of scattered and leapfrog development
in the city, which are the main reasons for the sprawling growth in this city. Therefore, the
property documentation system should be appropriately maintained by the municipality.
A survey for property owners should be conducted at the turn of the year to identify illegal
land and minimise sprawling growth. This survey can also inspire people to pay taxes
without fail. In addition, the municipality should gently remind people before the annual
tax period ends. For this, a smart application should be developed for the municipality
to identify the pending cases quickly. These practices can control land occupancy and the
maintenance of more than one piece of land of a person in the city.

In addition, land ownership problems related to communities in the Batticaloa munic-
ipality were identified in the Nochchimunai and Sinna Oorani Grama Niladhari divisions.
At the same time, the Puliyanthivu South, Kallady uppodai, Kokkuvil, Punnaicholai, Karu-
vappankeny Amirthakali, and Mamangam areas identified landowners’ issues associated
with low-income people. These types of problems caused to form vacant land and more
subdivided lands in the city. In addition, illegally divided lands were identified mainly
for sale in the Saththurukondan and Uppukarachai area, where the land value is relatively
high today. These activities mainly lead to sprawling growth in the city. Therefore, the
municipality must circulate a pre-approval method to divide the land in the city. People
should inform the municipality about the subdivision of the land, and then the municipal
official should visit the specific area to observe the land. After that, the municipal guide-
lines must be adapted to that particular area, and the entire previous land document must
be verified to confirm the land entitlement for subdivision and sale. This practice can find
illegal subdividing of land and sale, minimise future land problems within communities,
and reduce the amount of vacant land in the city.

Figure 5 shows the built-up changes between the years 2000 and 2010, and between
2010 and 2020 to understand the expansion. This comparison showed a gradual increase in
built-up changes in the study area. The built-up growth increased 227 hectares between
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2000 and 2010, and 118 hectares between 2010 and 2020 (see Table 5). These gradual
changes in the built-up area have illustrated the growth of sprawling in the city. The rapid
growth was registered between the years 2000 and 2010. The Batticaloa area was one of
the severely affected areas by the civil war in Sri Lanka. Thus, most people from the other
parts (rural areas) of the Batticaloa district, such as Porativu, Vellaveli, Mandur, Thikkodai,
and Vaharai, migrated to the Batticaloa city for survival, including security, education, and
livelihood. Furthermore, the living standards, access to more facilities, and admired city
life are the reasons for the migration of people to the city. The movement to the city led
to the demand for land and housing for the people. The desire for their own property
has created a haphazard development in the city and the urban fringe of the Batticaloa
area. Thus, different characteristics were identified in the different areas of Batticaloa city.
However, many urban sprawl characteristics exist in the world’s cities, but the study area
is occupied with some characteristics.

Table 5. The changes of built-up area in Batticaloa Municipality.

Category Timespan Expansion

Built-up Area 2000–2010 277 Hectares
2010–2020 118 Hectares

Figure 5. Cont.
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Figure 5. Built-up changes in the Batticaloa Municipal Council (a) between 2000 and 2010, and
(b) between 2010 and 2020.

4.2. Characteristics of Urban Sprawl

The built-up area was extracted from the land use map to identify the urban sprawling
characteristics. The spatial and temporal built-up patterns reveal that sprawling character-
istics identified as low density, leapfrog development, scattered growth, and commercial
ribbon development influenced the irregular urban development pattern. Most of these
characteristics are identified in the city limits, and some are in the core city, which affects
the city’s sustainable growth.

4.2.1. Low-Density Development

Low-density development is one of the main phenomena of urban sprawl generally
risky to the urban environment. The primary units for identifying the urban sprawl,
including density, are buildings, especially housing units of a particular area [19]. The
residential developments are mainly identified in the marginal low-density areas in the city.
Low-density development is a piecemeal extension of the built-up area, which consumes
much land in the urban fringe. It is the most generally indicated characteristic of urban
sprawl in many pieces of literature [41]. Residential housing mostly consumes the vast
land, which was vacant land previously, leading to the low density. The rise of land and
property value in the city cannot afford a vast population; however, this value is meagre in
the urban fringe. Thus, the sprawl areas are occupied mostly by the low-income people for
their permanent residence. They are attracted by these vast, spacious living areas to build
an affordable house [24], also experienced by the Batticaloa area. The housing preference
of the lower class and some middle-class people pushed them to settle in these low land
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value areas. The people who migrate from the village areas admired the city limits, which
is more spacious and affordable for their own housing. In addition, a single dwelling unit
in a larger area in the Batticaloa municipality is one of the main reasons for the low-density
development, which is similarly identified in the United States of America [24].

Figure 6 shows the built-up density in the Batticaloa municipal council area by Grama
Niladhari division. Based on this, higher density patterns were identified in the city centre
from 2000 to 2020. However, nine divisions, which are Saththurukondan, Thiraimadu,
Paalameenmadu, Panichalady, Kokkuvil, Thiruperunthurai, Thimilathivu, Veechikalmu-
nai, and Navalady, mainly come under the low density in the divisions throughout these
periods. The lack of space in the city centre for housing development has been limited to
low-income residents where land value is most in demand. Further, nearly 150 low-income
families living in the city had the rural characteristics identified in Sinna Oorani, Punnai-
cholai, Thiraimadu, Mamangam, Kokkuvil, and Saththurukondan areas. The developed
built-in density map can be useful for identifying areas with low and very low density in
the city. Based on this, an appropriate development plan can be adapted to this area to
make the city more compact.

Table 6 shows the range of built-up density in the Batticaloa Municipality. The ranges
were categorised from very low density to very high density. Based on this, around
0–4 buildings per hectare were identified in the very low-density areas and more than
22 buildings per hectare in the very high-density areas. The built-up density increased
near the city centres, except in the northern and western part of the city, from 2000 to
2020. The main reason for the low density in these areas is the inadequate facilities such as
accessibility to highways, commercial, and other services.

Figure 6. Cont.
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Figure 6. Built-up Density in the Batticaloa Municipal Council in (a) 2000, (b) 2010, and (c) 2020.
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Table 6. The range of built-up density in Batticaloa Municipality.

Scale
Density (Buildings/Ha)

2000 2010 2020

Very Low 0.0–4.0 0.0–4.0 0.0–4.0
Low 4.1–8.0 4.1–8.0 4.1–8.0

Moderate 8.1–13.0 8.1–13.0 8.1–13.0
High 13.1–22.0 13.1–22.0 13.1–22.0

Very High 22.1–37.0 22.1–31.0 22.1–34.0

Most of the lands are used for single use, like individual housing, which created the
low-density development in the Batticaloa municipality. For example, 88% of homes are
single-storey separated houses, 9% of homes are two-storey separated houses, and 1%
of homes are more than two-storey separated houses. These housing patterns show a
rural characteristic in this city. In addition, these single housing developments are one
of the main reasons for the low-density development in this area. Therefore, housing
policy must be designed in accordance with Sustainable Development Goal 11 and the
existing situation of Batticaloa municipality. Housing policy should be developed in
consultation with stakeholders in Batticaloa Municipality who provide a clear view of all
income earners and the different communities living in the city. The municipality then
displays the decision for public responses that provide different ideas for improving the
policy before it is implemented. Furthermore, reporting the municipality’s policy in public
can also make the right decisions in all activities by people, including building houses and
maintaining the land.

In addition, building codes must be provided to track building types and the location
of buildings in the city. This method can help to quickly identify a specific building in
all situations and demolish illegal constructions. These activities primarily help control
the future sprawling growth of the city. Further, the developed built-up pattern and
density maps are helpful to identify the additional unregistered buildings in each Grama
Niladhari division. For example, a Grama Niladhari division already has 25 buildings
registered in the municipality, but the map shows 28 buildings in the same division. By
this, the constructions can be understood as illegal development in the area in question.
The municipality can take the necessary measures against them and also minimise the
sprawling growth in the city. In addition, a monitoring unit should be set up to review
housing policy and the necessary strategies for building construction in the city. An
online platform should be developed to guide public discussions and consultations. This
continuous monitoring activity can control illegal housing development in the city.

The population density is measured by the ratio of people inhabiting a specific region
in persons per square kilometre or hectare. A city that occupies a smaller land area is
considered more compact and less sprawled, and that with more extensive land occupied
by less population implies low density and a more sprawled characteristic [41]. Table 7
shows the range of population density in the Batticaloa Municipality. Population density
ranges from very low to very high density. Areas with 0 to 10 persons per hectare are
known as very low-density areas. Areas with over 100 people per hectare were identified
as very high-density areas in 2001, and with more than 84 people per hectare were very
high-density areas in 2012 and 2019. The population density is almost high in the city
centre and close to commercial areas.
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Table 7. The range of population density in Batticaloa Municipality.

Scale
Density (Persons/Ha)

2001 2012 2019

Very Low 0.00–10.00 0.00–10.00 0.00–10.00
Low 10.01–34.00 10.01–29.00 10.01–29.00

Moderate 34.01–60.00 29.01–53.00 29.01–53.00
High 60.01–100.00 53.01–84.00 53.01–84.00

Very High 100.01–151.00 84.01–124.00 84.01–131.00

The consumption of the land is faster than the population growth, which revealed
low-density development. As shown in Figure 7, the population density in the Batticaloa
Municipality is identified by the Grama Niladhari divisions. Based on this, developed
areas such as Puliyanthivu, Arasady, Thandavanveli, Oorani, Kallay, Iruthayapuram,
Mamangam, Thiruchendhoor, and Navakkudah are almost high built-up density areas.
However, those areas have not populated much when compared with built-up. However,
the highest population density was identified in the Arasady, Koolavady and Iruthayapu-
ram areas. Low density was registered in the edge areas, but the core city and the highway
area only showed higher population density and built-up. Paalameenmadu, Navalady,
Saththurukondan, Puliyanthivu west, and Thiruperunthurai areas were identified with the
lowest population density patterns in the Batticaloa municipality. The main reason for the
low density is poor accessibility to highway and other services. In addition, Seththukudah,
Vechukalmunai, and Thimilaithivu areas were under military control during the civil war
period. Thus, people did not desire to make their settlement in those areas.

Figure 7. Cont.
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Figure 7. Population Density by Grama Niladhari Divisions in (a) 2001, (b) 2012, and (c) 2019.
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Additionally, Batticaloa Domestic Airport is located in the Thirupperunthurai division,
which is closest to the Puthunagar and Sethukkudah areas. Residential buildings are
banned around the airport areas such as Puthunagar, Thirupperunthurai, and Sethukudah
due to the airport expansion project. In addition, a water supply system was launched
in the high-density populated areas such as the city centre and the nearby areas. In
other areas, people use well water for their needs. Further, 38 schools are located in the
Batticaloa municipality area. Of these, seven schools are national schools with a high level
of education, located in the city centre and the nearest areas, which is one of the reasons for
the high population density.

Further, the population of this city has a high growth rate of 3.92% in the period
1990–2001 and around 2.07% in the period 2001–2010. This rate changes to around 2.27% in
the period 2010–2019, which indicates the fastest growth of cities in Sri Lanka. In addition,
the population growth rate in the future is expected to be 2.5% to 3.0% in 2030. The
minimum expected population is 127,291 persons and a maximum of 170,714 people in
2030 [37]. This rapid population growth can lead to more sprawling development when
political influences disrupt municipality development plans and regulations. Therefore, the
rules and regulations must be strictly followed to become a sustainable city in the future.

4.2.2. Leapfrog Development

A discontinuous irregular pattern on developed land is widely recognised within
the city limits. This type of development makes it costly to provide essential services like
water and drainage. This development consumed a wide range of land and created an
arbitrary development pattern that destroys urban beauty. Figure 8 shows the leapfrog
development, which creates more changes in the land use pattern, leading to the urban
sprawl established in the visual map. This development can identify a very inefficient land
use pattern, which is one of the most extreme examples of urban sprawl. Such growth
affects the development of the city directly, including infrastructure and services.

The leapfrog development creates less housing and population density due to the
undeveloped land, such as the urban fringe. This density is higher than the individual
homes, which affects sustainable development [21]. The vacant land in specific areas such
as Thiraimadu, Paalameenmadu, Kokkuvil, Panichalady, and Navalady are good examples
of leapfrog growth with low density in the Batticaloa municipality area. Fundamental
accessibilities such as public transportation, telecommunication, and water supply are
comparatively poor, leading to less population growth. These people live in small housing
units, which means one-room or two-room houses built using bricks or clay, but the land
extent is larger than the houses. The people living in these areas are from low-income
classes. The municipality should introduce more housing schemes, incorporating with
the National Housing Development Authority, Sri Lanka. This development can reduce
the leapfrog development within the city limits. In addition, the municipality should
raise people’s awareness about the leapfrog development and its impacts on the city
through community programmes. People’s understanding of this issue can regulate built-
up development.

The leapfrog pattern develops due to the spatial heterogeneity of agricultural facili-
ties [42], which is the case in the Batticaloa municipality area, such as Thiruperunthurai
and Puthunagar. Thus, this discontinuous pattern forms the vacant land between built-up
areas, making it difficult to afford facilities by the municipality. The transformation of
non-urban land influences leapfrog and edge development into built-up land that increases
faster than the growth of population in the Chinese cities [9]. However, this transformation
was not identified in the Batticaloa municipality area during the selected periods. Rather,
built-up discontinuous patterns were mainly identified in this city, which cause the rising
cost of infrastructure.
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Figure 8. A leapfrog development pattern in the Batticaloa MC—2020.

4.2.3. Scattered Development

Scattered development also provides an inaccessible pattern on the urban edge, like
undeveloped areas, creating sprawling. Figure 9 illustrates the scattered patterns in the
study area that grows in the urban limit. The built-up growth develops in a dispersed
way, which creates a considerable change in the city. This pattern was mainly identified in
Thiruperunthurai and Navalady areas in the Batticaloa municipality. One reason for the
scattered growth in the Thiruperunthurai area is that the land is mainly used for agriculture
purposes. Municipal open spaces assigning a convenience value is one of the ways to
account for scattered development. Therefore, people can be willing to spend more money
on owning a home in these spacious areas, even if they are further away from the central
business district, such as in the European cities [42]. This activity is sometimes experienced
in Batticaloa city as well, in recent decades.

Further, the settlement areas of the core city developed by the individual homes in
a vast land are mostly composed of single-storey buildings and some of double-storey
houses. The individual housing preference of these people induces them to occupy the
spacious land for building their dream house. Most families here are nuclear families rather
than the extended family needed to build many individual houses for each family. For
example, a nuclear family has four members, such as a father, mother, and two daughters.
The parents must build two houses for these two daughters to marry them. Parents must
build an individual house for each daughter, even if they have five daughters, because of
the tradition in Batticaloa. A better solution for this, parents can build a low-rise building
like three or four floors with all facilities and assign each floor to each daughter, which
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can minimise the number of individual single homes in the city. This practice should be
included in municipality policy, which makes the city more compact.

Figure 9. A scattered development pattern in the Batticaloa MC—2020, (i) and (ii) shows the scattered pattern in some GN
divisions in the city.

4.2.4. Commercial Strip or Ribbon Development

Commercial development, along with highways, is another characteristic of urban
sprawl called ribbon development that threatens sustainable urban growth in the city.
Commercial buildings are mostly built along the main transport corridors in the core city
and outside of the downtown area (see Figure 10). This type of development caused an
increase in the value of the land near the highways. These urbanised areas use a mixed
mode, such as commercial and residential, affecting urban land use. Many buildings utilise
only the ground floor for commercial purposes, though in some buildings the second and
third floors are also used as commercial spaces. Nevertheless, in the rest, all second or third
levels are mainly used for residential purposes. People want to buy things such as clothes,
grocery items, and electronic products for different purposes simultaneously, and they
have to walk long distances to buy these things. This distance affects people’s continuous
shopping and time consumption.
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Figure 10. Commercial Ribbon Development in the Batticaloa MC—2020.

Further, this commercial ribbon pattern causes several problems in the city’s functions.
For example, approximately 75,000 to 100,000 people commute to Batticaloa municipality
from 6 a.m. to 8 p.m. every day. The reasons for this commuting are to access services
such as the railway station, the teaching hospital, the Faculty of Healthcare Sciences at the
Eastern University, the Swami Vipulananda Institute of Aesthetic Studies at the Eastern
University, the Open University, the district court, the airport, the technical college, the
financial institutions, and other government institutions. Most of these institutions are
located in commercial areas. Thus, this continuous commuting activity causes traffic
congestion and frequent accidents in the city. Mainly Koddamaunai Bridge and the new
bridge areas face traffic congestion daily. The main reason is that the traffic lights are not
fixed in many areas of this city. Further, about 500 private buses and 320 public buses
operate in the Batticaloa municipality area. This bus service starts from the Batticaloa’s
central bus station, which is located in the city centre, and has caused overcrowding. This
ribbon development pattern is one of the main reasons for congestion in the city.

However, all these characteristics have created similar and different effects on the
Batticaloa municipality. Leapfrog and scattered developments are the discontinuous and
dispersed built-up growth that have less connectivity between the buildings. Meanwhile,
commercial ribbon development with shopping complexes, restaurants, and banks built
along the street of the core city generally depends on the highways for the developments.
Various development projects were implemented in this area at the end of the civil war,
which caused more changes in the city. Thus, land use classes were analysed to extract the
area through characteristic changes in urban sprawl during the years 2000, 2010, and 2020.
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The building patterns are not growing in a planned manner, such as housing, admin-
istration, shopping complexes, schools, police station, health office, and playgrounds. The
police station and its quarters are built between the commercial area and also the core city.
At the same time, administration buildings and playgrounds are also built in the core city.
The suitability for the development of each sector was not considered until now. The main
reason is less development planning in this area because it was affected by the civil war for
three decades (1983–2009).

Further, the transportation network in the city was also not well designed. The
primary and minor roads were not planned based on the network tracking method, which
is more familiar for making road maps in ArcGIS. The road network of Batticaloa is not well
mapped to identify the closest route between two locations in order to avoid traffic-related
problems. For example, it is difficult to reach the general hospital of Batticaloa because of
the lack of the closest facility in an emergency during traffic congestion. Closest facilities
must consider tracking the places as quickly as possible to reach the location, and this must
be a consideration when developing the transport pattern.

As a developing city in Sri Lanka, in Batticaloa the remaining categories that cause
sprawl, such as auto-dependent or car-dependent development, uncontrolled growth,
and uncoordinated growth, are not highly identified in this study area. The lower pop-
ulation of the city is the reason for these characteristics not having grown during the
selected periods. Therefore, based on the identified characteristics of the study area, ur-
ban sprawl refers to the urban expansion [9,43] with low density beyond the built-up
area [1,5,9,12,22,23], leapfrog development [5,12,13,26], a commercial ribbon development
along the highways [12,13], and scattered growth [11,22,25].

4.3. Future Plans and Regulations in the Batticaloa Municipality

Plans and regulations regarding the construction of buildings, especially the construc-
tion of homes in current and future development, are the most important to minimise the
urban sprawl development in the future. The development plan for Batticaloa municipality
in 2030 is proposed in nine major zones, which are: residential zone, commercial zone,
information technology zone, environmental conservation zone, airport-related activity
zone, mixed development zone, administrative zone, fort conservation zone, and agricul-
tural zone. These zones are separated by boundary lines such as roads or railways, or
canals. These zones will only be used for the specific development for which the areas were
designated. However, Batticaloa as a tourist city encourages activities related to tourism in
any area of the municipality, depending on the suitability of the tourist development.

Further, the minimum land extent for the residential building is 6 perches, mentioned
in the regulations of Batticaloa municipality. However, the maximum land area is not
defined. Therefore, there are no obstacles to buying a large land and building a single
house on this large land. Some people prefer the large spacious land to build their home
today. The land for their preference is mostly available in the peripheral areas of the city.
This development is the reason for the low density and scattered development patterns in
the future as well.

Further, all buildings within 300 m of the coastal zone must be constructed with
the prior approval of the Department of Coastal Conservation, Sri Lanka. A green belt
was developed in the coastal strips to control the loss of biodiversity and the barriers
from disasters such as tsunami and cyclone. Any building constructions in proximity to
these disaster-prone areas should obtain clearance from the Urban Development Authority,
Batticaloa. These regulations are the reasons for the low population and built-up density in
the coastal areas of the city.

In addition, environmentally sensitive areas such as scrubland and mangrove forest
are considered conservation areas, which do not allow the built-up development in the
municipality areas, showing low density and leapfrog characteristics. Even though people
can get approval to build houses in some environmental conservation areas, the buildings
should be designed to retain natural beauty rather than obstruct the open green spaces.
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Therefore, people should follow the regulations mentioned by the municipality to control
the urban sprawl development.

However, Land Value Capture and Taxation are favourable for affordable housing
development in the city with lower land value. Proper activation of this system can increase
revenues and fix up downtown buildings. The significant increase in land value is due
to the locational preferences as commercial areas and a transport hub. This tax system
can control the increase of land value by the community preferences and use these tax
revenues to develop public spaces such as bus stands, roads, and public spaces. Thus, the
Municipality should strictly follow this policy in this city and encourage people to adopt
this system to control land value, since people who pay tax can force the authorities to take
care of their land and control the illegal occupancy of land in the city.

In addition, the urban development plan must also be open to feedback from stake-
holders and experts who can make the development plan stronger. Most of the time,
the municipality does not follow this practice when trying to implement a policy. The
public is largely ignored in this process, which affects the sustainable planning of the city.
Thus, the municipality should consider development activities in all aspects, including
public participation. Therefore, proper regulations should be implemented based on the
Sustainable Development Goal 11 and New Urban Agenda.

5. Conclusions

Urban sprawl has been increasing due to rapid construction development, especially
housing in the Batticaloa municipal council. Urban fringe in the study area showed
different sprawling characteristics, which are low density, leapfrog development, and
scattered growth. However, a characteristic such as commercial ribbon development along
the highways has been identified in the core city areas. Rapid population growth causes
more sprawling development in the city, which was increasingly identified after 1990 in
this area. In addition, people’s preferences, land value, education, employment, income
level, illegal construction, and permanent and temporary migrations are the main reasons
for the sprawling development of the city. Based on these factors, it is clear that urban
sprawl is a socioeconomic phenomenon that should be focused more on socioeconomic
aspects in future studies.

Further, political influence interrupts the municipality’s development plans and reg-
ulations. The rules and regulations need to be followed carefully in this area to develop
itself as a sustainable city in the future. Maximum land extent for housing development
should be stated in the regulations, which are the most important to minimise the pattern
of low density and scattered development in the city. The municipality must identify
existing illegal buildings, and when the buildings have not been built following the regu-
lations, they must be demolished by the municipality. In addition, the illegal landfill in
wetland areas such as scrubland areas must be punished and charged a penalty by the
municipality. These regulations can control illegal activities in future. People have a lack of
awareness of the urban sprawl development in this city; thus, it is important to educate
them about the urban sprawl development and its effects through research, mapping, and
community programmes.

Finally, this study identified the particular characteristics of urban sprawl such as low
density, leapfrog development, scattered growth, and commercial ribbon development
in the Batticaloa municipality. This finding empirically contributes to understanding the
patterns of uncontrolled urban sprawl in Batticaloa city and other cities of Sri Lanka, and
other developing countries in the future. This study can help to formulate strategic policies
to minimise sprawling growth in the Batticaloa Municipal Council. Despite the above, this
study, nevertheless, has limitations. Although the current low-resolution satellite images
are deemed adequate in terms of accuracy, the findings could be enriched via a more high-
resolution images analysis to identify micro-level changes and built-up patterns/forms.
That may, in turn, provide more interesting explanations about urban sprawl characteristics.
In addition, these sprawl characteristics creating impacts to land use/land cover patterns
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are associated with physical and socioeconomic influences, but they are not considered
in this study. Therefore, future studies should consider these influencing factors to obtain
a holistic understanding and then form a predictive model curbing urban sprawl more
effectively.
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Abstract: Understanding the spatial growth of cities is crucial for proactive planning and sustainable
urbanization. The largest and most densely inhabited megapolis of Pakistan, Karachi, has experienced
massive spatial growth not only in the core areas of the city, but also in the city’s suburbs and outskirts
over the past decades. In this study, the land use/land cover (LULC) in Karachi was classified using
Landsat data and the random forest algorithm from the Google Earth Engine cloud platform for
the years 1990, 2000, 2010, and 2020. Land use/land cover classification maps as well as an urban
sprawl matrix technique were used to analyze the geographical patterns and trends of urban sprawl.
Six urban classes, namely, the primary urban core, secondary urban core, sub-urban fringe, scatter
settlement, urban open space, and non-urban area, were determined for the exploration of urban
landscape changes. Future scenarios of LULC for 2030 were predicted using a CA–Markov model.
The study found that the built-up area had expanded in a considerably unpredictable manner,
primarily at the expense of agricultural land. The increase in mangroves and grassland and shrub
land proved the effectiveness of afforestation programs in improving vegetation coverage in the study
area. The investigation of urban landscape alteration revealed that the primary urban core expanded
from the core districts, namely, the Central, South, and East districts, and a new urban secondary core
emerged in Malir in 2020. The CA–Markov model showed that the total urban built-up area could
potentially increase from 584.78 km2 in 2020 to 652.59 km2 in 2030. The integrated method combining
remote sensing, GIS, and an urban sprawl matrix has proven invaluable for the investigation of urban
sprawl in a rapidly growing city.

Keywords: urban sprawl; Landsat; CA–Markov model; SDG 11; urban sustainable development

1. Introduction

Urbanization is a complex socioeconomic process that shifts the distribution of a pop-
ulation from dispersed rural settlements to dense urban settlements [1]. In spatial terms,
the urbanization process is manifested in the physical development of urban settlements
and the transition of landscapes into urban forms [2,3]. In the Global South, rapid and un-
planned urban sprawl leads to problems such as fragmented landscape, reduction in arable
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land, increase in urban poverty, and environmental degradation, which pose a huge threat
to sustainable development in these regions [4–6]. By 2030, Sustainable Development Goal
11 of the United Nations intends to make cities and human settlements more inclusive, safe,
resilient, and sustainable [7]. Building policies to promote the sustainable development
of cities, especially in developing countries, need accurate and timely monitoring and
understanding of the spatial growth of urban settlements [8].

Geospatial techniques have enabled the analysis and forecasting of urban growth
at regional and global scales. These methods are useful for observing and understand-
ing the dynamics of urban landscapes [6,9,10]. Previously, efforts have been made to
model and analyze urban spatial growth and patterns using methods such as cellular au-
tomata [11–13], the artificial neural network [14,15], the Markov chain [16,17], geographical
weighted regression [18], the non-ordinal and Sleuth model [19–21], the analytic hierarchy
process [22], machine learning models [23,24], and an urban sprawl matrix [25,26]. Batty
demonstrated how cellular and agent-based models have the ability to clearly incorporate
spatial interaction and mobility [27]. Considering the limitation of basic logistic regression
models, Arsanjani et al. used a hybrid model to uncover the interaction of various envi-
ronmental and socioeconomic variables that cause urban expansion [28]. By combining
the CA model’s benefit of modeling spatial variation in complex systems with the Markov
model’s advantage of long-term prediction, the CA–Markov model was developed, which
is an effective method for simulating LULC transformation. It has been widely applied to
examining and measuring urbanization and landscape dynamics [29]. The Markov model
predicts the future status of a land use based on its current rate [30]. Cellular automata
(CA) detects the geographic location of changes, whereas the Markov chain predicts future
change based on the past [30].

Karachi, Pakistan’s largest city, has seen massive urban growth in recent decades not
only in the city’s center, but also in the surrounding suburbs [6]. If the urban land expansion
rate is higher than the population increase rate, the population density in the urban area will
significantly decline, and the phenomena of urban sprawl will occur. Due to institutional
inefficiency and governance failure, rural lands have been converted into residential and
industrial areas without considering the urban planning schemes in Karachi [31]. The
massive conversion of rural lands for urban areas has caused the sprawl phenomenon
since 2000, which has led to loss of agricultural lands, an increase in commuting costs,
and flooding [31]. The unplanned urban sprawl has also resulted in a range of social
problems such as a lack of health care, shortage of education facilities and infrastructures,
an increase in criminal incidents, and sociocultural imbalance [32–34]. The introduction
of new urban forms and structures that adapt to climate change issues can mitigate the
environmental problems caused by dispersed urban area growth and create more efficient
urban economies [35]. Therefore, the spatiotemporal modeling of urban sprawl is crucial
to better understand the changing urban patterns of Karachi divisions, thus helping local
governments in prioritizing the demands of the local population and formulating strategies
and practical solutions to achieve the goal of urban sustainable development.

Previous studies have attempted to use remote sensing data to analyze the general
pattern of urban land cover changes and urban suitability in Karachi [36,37]. Although land
use land cover changes were significant based on the analysis using satellite imagery, the
landscape changes during the urbanization process were not fully investigated. Moreover,
the simulation and prediction of future LULC scenarios in the growing city have barely
been reported. To fill such gaps, this study aimed to thoroughly analyze the LULC changes
and the spatiotemporal dynamics of urban expansion in Karachi using satellite data from
1990 to 2020. The future LULC scenarios and urban expansion were also simulated using a
CA–Markov model in the city for the year 2030.
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2. Study Area and Datasets
2.1. Study Area

Karachi, the provincial capital of Sindh, is Pakistan’s largest and most densely popu-
lated megacity. It is the principal industrial center, seaport, and financial and commercial
hub. Karachi Urban Agglomeration (Karachi UA), extending over 3527 km2, is located on
the coastline of the Arabian Sea, between 24◦45′ N to 25◦15′ N and 66◦37′ E to 67◦37′ E
(Figure 1). Karachi is mainly made up of flat rolling plains with hills on the western and
northern boundaries. The southern and southeastern banks of the Malir River have a
contagious linear concentration of urban settlements [38].

′ ′ ′ ′

 

Figure 1. Study area. PJ = Punjab; SH = Sindh; BL = Balochistan; IS = Islamabad; AJK = Azad Jammu Kashmir;
GB = Gilgit-Baltistan; KPK = Khyber Pakhtunkhwa.

According to the 2017 Census Report [39], more than 16 million people live in Karachi,
and the population will increase to more than 20 million by 2025 with a density of 4115 per-
sons per square kilometer [40,41]. The city consists of seven districts, which can be further
divided into 31 sub-divisions [39]. As an increasing metropolitan city in a developing
country, Karachi faces unplanned urban expansion, inappropriate essential infrastructure
and facilities, crises in drinking water and solid-waste management services, inconve-
nient public transport, environmental pollution, and poor governance [42]. Of the total
population, nearly 40% live in slum areas [43,44].

2.2. Datasets

The primary data source for measuring urban spatial patterns and analyzing the
trend of urban growth in Karachi was Landsat Thematic Mapper (TM) pictures from 1990,
2000, and 2010 as well as Landsat 8 OLI images from 2020 from Google Earth Engine
(Table 1). The atmospheric correction technique LaSRC was used to correct the available
Landsat Surface Reflectance Tier 1 data in Google Earth Engine. The CFMASK algorithm
was used to mask cloud, shadow, and water regions in these images. The entire study
area covered three Landsat tiles (152_042, 152_043, and 153_043). The atmospherically
corrected and cloud removed images with a ten-year interval were used to perform the
initial LULC classification. As supplementary features for land cover classification, the
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normalized difference vegetation index (NDVI) and the normalized built up index (NDBI)
were computed for each decadal image [45].

Table 1. Details of datasets used in this study.

Data Details Period Source

Landsat images 30 m resolution, Path/Row 152,042, 152/043, 153/043 1990–2020 USGS
Base map scale 1:25,000 2000 SOP

Population divisional level 1990–2020 COP
DEM SRTM DEM and Slope 2015 USGS
Roads Road Network 2018 OSM

Several datasets were used as supplementary data in our study (Table 1). To distin-
guish LULC classes between plain and hilly areas, SRTM digital elevation model (DEM)
data were employed. To evaluate the accuracy of LULC, high spatial resolution images
with multiple acquisition dates collected from Google Earth and topographical maps pub-
lished by the Survey of Pakistan, Government of Pakistan were used as reference data.
District-level population data were gathered for the years 1990, 2000, 2010, and 2020 from
the official census and Pakistan Bureau of Statistics [39]. The road network data were used
to train the CA–Markov model for the LULC scenario simulation.

3. Methods

The workflow was primarily comprised of three steps: classification of land use/land
cover, analysis of urban expansion, and modeling of future LULC scenarios. Figure 2
depicts the entire data processing workflow adopted in this study.

3.1. Land Use/Land Cover Classification

We used the Google Earth Engine’s random forest classification technique to produce
land use/land cover maps for the years 1990, 2000, 2010, and 2020 in the study area [46]. The
overall accuracy (OA), producers’ accuracy (PA), and users’ accuracy of the classification
results were measured using the confusion matrix [46].

3.2. Urban Landscape Change Analysis

The post-classification change matrix methodology was used to create a land use/land
cover change map from 1990 to 2020. To analyze land use/land cover changes, a transition
model was developed using cross-tabulation in the GIS module. The transition matrix
indicates that the study area had experienced major alterations.

An urban sprawl matrix was utilized to examine urban expansion dynamics and
measure urban spatial patterns in Karachi [47]. For the categorization of urban spatial
patterns, matrix functions based on urban pixels were used. Using the urban sprawl
matrix, the study area was divided into six classes, namely, the urban primary core, urban
secondary core, suburban fringe, scatter settlement, urban open space, and non-urban area
(Table 2 and Figure 3).
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Figure 2. The data processing workflow in this study.

Table 2. Classification of the study area into urban spatial patterns.

Urban Spatial Patterns Criteria

Urban primary core The most densely packed set of pixels in which at least 50% of
the surrounding neighborhood is densely populated.

Urban secondary core It is at least 50% built-up in the same way as urban primary
core although it is not part of it.

Suburban fringe The built-up pixels with a 30–50% urbanness surrounded by
primary and secondary core.

Scatter settlement The built-up pixel is less than 20% built up and is located
apart from the primary and secondary cores.

Urban open space The non-urban regions encircled the primary and secondary
urban cores.

Non-urban area Apart from the primary and secondary urban cores,
non-urban area.
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Figure 3. Depiction of the function of the urban sprawl matrix and urban spatial pattern. The percentage of the built-up
area in a 1000 m radius circle centered on the pixel under examination is the pixel’s urbanness.

3.3. LULC Simulation

CA–Markov simulation was implemented using several steps: (a) the generation of
LULC maps with the same time interval (1990, 2000, 2010, and 2020); (b) the calculation
of transition probability matrices based on LULC maps; (c) the generation of transition
suitability maps using driving factors such as distance to water body, distance to main
roads, distance to built-up areas, and slope [4,31]; (d) the evaluation of the model’s ability
to simulate future changes using a kappa index of agreement (KIA) approach; and (e) the
simulation of LULC maps for the predicted year (here, 2030). The projections of LULC
change in the study area were performed using the land change modeler (LCM) within
the TerrSet software (Clarke Labs 2019, https://clarklabs.org (accessed on 10 December
2020) [48].

As an input to the CA–Markov model, the Markov chain model was employed to
produce a transition probability matrix between an initial state and a final state. The
transitional probability matrices were generated using LULC information from 2010 to
2020 in order to investigate how each land cover class was expected to change. The Markov
model can be described using the following equation:

S (t + 1) = Pij × S(t) (1)

where S represents the land use condition at time t; S (t + 1) represents the land use status at
time t + 1; and Pij is the transition probability matrix in a certain state, which is calculated
using the following equations [49]:

‖Pij‖ =

∥

∥

∥

∥

∥

∥

P1,1 P1,2 P1,N
P2,1 P2,2 P2,N
PN,1 PN,2 PN,N

∥

∥

∥

∥

∥

∥

(2)

(0 ≤ Pij ≤ 1) (3)

where P refers to the transition probability; Pij refers to the probability of changing from
state i to state j in the next time; and PN refers to the state probability of any time. The low
transition probability is close to 0, and the high transition probabilities is close to 1 [49].

Using the multi-criteria evaluation (MCE) module, suitability maps, which show the
suitability of cell transformation for a particular land cover type, were created for the
application of the CA model. The characteristics of LULC types were taken into considera-
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tion. For example, the built-up area cannot be converted into a water body [50,51]. As an
inherent part for geospatial modeling, the kappa index of agreement (KIA) representing
the model’s simulation accuracy was used here to evaluate the model’s ability to simulate
the spatial pattern of land use [52,53]. The KIA was calculated with the following equation:

KIA = Pr(a) − Pr(e)/1 − Pr(e) (4)

where Pr (a) refers to the observed agreement, and Pr(e) refers to chance agreement. The
kappa coefficients (K-no, K location, and K-standard as well as the overall kappa co-
efficient) were used to compare the simulated and the LULC map based on remote sensing
data of 2020. The kappa coefficient values were calculated using TerrSet IDRISI software.

4. Results and Discussion
4.1. LULC Change

In the study area, six LULC classes were identified: bare land, built-up area, cultivated
land, grassland and shrub land, water body, and mangroves (Figure 4). According to the
accuracy assessment results, the overall classification accuracies were 89, 91, 91, and 89%
for 1990, 2000, 2010, and 2020, respectively. The kappa coefficient values were 0.86, 0.90,
0.89, and 0.87 for 1990, 2000, 2010, and 2020, respectively.

 

 

− −

− −

−

−

Figure 4. LULC map of Karachi in (a) 1990, (b) 2000, (c) 2010, and (d) 2020.
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Over the last three decades, the land use/land cover in the study region has changed
dramatically (Table 3). Between 1990 and 2020, the area covered by built-up area and grass-
land and shrub land expanded, while the area occupied by agricultural land, mangroves,
and open bare ground declined. Divergent changing trends were revealed in the time
periods before 2000 and after 2000 for cultivated land, grassland, and shrub land, and
mangroves (Table 3). The increase in the area of mangroves and grassland and shrub land
since 2000 indicates that afforestation programs have played a positive role in improving
vegetation coverage in the study area. The Sindh Forest Department made great efforts to
restore and plant endangered mangrove species. With the help of local communities, they
planted more than 800,000 saplings of Rhizophora mucronata mangroves in the coastal
zone of Pakistan in 2013 [54]. The decrease in cultivated land was observed near the
built-up area, which indicates urban expansion at the cost of cultivated land (Figure 4).

Table 3. Areal changes in each land use land cover type in Karachi.

LULC Classes
Area (sq.km) Change Rate (%)

1990 2000 2010 2020 1990–2000 2000–2010 2010–2020

Bare land 2663.7 2811 2491.7 2156.6 5.53 −11.35 −13.44
Built-up area 221.1 358.7 424.3 573.9 62.23 18.28 35.25

Cultivated land 112.2 159.3 148.4 81.5 41.97 −6.84 −45.08
Grassland and shrub land 534.3 370.5 563 867.7 −30.65 51.95 54.12

Mangroves 65.9 13.8 14.2 17 −79.05 2.89 19.71
Water bodies 23.8 46.5 54 56.8 95.37 16.12 5.18

The increase in urban areas in different districts of the study area is illustrated in
Figure 5. It was observed that districts near coast and far from the core area (Karachi Central,
South, and East districts) had a record high urban growth from 1990 to 2020, particularly
in the Malir (417.92%), West (279.38%), and Kiamari (257.05%) districts (Table 4). Among
the core areas, the East district of Karachi experienced a higher increase in the built-up
area than that in the Central and South districts of Karachi. The central city’s congestion
caused outgrowth at the periphery of the megacity during the study period. As a main
driver of built-up area growth, the density of the population in Karachi has constantly been
increasing over the last three decades. The population of central city has remained highly
concentrated, and its population increased from 1.8 million in 1990 to 3.09 million in 2020.
Simultaneously, the population of the suburban Malir and West districts increased from
0.8 million and 0.7 million in 1990 to 2.8 million and 2.23 million in 2020, respectively [39].
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Figure 5. Built-up area expansion in Karachi in 1990, 2000, 2010, and 2020.

Table 4. Built-up area increases in each district of Karachi (in percentage).

District 1990–2000 2000–2010 2010–2020 1990–2020

Kiamari 118.49 3.08 14.13 257.05
Central 29.67 −3.95 3.11 128.43
South 29.07 −0.77 11.64 142.97
West 96.63 26.78 12.07 279.38
East 47.61 3.95 22.57 188.07

Korangi 29.91 10.75 28.98 185.59
Malir 66.16 19.13 111.12 417.92

Figure 6 shows the land transformation in various districts and time periods induced
by the process of urbanization. The majority of areas converted to urban land at the expense
of open bare land, grassland and shrub land, and agricultural land (Table 5).
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Figure 6. Spatial pattern of land transformation in Karachi during the periods of (a) 1990–2000, (b) 2000–2010, and
(c) 2010–2020.

Table 5. Land transformation from other LULC classes to built-up area during the periods of 1990–2000, 2000–2010, and
2010–2020.

Urban Land Transformation
Area (km2) Change Rate (%)

1990–2000 2000–2010 2010–2020 1990–2000 2000–2010 2010–2020 1990–2020

Bare land to Built-up 114 68.7 134.2 4.28 2.44 5.38 117.71
Cultivated land to Built-up 8.4 9.7 12.5 3.79 2.70 2.94 148.81

Grassland and Shrub land to Built-up 42.6 13.1 30.2 37.96 8.22 20.35 70.89
Water to Built-up 3 0.1 0.9 0.56 0.02 0.16 30.00

Mangroves to Built-up 2.1 2 3.2 3.18 14.49 22.53 152.38
Expansion of Built-up Area 170.1 93.6 181 714.70 201.29 335.18 106.40

4.2. Urban Landscape Change

The urban sprawl matrix was used to create urban landscape maps in the study
area. The area of urban primary core increased from 145.9 square kilometers in 1990 to
363.5 square kilometers in 2020 (Table 6). In 1990, changes in the area of the primary
core were registered in the areas that comprise the CBD area, namely, the South, East,
and Central districts, and later in 2020, the urban primary core expended further into the
suburban districts of Karachi such as the Malir, West, and Kiamari districts (Figure 7). The
area of the urban secondary core also changed from 25.9 sq.km 1990 to 22.3 sq.km in 2020
(Table 6). In 1990, the urban secondary core was observed only in the districts of Malir and
Korangi, while later in 2020, the urban secondary core could be observed in other suburban
areas of Karachi such as the districts of West and Kiamari. The observed urban secondary
core areas in 1990 merged with the urban primary core in 2020 due to rapid expansion, and
a new urban secondary core area emerged in the suburban areas of Karachi (Figure 7).
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Table 6. Urban landscape changes in Karachi during the periods of 1990–2000, 2000–2010, and 2010–2020.

Urban Spatial Patterns
Area (sq.km) Change Rate (%)

1990 2000 2010 2020 1990–2000 2000–2010 2010–2020

Urban Primary Core 145.9 248 255 363.5 69.979 2.823 42.549
Urban Secondary Core 25.9 29.3 40 22.3 13.127 36.519 −44.250

Suburban Fringe 25.2 22 22.09 35.8 −12.698 0.409 62.064
Scatter Settlement 16.7 32.8 33.9 42.2 96.407 3.354 24.484
Urban Open Space 121.8 152.5 168.2 234.3 25.205 10.295 39.298

Non-Urban Open Space 3272 3131 3089 2911 −4.309 −1.341 −5.762

−

−

− − −

Figure 7. Urban landscape in Karachi in (a) 1990, (b) 2000, (c) 2010, and (d) 2020.

The area of the suburban fringe and scatter settlements showed a marginal increase
(Table 6). The urban open space increased from 121.8 sq.km in 1990 to 243.3 ssq.km in 2020,
which indicates an increase in green space under the urbanized area. Most of this increase
was observed in the core of districts of East, Korangi, and Kiamari. A drastic decrease from
3272 sq.km in 1990 to 2911 sq.km in 2020 in the area of non-urban open space can also
be observed.

The changes in each urban spatial pattern class within districts were analyzed (Table 7).
Between 1990 and 2020, the Kiamari, East, West, and Korangi districts had rapid growth
in the primary urban core. From 1990 to 2020, no urban secondary core was found in the
district of Kiamari, Central, South, West, or East, while this was observed in the districts
of Malir and Korangi. The urban secondary core in the Korangi district merged with
the urban primary core in 2020. The newly developed Malir district experienced high
urban secondary core growth due to the large number of commercial and residential
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developmental activities over the last two decades. The suburban fringe increased in the
districts of Kiamari, West, East, and Malir, while the urban open space decreased within the
Central and South districts. The decrease in open space in the CBD area might be attributed
to the conversion of open space to residential and commercial lands.

Table 7. Urban landscape changes in different districts of Karachi (in percentage).

District
Primary Core Secondary Core Suburban Fringe Urban Open Space

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3

Kiamari 103.66 1.80 12.44 0.00 0.00 0.00 0.00 100.00 29.45 73.26 −0.89 13.18
Central 30.77 −3.86 3.25 0.00 0.00 0.00 0.00 0.00 0.00 −52.39 24.26 −15.33
South 44.86 −5.02 15.44 0.00 0.00 0.00 0.00 0.00 −100.00 −12.23 60.64 −7.21
West 98.47 16.87 11.42 0.00 0.00 2100.00 0.00 0.00 −9.18 33.73 37.25 33.09
East 40.37 8.52 26.99 0.00 −100.00 0.00 427.78 76.62 50.00 103.99 10.64 22.85

Korangi 5728.57 7.78 251.51 100.10 25.38 −100.00 46.63 −114.47 −100.00 1.23 12.82 3.69
Malir 0 35.96 402.63 −350.61 69.31 30.39 122.99 18.69 144.37 59.99 4.67 148.41

4.3. Transition Probability Matrix Analysis

The transition probability matrix was generated for the time periods of 1990–2000,
2000–2010, and 2010–2020 to demonstrate the probability that each land cover type was
projected to change (Table 8). The values on the diagonal of the matrix represent the
possibility of a land cover type maintaining its original state, and the values on the non-
diagonal represent the possibility of a land cover type converting to other types. From 1990
to 2000, bare land was the most stable class with 0.77 probabilities, while the most dynamic
class was cultivated land with transition probabilities of 0.32. From 2000 to 2010, water
bodies were the most stable class with 0.67 probabilities, and grassland and shrub land
were most dynamic with 0.20 probabilities. Similarly, from 2010 to 2020, mangroves were
the most stable class with 0.76 probabilities, and cultivated land was the most dynamic
class with 0.20 probabilities. The transition probability matrix from 2010 to 2020 was used
to simulate the LULC map for Karachi city in 2030.

Table 8. Transition probability matrix of LULC classes in Karachi from 1990 to 2000, 2000 to 2010, and 2010 to 2020.

Class Time Period Bare Land Built-Up
Cultivated

Land
Grassland and

Shrub Land
Mangroves

Water
Bodies

Bare land
Phase 1 0.77 0.10 0.40 0.06 0.00 0.00
Phase 2 0.68 0.05 0.02 0.23 0.00 0.00
Phase 3 0.61 0.05 0.01 0.32 0.00 0.00

Built-up
Phase 1 0.14 0.70 0.05 0.08 0.00 0.00
Phase 2 0.14 0.76 0.03 0.05 0.00 0.00
Phase 3 0.03 0.85 0.03 0.03 0.03 0.03

Cultivated land
Phase 1 0.39 0.88 0.32 0.18 0.00 0.00
Phase 2 0.25 0.12 0.29 0.30 0.00 0.01
Phase 3 0.27 0.05 0.20 0.46 0.00 0.00

Grassland and
shrub land

Phase 1 0.30 0.30 0.30 0.85 0.03 0.03
Phase 2 0.54 0.14 0.10 0.20 0.00 0.00
Phase 3 0.55 0.04 0.04 0.34 0.00 0.00

Mangroves
Phase 1 0.09 0.14 0.02 0.01 0.41 0.30
Phase 2 0.04 0.05 0.00 0.00 0.63 0.25
Phase 3 0.07 0.04 0.00 0.02 0.76 0.08

Water bodies
Phase 1 0.49 0.38 0.04 0.02 0.00 0.39
Phase 2 0.12 0.12 0.00 0.00 0.05 0.67
Phase 3 0.13 0.05 0.01 0.02 0.09 0.66
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4.4. LULC Simulation Results

The validation results showed strong agreement with the simulation map (Table 9).
The kappa values indicate that the CA–Markov model used is suitable for simulating future
LULC maps in the study area.

Table 9. Validation results of the CA–Markov model.

Year Kappa Parameters

2020
K-location K-no K-location Strata K-standard Overall Kappa Value

0.91 0.91 0.91 0.87 0.87

The simulated LULC maps for Karachi city in 2030 are shown in Figure 8, and the
changes for each LULC type are tabulated in Table 10. The simulation results show that
the bare land area will significantly decrease in 2030 due to its conversion to a built-up
area. The districts of Malir, South, and Kiamari are seeing the most growth in terms of
urban built-up area. The spatial pattern of the predicted LULC indicated that the city’s
new residents would settle in sub-urban fringes surrounding the urban cores. Living in
these areas allows them to be closer to work and facilitates a more convenient commute.
Grassland and shrub land covered about 838.42 km2 in 2020 and are expected to gradually
increase to 999.06 km2 in 2030.

 

Figure 8. LULC prediction results for Karachi city in 2030.
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Table 10. Predicted LULC changes for Karachi city in 2030.

LULC Class
Area (sq.km) Change

2020 2030 Sq.km %

Bare land 2031.74 1750.84 −280.9 −86.17%
Built-up 584.78 652.59 67.81 111.60%

Cultivated land 78.39 99.46 21.07 126.88%
Grassland and

shrub land 838.42 999.06 160.64 119.16%

Mangroves 15.61 33.36 17.75 213.71%
Water bodies 53.35 66.97 13.62 125.53%

Although the validation results showed that the CA-Markov model was a reliable
method for simulating land use change, there are several limitations in our study. Socioeco-
nomic factors are among the most important variables influencing land use changes. Our
study was unable to investigate several potential socioeconomic causes of urban expansion
due to a lack of spatial data. Moreover, more sophisticated models can be developed to
simulate urban growth in different areas of the study area [55]. Landsat images with a
resolution of 30 m were used to construct the land-use/cover maps for LULC modeling.
High-resolution satellite data may be employed in the future to generate more detailed
observations of specific agricultural and urban covers.

5. Conclusions

An urban sprawl matrix methodology was used in this study to analyze changes in
urban spatial patterns in Karachi over three decadal epochs (1990–2000, 2000–2010, and
2010–2020). The utilization of the urban sprawl matrix provided an accurate and effective
assessment of Karachi’s urban expansion tendencies. Future land cover changes in the
study area were predicted using a CA–Markov model for 2030. The results indicate that the
built-up area had expanded in a considerably unpredictable manner, which was mainly at
the expense of agricultural land. The increase in mangroves and grassland and shrub land
demonstrated the effectiveness of afforestation programs in improving vegetation coverage
in the study area. Fast urban development was recorded in districts including Malir, West,
and Kiamari from 1990 to 2020. The primary urban core expanded from the core districts,
namely, the Central, South, and Eastern districts, and a new urban secondary core was
observed in Malir in 2020. The LULC simulation results for 2030 revealed a significant
increase in urban built-up area of 111.6% compared with that in 2020, mainly distributed in
sub-urban fringes.

This study proved remote sensing and GIS techniques to be valuable tools in tracking
and assessing changes in urban spatial patterns. The findings of the analysis can provide
policy implications for future urban land transformation management and planning in
order to achieve the Sustainable Development Goals. Future research could explore the
forces that drive urban sprawl and examine how they interact with social, economic, and
environmental repercussions in fast growing cities.
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Abstract: Spatio-temporal characterization of urban expansion is the first step towards understanding
how cities grow in space. We summarize two approaches used in urban expansion measurement,
namely, concentric-ring analysis and grid-based analysis. Concentric-ring analysis divides urban
areas into a series of rings, which is used to quantify the distance decay of urban elements from
city centers. Grid-based analysis partitions a city into regular grids that are used to interpret local
dynamics of urban growth. We combined these two approaches to characterize the urban expansion
between 2000–2014 for five large Latin American cities (São Paulo, Brazil; Mexico City, Mexico;
Buenos Aires, Argentina; Bogotá, Columbia; Santiago, Chile). Results show that the urban land (built-
up area) density in concentric rings decreases from city centers to urban fringe, which can be well
fitted by an inverse S curve. Parameters of fitting curves reflect disparities of urban extents and urban
form among these five cities over time. Grid-based analysis presents the transformation of population
from central to suburban areas, where new urban land mostly expands. In the global context, urban
expansion in Latin America is far less rapid than countries or regions that are experiencing fast
urbanization, such as Asia and Africa. Urban form of Latin American cities is particularly compact
because of their rugged topographies with natural limitations.

Keywords: urban expansion; concentric-ring analysis; grid-based analysis; invers S curve; Latin America

1. Introduction

More and more people are now living in cities, driving the persistent expansion of ur-
ban land across the world [1]. Rapid expansion of urban land swallows cultivated land and
natural land, threatening biodiversity and exacerbating environmental degradation [2–4].
Numerous studies have investigated spatio-temporal characteristics of urban land expan-
sion and its environmental consequences [5,6]. Remote sensing and geographical informa-
tion science (GIS) have greatly contributed to quantifying land use changes [7]. Remotely
sensed imagery provides the first-hand data used to monitor urban growth in space [8].
GIS-based technologies provide a wealth of tools for urban expansion measurement [9].

The first step to measure urban expansion is its speed and intensity, for instance, the
annual growth rate of built-up areas [10,11]. The intensity of urban expansion refers to
proportions of urban land use changes to the total land area in a defined region [10,12].
Beyond the statistical description of urban land use changes, the spatial perspective is
employed to answer the spatial pattern of urban form and where the urban expansion
happens [13]. Thirdly, the temporal process cannot be separated when we characterize
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urban expansion [14]. Landscape metrics are broadly used to measure dynamics and het-
erogeneities in the temporal process of urban expansion [15]. Finally, urban theories behind
urban land use changes are proposed based on these quantitative measurements, such as
the diffusion-coalescence theory [16–18], pattern-process interrelationships, distance-decay
of densities [19,20], types of urban expansion (infilling, extension, and leapfrog) [21–24],
and driving forces of urban expansion [25], etc.

As far as the spatial unit is concerned, there are two approaches to quantify urban
expansion, namely, the concentric-ring analysis and grid-based analysis [13,26]. The
concentric-ring analysis, also known as gradient analysis, divides urban areas into a series
of concentric rings from the city center, which usually is the point of origin or central
business district (CBD) of the city [27,28]. The concentric-ring analysis is often used in
conjunction with landscape metrics (such as the percent of landscape, patch density, and
many other indicators) [12,22]. They are used to analyze spatial patterns (distance-decay) of
urban landscape. The distance-decay of urban land density (built-up density) in concentric
rings reflects the gradient of urban development intensity [19]. Some studies divide
concentric rings into multiple sectors to measure the heterogeneity of urban growth in
different directions [15]. Considering irregular urban forms or spatial constrains, such
as UK’s ‘green belts’ and large water bodies in Wuhan, China, an improved partitioning
method for concentric-ring analysis was proposed [12].

The grid-based analysis divides urban areas into regular grids; for example, 1 km
grids [26,29–31]. Each grid is a sample and the urban dynamics in each grid are different,
which determines the overall spatial pattern of land-use transformation. Grid-based
analysis allows the correlation analysis between urban land and other occupied land,
and it also builds the bridge between urban land expansion and population growth [26].
The growth in population fundamentally drives the expansion of urbanized land [32].
Numerous studies reported the faster growth rate of urban land than that of population
over time, resulting in a decline in the urban population density [33–40].

In this study, we attempt to combine the concentric-ring analysis and grid-based
analysis to quantify spatio-temporal characteristics of urban expansion. Our case study
area is Latin America, defined as the Americas south of the United States. Latin America
consists of 20 countries and 13 dependencies, with more than 640 million population in
2016 and an area of approximately 19,000,000 km2. In many countries of Latin America,
the economy developed rapidly after the middle of the 20th century, and the level of
urbanization has continued to increase. Latin America is one of the most urbanized
continents in the world with almost 84% of the total population living in cities [41]. For
example, Brazil’s urbanization level is more than 85%, and Argentina’s urbanization level
is even more than 90% [42].

Although the urbanization level in Latin America is relatively high, compared with
the extensive research of urban expansion in the United States and Europe, there are few
studies on the temporal and spatial characteristics of urban expansion in Latin Amer-
ica [41]. In particular, there is a lack of comparative analysis of urban expansion and
spatial dynamics among cities in Latin America [13,41,43]. Investigating the dynamics of
urban land expansion in Latin America not only has regional significance, but also has
international comparative value. It also provides precedents for developing countries that
are undergoing rapid urbanization, such as Africa and Asia [44,45].

2. Materials and Methods
2.1. Study Area

New York University, United Nations-Habitat, and Lincoln Institute of Land Policy
have published The Atlas of Urban Expansion (2016 Edition) of 200 cities around the world,
which includes 26 cities in Latin America and the Caribbean [46,47]. Considering the
representativeness of large cities and the evenness of their spatial distributions, we selected
five large cities with a population of more than five million in 2014 from 26 cities, namely,
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São Paulo (Brazil), Mexico City (Mexico), Buenos Aires (Argentina), Bogotá (Colombia),
and Santiago (Chile) (Figure 1, Table 1).

 

Figure 1. Spatial distributions of five major cities in Latin America with their urban land use in 2000
and 2014.

Table 1. Urban population, built-up area, and population density in 2014 and their annual growth rates from 2000 to 2014 in
five large Latin American cities.

City City Center

Urban
Population in

2014
(Million) #

AGR * of
Urban

Population
(2000–2014, %)

Built-up Area
in 2014 (km2) #

AGR * of
Built-up Area
(2000–2014, %)

Population
Density in

2014
(Person/km2) #

AGR * of
Population

Density
(2000–2014, %)

São Paulo,
Brazil

Catedral
Metropolitana
de São Paulo

19.61 1.08 1724 0.70 11,372 0.38

Mexico City,
Mexico

Palacio
Nacional 17.77 2.53 1618 3.56 10,978 −0.99

Buenos Aires,
Argentina

Parque
centenario 13.88 1.46 1473 1.88 9421 −0.41

Bogotá,
Colombia

Museo
Nacional 7.80 2.29 319 1.26 24,460 1.02

Santiago,
Chile

Plaza
Baquedano 6.49 1.32 604 1.76 10,742 −0.43

# Data source: The atlas of urban expansion (2016 Edition) http://www.atlasofurbanexpansion.org/ (accessed on 20 April 2021). * AGR
(annual growth rate) is calculated as AGR =

(

n
√

P2014/P2000 − 1
)

·100%, where P is the population, built-up area, or population density of a
city, and n is the interval in years.

São Paulo is the largest city in Brazil and the economic, cultural, and technological
center. Nearly 20 million people lived in São Paulo in 2014 with the total built-up area
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being around 1700 km2. Mexico City is the capital of Mexico and is located in the valley
of the plateau of central Mexico, at an altitude over 2000 m. It is the political, economic,
cultural and transportation center of Mexico. Buenos Aires is the capital and largest city
of Argentina and it is a coastal city on the southern bank of the La Plata River. Bogotá is
the capital and largest city in Colombia and it is located in the center of Colombia, on a
high plateau known as the Bogotá savanna. Due to the eastern mountains, Bogotá can only
expand to the west (Figure 1c). Santiago is the capital and largest city in Chile, which is
entirely located in the country’s central valley. We identified city centers for the five cities
using road maps and high resolution images from Google Map (Figure 1, Table 1).

2.2. Land Use and Population Data

We collected urban land use maps of five Latin American cities in 2000 and 2014 from
The Atlas of Urban Expansion (2016 Edition), which were interpreted using Landsat imagery
(30 m resolution) [46]. They classified land use into three categories, namely, built-up area,
open space, and water bodies, using the unsupervised classification method (clustering
analysis) with the ISODATA (Iterative Self-Organizing Data Analysis Technique) algorithm.
The classification result has a high accuracy with verification using Google Earth high
resolution imagery. The user’s accuracy for the built-up area is 91% and the producer’s
accuracy is 89.3% [46]. Detailed information on the land use classification procedures
can be found in Hurd [48]. The data from The Atlas of Urban Expansion (2016 Edition) has
been successfully used in related studies on urban expansion and urban form [49–51]. The
spatial distributions of urban land in 2000 and 2014 and open space and water bodies in
2014 of five Latin American cities are shown in Figure 1.

The population data in Table 1 also comes from The Atlas of Urban Expansion (2016
Edition), but it is statistical data without information on its spatial distribution. We further
collected LandScan population data for the five sample cities in 2000 and 2014. LandScan
is a community standard for global population distribution data at approximately 1 km
(30” × 30”) spatial resolution, and it represents an ambient population (average over 24 h)
distribution [52–54]. The spatial distribution of population data supports the correlation
analysis between urban expansion and population growth using grid-based analysis.

2.3. Concentric Ring and Grid-Based Analysis

We generate a series of 1-km equidistant buffer rings to cover almost the entire built-up
areas in 2014 (Figure 2a). Previous studies calculated landscape metrics in concentric rings
and analyze their spatial variations [15]. In this study, we calculate the urban land density
(built-up density) in each concentric ring, and then fit its distance decay using the inverse
S curve (See Section 2.4). The urban land density is defined as the proportion of urban land
to the area of buildable land in each ring (Equation (1)).

Dens =
Surban land

Sbuildable land
(1)

where Dens is the urban land density in a concentric ring (doughnut). Surban land is the area
of urban land (built-up area) in a ring, and Sbuidable land is the area of buildable land in a ring.
The buildable land is the total land area excluding water bodies and mountains in a ring.
The concentric rings are developed and urban land density in each ring are calculated in
ArcGIS 10.6 (ESRI, Inc., Redwoodds, CA, USA).

The unit of grid-based analysis is 1 km, which is consistent with the resolution of
LandScan population data. We first clip the LandScan population data in 2000 and 2014 for
each city using the spatial extent of land use map of the same city (Figure 2b). We convert
the population raster file to a vector file in 1 km × 1 km grid segments. We calculate the
area of built-up area in each grid for two years, 2000 and 2014, using zonal statistics, and
then calculate the change of built-up area in each grid from 2000 to 2014. Finally, we use
map algebra to calculate the change in population from 2000 to 2014 in each grid of each
city and convert the result to a vector file. We combine the changes in built-up areas and
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population for the 2000–2014 period based on the ID of each grid. All of these spatial
analytics, such as format conversion, zonal statistics, and map algebra, are conducted in
ArcGIS 10.6 (ESRI, Inc., Redwoodds, CA, USA).

 

𝑓(𝑟) = 1 − 𝑐1 + 𝑒 (( ⁄ ) ) + 𝑐
α

α
α

Figure 2. An example of concentric ring analysis (a) and grid-based analysis (b) in São Paulo, Brazil.

2.4. Inverse S Curve

Jiao (2015) proposed a function with an inverse S curve (Figure 3) to characterize the
spatial distribution of the urban land density within a city, as shown in Equation (2) [19]:

f (r) =
1 − c

1 + eα((2r/D)−1)
+ c (2)

where f is the urban land density (built-up density) in each concentric ring that is calculated
using Equation (1), r is the distance to the city center, e is the Euler’s number, and α, c and
D are parameters, which vary across cities and over time.

α

α α
α

α

α

Figure 3. Curves of the urban land density function with different α parameters.

Parameters in the inverse S curve have explicit physical meanings. The α parameter
controls the form of the fitting curve and a higher α indicates a more compact urban form
(Figure 3). The D parameter denotes the approximate boundary of an urban extent. The c
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parameter represents the background value of the urban land density. The D parameter
generally increases over time because the urban extent expands. Detailed explanations of
these three parameters can be found in Jiao (2015) [19].

The inverse S curve has been an effective and quantitative tool in urban studies. It can
be used to not only fit the distance decay of urban land density but also can be applied to
other urban indicators, such as the population density, road density, and even land surface
temperature (LST) [19,55,56]. The inverse S curve was first proposed using Chinese cities
and then it has been applied to cities in other countries across the world [57–60].

3. Results
3.1. Distance Decay of Urban Land Density

We calculate the urban land density in each concentric ring using Formula (1). Overall,
the urban land density decreases slowly around the city center, and then decreases quickly
to a relatively low level, and finally decreases slowly again to the background level of urban
land density, showing an inverse S-shape (Figure 4). The inverse S curve can fit the distance
decay of urban land density very well in all cities in both 2000 and 2014. Parameters for
fitted curves are shown in Table 2. The urban physical size varies among the five cities.
The radius of the urban extent (represented by the D parameter) is the largest for Buenos
Aires, which is over 50 km. The radii of urban extents of São Paulo and Mexico City are
around 45 km and 42 km in 2014, respectively. The space size is relatively small for Bogotá
and Santiago with urban extent radii of 27 km and 26 km, respectively, in 2014.

α

Figure 4. Distance decay of urban land density and fitted results using inverse S curve in concentric rings in five Latin
American cities in 2000 and 2014.

The α parameter reflects the compactness of urban form and a higher α means a more
compact urban form. Bogotá has the highest value of α (=4.49) in 2014, indicating the
most compact urban form among the five cities. The urban population density in Bogotá
in 2014 is also the highest among the five cities (24,460 person/km2, Table 1), further
supporting its compact form. Generally, the α parameter increases from 2000 to 2014 in
four cities except for Santiago, which has a small decline. Cross-sectionally, Buenos Aires
has the lowest value of α, indicating that it has the most relatively dispersed urban form.
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The urban population density in Buenos Aires is also the lowest among the five cities
(9421 person/km2, Table 1).

Table 2. Parameters of the inverse S curve for five Latin American cities in 2000 and 2014.

City Year Num. of Rings α c D Adjusted R2

São Paulo
2000 47 3.70 0.01 42.11 0.993
2014 47 3.83 0.03 44.51 0.992

Mexico city 2000 37 3.65 0.02 33.12 0.996
2014 37 3.78 0.03 41.73 0.994

Buenos Aires
2000 50 3.39 0.01 45.38 0.987
2014 50 3.70 0.04 51.43 0.988

Bogotá 2000 27 3.87 0.03 25.13 0.974
2014 27 4.49 0.05 26.95 0.976

Santiago 2000 30 4.11 0.02 23.17 0.996
2014 30 4.03 0.03 25.82 0.996

The gap between the two curves of the same city for 2000 and 2014 reflects the
dynamics of the urban expansion, which varies among the five cities. Mexico City has the
largest gap between the two curves, indicating the most obvious urban expansion in this
city. Comparatively, the two curves of São Paulo nearly overlap, implying a limited urban
expansion in this city. The gap between the two curves also reflects the spatial disparities
in urban expansion. The new urban land is mainly added around 10 km from the city
center in Bogotá from 2000 to 2014, while in Santiago the urban expansion took place in
its outskirts. This is why the urban form of Santiago has become more dispersed during
2000–2014 (Table 2). The new urban land is evenly distributed in space in Buenos Aires
(Figure 4).

3.2. Directional Heterogeneity in Urban Form

Urban expansion is generally not homogeneous, but there is usually a directional
heterogeneity due to the influence of natural conditions or urban planning [15,61]. Taking
São Paulo as an example, we divided the concentric ring into four directions, namely East,
South, West, and North, as shown in Figure 5a. Due to the limited urban expansion from
2000 to 2014 in São Paulo (Figure 4), we only take the land use information in 2014 to
present the heterogeneity of urban form in different directions. Overall, São Paulo has an
urban form with a longer-extent in the east-west direction but a more limited extent in a
north-south direction, which is restricted by the macro physical geography (mountains
in the north and water bodies in the south). The built-up area in the easterly direction is
717 km2, which is the largest among the four directions, taking 42% of the whole built-up
area (1724 km2, Table 1). The built-up area in the northern direction is only 248 km2.

We calculate the urban land density in four directions in São Paulo using concentric
rings (Figure 5a). There are obvious disparities in the distance decay of urban land density
and fitted curves in the four directions (Figure 5b). The parameters for the inverse S
curve in the four directions are shown in Table 3. The fitted urban extents (parameter
D) are 55 km, 47 km, 47 km, and 27 km in the East, South, West, and North, respectively.
Unsurprisingly, the urban extent in the east is the largest, which is more than twice of that
in the north. Remember that the α parameter indicates the compactness of urban form.
Urban expansion in the south is restricted by water bodies, resulting in the most compact
form in this direction (α = 8.81), while the urban form is relatively dispersed in the west
(α = 4.37). There is an obvious bump of the urban land density in the north at around 26 km
from the city center, which is caused by leapfrogging urban patches in the north of the city
center (Figure 5b).

83



Land 2021, 10, 444

α

α α

α

Figure 5. The concentric ring in four directions (a) and the spatial attenuation of urban land density in four directions of
São Paulo in 2014 (b).

Table 3. Parameters of inversed-S shape function in four directions of São Paulo.

Directions α c D Adjusted R2

East 5.43 0.06 55.02 0.990
South 8.81 0.03 46.83 0.989
West 4.37 0.02 47.05 0.989

North 5.16 0.06 27.36 0.963

3.3. Correlations between Land Expansion and Population Growth

We use grid-based analysis to investigate urban land expansion, population growth
and their correlations. Changes in population and built-up areas in 1 km grid squares
for 2000 and 2014 are presented in Figure 6. There are apparent disparities in space for
both land expansion and population growth. Population increases in some places while
it decreases in other locations. Taking São Paulo as an example, the urban population
decreased around the city center and urban core area, while it increased in the urban fringe
and suburban areas (Figure 6a), reflecting the process of suburbanization [62]. Mexico
City, Buenos Aires, and Santiago also experienced the transformation of population from
the city center to suburban areas, but with different characteristics (Figure 6b,c,h). In
Mexico City, urban population transferred from the east to the west during 2000–2014
(Figure 6b). Although the central part of Buenos Aires had an increased population, the
urban population obviously decreased near the city center, forming a doughnut with a
reduced population around the center (Figure 6c). The urban population change in Santiago
shows the strongest heterogeneity, which declined in the main corridors passing through
the city center. Different from the other four cities, there is no obvious decline in population
around the city center in Bogotá (Figure 6g).

Generally, the expansion of urban land shares a similar pattern as seen in the popula-
tion growth. The new built-up areas mainly occurred at the urban fringe and suburban
areas, while a limited newly built-up area was found around the city center (Figure 6d–f,i,j).
In São Paulo, the urban expansion hotspots are located in the east and west from 2000
to 2014 (Figure 6b). The urban land spread evenly around the city center in Mexico City,
particularly in the north and southeast (Figure 6e). As a coastal city, the new urban land
can only spread to the inland side of Buenos Aires and most of these lie along main
roads (Figure 6f). Bogotá shows a massive urban expansion northwest of the city center
(Figure 6i). The urban expansion surrounded the city center of Santiago with more new
urban land located in the northwest of the city (Figure 6j).
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sFigure 6. Spatial distributions of population changes (a–c,g,h) and built-up area changes (d–f,i,j) from 2000 to 2014 in
five Latin American cities. Only three types of roads (trunk, primary, motorway) were preserved from the OSM road net
(https://www.openstreetmap.org) (accessed on 20 April 2021).

The frequency distributions of changes in population and built-up area from 2000 to
2014 in 1 km grid squares are shown in Figure 7a,b, and their correlations are presented
in Figure 7c. Population and built-up areas remain unchanged in most grids during
2000–2014. The mean values of population change in the 1 km grid are 563 persons
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(São Paulo), 536 persons (Mexico City), 518 persons (Buenos Aires), 944 persons (Bogotá),
and 200 person (Santiago). The mean values of changes in the built-up areas using the
1 km grid are 2.49 hm2 (São Paulo), 9.88 hm2 (Mexico City), 4.64 hm2 (Buenos Aires),
1.96 hm2 (Bogotá), and 3.15 hm2 (Santiago). From the mean values for each grid, Bogotá
experiences the highest population increase but with the least expansion in use of urban
land, verifying its high population density (Tables 1 and 2) and compact urban form.
Scatter plots show that the population change and the built-up area change are positively
correlated (Figure 7c).

 
Figure 7. Frequency distribution and correlation analysis between the population growth and the urban land expansion
from 2000 to 2014 in five Latin American cities. (a) Frequency of population change; (b) Frequency of built-up area change;
(c) Scatter plots of population change and built-up area change in each 1 km grid.

4. Discussion

The city is composed of different spatial units. In addition to administrative divi-
sions, the two most commonly used units in urban studies are concentric-rings and grids.
Concentric-ring analysis, also called gradient analysis, is developed based on the monocen-
tric model of cities, which does well in measuring macro pattern (urban-rural gradient)
of urban expansion and urban form. Grid-based analysis has advantages in portraying
the local microscopic dynamics of urban expansion. Grid-based analysis is usually used
to build correlations between urban land and population changes. Urban expansion is a
process from micro dynamics to macro patterns. Every land use change occurred in a local
area, but the accumulation of local micro-processes shaped the macro pattern of urban
expansion. The combined use of concentric-ring and grid-based analysis can measure
urban expansion from both macro and micro perspectives. Although the concentric-ring
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analysis and grid-based analysis have been used in previous studies, they are all used
in a single way. We propose for the first time that these are two different strategies for
measuring urban expansion.

We combined these two approaches to quantify urban expansion for five major Latin
America cities from 2000 to 2014. The urban land density (built-up density) in concentric
rings decreases from the city center to suburban areas, presenting an inverse S-shape
(Figure 4). Partitioning concentric rings into different sectors can effectively quantify
the directional heterogeneity of urban expansion (Figure 5). The grid-based analysis
particularly presents the process of suburbanization where population transferred from
central areas to suburban areas from 2000 to 2014 (Figure 6). Meanwhile, the newly added
urban land mainly expands in the urban fringe and suburban areas to accommodate the
increasing population there (Figure 6).

Parameters of the inverse S curve reveal the urban extents and compactness of urban
form (Figure 4, Table 2). Although São Paulo has the largest built-up area, Buenos Aires
has a larger urban extent than São Paulo. Buenos Aires experienced the most dispersed
urban form, while the urban form is the most compact in Bogotá. The compactness of the
urban form quantified by the inverse S curve is consistent with urban population densities
that is the highest in Bogotá but the lowest in Buenos Aires (Table 1). The calculation of
population change and built-up change using the grid-based analysis also confirms that the
compact growth in Bogotá, where the urban population averagely increase by 944 person
at a cost of 1.96 hm2 for each 1 km grid during 2000–2014 (Figure 7).

In the global context, the speed of urban land expansion in Latin American cities is
relatively low. The intensity of the urban expansion is reflected by the gaps between the
two fitting curves using the inverse S curve. The gaps between the two curves in 2000 and
2014 are very close and even overlapped in the five major Latin American cities (Figure 4).
Not to mention the fast urban expansion in China and other countries in Asia and Africa,
even the expansion of urban land in the United States and Europe is greater than in Latin
America [19,44,45,63]. On the other hand, the urban form of Latin American cities is more
compact than for cities in other regions, which is quantified by the α parameter of the
inverse S curve. The α parameter for the five major Latin American cities varies in 3.39–4.49,
while that for Chinese and European cities is around 2.5, and is less than 2 for cities in the
United States for the same two years (2000 and 2014) [6,20,44]. Many Latin American cities
grow in rugged topographies which constrains expansion, resulting in the overall compact
urban form [43].

The distance-decay of urban population densities from the city center has long been
revealed in urban geography and urban economics [64]. Classical models include the
Clark’s negative exponential model [64], the Batty’s inverse power function [65] and many
other models [66]. The urban land density, defined as the proportion of built-up areas to the
buildable land in concentric rings, also declines with distance to the city center, but there
are limited quantitative models to measure this process [28]. Urban land density declines
slowly around the city center followed by a quick decline outward, and then declines
slowly again in the urban periphery, showing an inverse S shape as a whole [19]. Inspired
by the widely used sigmoid function with an S curve, Jiao (2015) proposed an inverse S
curve to quantify the distance-decay of urban land density from the city center [19]. The
urban land density function (inverse S curve) has been not only used to quantify past
urban expansion but also to guide the spatial allocation of future urban land, which has
potential applications in urban planning [67]. Recently, a geographic micro-process model
was proposed to explain why the distance-decay of urban land density presents an inverse
S shape [20].

This study also has limitations. This study only quantifies the growth of cities from a
spatial perspective, neglecting the underlying driving forces of urban transformation [25].
Secondly, we chose the city center based on the road network and we only identified
one city center for each city. With the development of cities, those large cities tend to
be polycentric. There are slight bumps of urban land densities around 12 km from the
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city center in Buenos Aires (Figure 4). These bumps are closely related to the polycentric
structure of cities, which can be controlled using polycentric scenarios in concentric ring
partitioning [19,45]. In addition, the intervals (1 km, 2 km, and so on) in concentric-ring
analysis and the size of grids (1 × 1 km, 2 × 2 km, and so on) have an effect of scale [68],
which is not further discussed in this study.

5. Conclusions

This study contributes to the characterization of urban expansion by summarizing two
approaches: Concentric-ring analysis and grid-based analysis. Concentric-ring analysis is
developed based on the monocentric model of cities and it is easy to present the distance
decay of urban elements from the city center to suburban areas. Grid-based analysis
partitions a city into regular grids, which reflects local dynamics of urban growth.

Taking five major cities in Latin America as examples, this study combines concentric-
ring analysis and grid-based analysis to quantify their urban expansion and population
growth from 2000 to 2014. Urban land density in concentric rings declines with the distance
from the city center. The inverse S curve not only can well fit the distance decay of
densities but also reflects disparities in the urban extent and compactness of the urban form.
Grid-based analysis characterizes the transformation of population from central areas to
suburban areas. It is suggested to combine concentric-ring and grid-based analysis to fully
quantify urban expansion from both perspectives of macro patterns and micro dynamics in
other global cities.
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Abstract: As the world becomes increasingly urbanized, it is vital for planners and policy-makers to
understand the patterns of urban expansion and the underlying driving forces. This study examines
the spatiotemporal patterns of urban expansion in the Texas Triangle megaregion and explores the
drivers behind the expansion. The study used data from multiple sources, including land cover and
imperviousness data from the National Land Cover Database (NLCD) 2001–2016, transportation data
from the Texas Department of Transportation (TxDOT), and ancillary socio-demographic data from
the U.S. Census Bureau. We conducted spatial cluster analysis and mixed-effect regression analysis.
The results show that: (1) urban expansion in the Texas Triangle between 2001 and 2016 showed a
decreasing trend, and 95% of the newly urbanized land was in metropolitan areas, especially at the
periphery of the central cities; (2) urban expansion in non-metropolitan areas displayed a scattered
pattern, comparing to the clustered form in metro areas; (3) the expansion process in the Texas
Triangle exhibited a pattern of increased development compactness and intensity; and (4) population
and economic growth played a definitive role in driving the urban expansion in the Texas Triangle
while highway density also mattered. These results suggest a megaregion-wide emerging trend
deviating from the sprawling development course known in Texas’ urban growth history. The
changing trend can be attributed to the pro-sustainability initiatives taken by several anchor cities
and metropolitan planning agencies in the Texas Triangle.

Keywords: megaregion; urban expansion; spatiotemporal patterns; driving forces; the Texas Triangle

1. Introduction

Urbanization has long interested academia, policy-makers, and international agencies.
One important aspect of urbanization pertains to urban land expansion. Urban land
expansion (or urban expansion in short) is a process of creating urban land for the needs
of urban population and activities [1]. According to the U.S. Census Bureau, about 80%
of Americans lived in urban areas in 2018. Urban expansion is often accompanied by
many ecological and environmental challenges [2], for example, ecosystem damage, traffic
pollutions [3], climate change [4], and resource depletion. These challenges also adversely
affect people and environment in both urban and rural areas [2]. Furthermore, massive
and aggressive urban expansion has resulted in worsening social issues such as inequality,
urban and rural poverty, and housing unaffordability [5].

There are many different perspectives to understand urban expansion. The neoclassi-
cal perspective of urban expansion emphasizes the role of free market in deciding the land
to be developed for urban functions. This perspective holds that land price, transportation
cost, income, and population distribution are predominant driving forces of urban expan-
sion [6]. Researchers in this domain have developed sophisticated statistical models to
explain and quantify the extent to which these forces drive urban expansion. On the other
hand, the institutional perspective pays close attentions to the importance of institutional
factors such as land use control, capital investments, and organizational capacities in the
urban expansion process [7].
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Common types of driving forces for urban expansion include changing geographic
environment, economic development, population growth, technological advance, and
public policies [8–12]. Geographic models and location choice theories have been developed
and advanced widely in geography and urban economics. Geographers believe that
humans tend to move to flat and warm places of rich and easily accessible resources.
Location choice theories in urban economics state that industries would choose a location
to minimize production costs and maximize profits [8]. In combination, urban expansion
is most likely to happen in places satisfying both habitation preferences and economic
wellbeing [13].

Economic development and its relationship to urban expansion has long been in-
vestigated. Jones and Kone found the positive relationship between per capita income
and urbanization in the US, in late 20th century [14]. Lately, research also confirmed this
relationship in other country settings. For instance, a study by Zeng et al. on the expansion
in Wuhan, Hubei Province, China showed that gross domestic product (GDP) positively
correlated with urban expansion at both micro and macro scale [9]. Scholars have also
found that built environmental factors such as the distance to employment centers and/or
major facilities (e.g., schools and hospitals) and the existing transportation network are
also key contributors to urban expansion. Wang and Zhou used remote sensing data
to fit logistic regression models to explore the urban expansion in Beijing-Tianjin-Hebei
megaregion in China from 1984 to 2010 [15]. They found that “both local and tele factors
statistically significantly affected the urban expansion process while the local factors played
a relatively prominent role”.

Public policies and governmental control play an essential role as well in affecting
urban expansion outcome. One study in Puerto Rico has shown that “the ineffective plan
of land development has left a high degree of urban sprawl in 40% of the island, where
cities and towns appear typically surrounded by sprawl” [16,17]. Pham et al. discussed
the different policy influences on urban expansion in four different cities worldwide [11].
They thought Shanghai’s urban expansion patterns followed the policy guide of transition
from mono-centric to multi-centric megaregion to decentralize the population and eco-
nomic activities purposed by China’s local and central government. With the continuous
expansion of urban land, however, potential side effects emerge. To fight against the
negative externalities, many local and federal governments have imposed restrictions on
urban expansion. For example, the urban growth boundary initiated in 1979 in Portland,
Oregon, was designed to limit urban development for resources. Research on this policy
mainly focuses on measuring urban form [18] regarding urban sprawl and housing density.
However, the urban expansion process under this particular urban growth boundary policy
in the region is neglected. Several studies outside the U.S investigated the urban expan-
sion patterns under local government policy. For instance, in Japan, the City Planning
Act, which was promulgated in 1968, controlled the urban expansion, and their research
confirmed the most urban expansion patterns only happened in limited places.

The United States has a long history of regional planning [19]. Extensive urban
sprawl happening during the post-WWII development in the United States and many other
countries have raised increasing concerns over the negative societal and environmental
consequences [20]. Actions to counter sprawl have been taken, as some studies have
found that urban expansion in major metropolitan regions has become more aggregated
rather than ceaselessly expanding outwards [21]. Recent interests in megaregions call for
improved understanding of urban expansion from a megaregional perspective, which
motived this study.

With the rapid and foreseeable expansion trend, it is an urge for planners and policy-
makers to accommodate the shifting needs and to cultivate efficient land use via updated
knowledge learned from analyses involving up-to-date data and comprehensive meth-
ods. As advocated in the planning field, managing urban expansion can be one key to
balance sustainability’s 3E triangle (i.e., equity, environmental protection, and economic
development) and achieving sustainable development [22]. Thus, to generate a more
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sustainable outcome, policy-makers should better understand the process and impacts of
urban expansion and incorporate the findings in their policy guidelines. The Texas Triangle
megaregion is one of the most populous and fast growing megaregions in the United States.
Known for its affordable land price and business-friendly environment, the Texas Triangle
is the future home to many major companies and populations [23]. Based on the context,
we used remote sensing and U.S. census data to answer the following two questions:

1. What are the temporal and spatial patterns of urban expansion in the Texas Triangle,
in terms of magnitude, clustering effects, and variations; and

2. What factors contribute to the urban expansion in this megaregion?

To answer those two questions, we first performed geospatial analysis to visualize the
changing expansion patterns in the study area from 2001 and 2016 and analyzed the clus-
tering effect during the period. Then, we fit a mixed-effect regression model to explore the
relationship between the expansion intensity and socio-economic, transportation, institu-
tional, and location factors. The findings of the study are expected to inform policy-making
and strategic transportation investments for sustainable regional development.

2. Materials and Methods
2.1. Study Area

The Texas Triangle is one of the eleven megaregions in the continental U.S., identified
by researchers from the University of Pennsylvania with RPA and the Lincoln Institute [24].
The megaregion lies within Texas and geographically encompasses four major metropolitan
areas: Austin, Dallas-Fort Worth, Houston, and San Antonio. The Texas Triangle is con-
nected by Interstate 45 (I-45), Interstate 10 (I-10), and Interstate 35 (I-35) (Figures 1 and 2).
Most places in the Texas Triangle megaregion have a flat terrain while the west is hilly
with elevation below 500 m. The climate in central Texas (including Austin, Waco and
San Antonio) is semi-arid with average yearly precipitation from 530 mm to 890 mm [25].
The eastern region of Texas which is within the humid subtropical climate zone (including
Dallas and Houston) has more than 1500 mm of annual precipitation.

We follow the definition of the Texas Triangle by Butler et al. [27] and Zhang et al. [28]
with minor modifications. Using county as the geographic unit of analysis, megaregion
is predominately defined by its economic and transportation connectivity, ecological and
cultural similarity [28]. We replaced Delta County with Burnet County, in the original
definition in Butler et al. study. The reason for adding Burnet County is concerning its
inclusiveness in the Capital Area Metropolitan Planning Organization (MPO). Delta county
is deleted because of its remote distance to the major highway and is not included in any
MPO. Figure 2 presents a total of 66 counties and principal metropolitan areas, cities, and
highways in the Texas Triangle megaregion.

The Texas Triangle had a population of over 21 million in 2018. Specifically, the
Triangle megaregion has five of the top 20 most populous cities (Houston, Dallas, San
Antonio, Austin, and Fort Worth) in the country. Moreover, there are four major Core-
based Metropolitan Statistical Areas (CMSA) in this megaregion; they are Dallas-Fort
Worth-Arlington, Houston-The Woodlands-Sugar Land, San Antonio-New Braunfels, and
Austin-Round Rock.
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Figure 1. The Texas Triangle. (a): The location of the Texas Triangle in the U.S.; (b) the location of the
Texas Triangle in the State of Texas. The elevation information is from the Texas Water Department
Broad [26].
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Figure 2. The Texas Triangle.

The Dallas-Fort Worth-Arlington MSA is the most populous metropolitan area in Texas
and the fourth populous metropolitan area in the nation. It consists of 11 counties and a
total area of 9286 square miles. This metropolis is home to 25 Fortune 500 companies, only
behind New York City and Chicago. Houston-The Woodlands-Sugar Land is the second
largest MSA in Texas and fifth most populous MSA in the U.S. This MSA includes nine
counties (Harris, Fort Bend, Montgomery, Brazoria, Galveston, Liberty, Waller, Chambers,
and Austin County) with a total area of over 10,000 square miles. Besides, this metropolitan
area, is one of the fastest-growing MSA in the country. San Antonio-New Braunfels is
an 8-county metropolitan area (Atascosa, Bandera, Bexar, Comal, Guadalupe, Kendall,
Medina, and Wilson County), which covers a total area of 7387 square miles. As a famous
historical city, the city of San Antonio is one of the top tourist cities in the U.S. Lastly, the
Austin-Round Rock MSA includes six counties, Travis County, Bastrop County, Williamson
County, Caldwell County, and Hays County. The Austin-Round Rock MSA is another
rising metropolitan in which the population has increased from less than 300 thousand in
1970 to over 2 million in 2016 [29]. Austin was established in 1839 as the capital city of the
Republic of Texas. The city is now a major education, technology, and economic center in
the state, home to a flagship public university and world-renowned technology companies
such as IBM (Endicott, NY, USA), Dell (Austin, TX, USA), and Apple (Los Altos, CA, USA).
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2.2. Data

First, we retrieved the developed land from the National Land Cover Dataset (NLCD),
U.S. Geographic Survey (USGS), to quantify the urbanized area. NLCD is a multi-year
pre-prepared remote sensing data with a resolution of 30 m. The performance of the devel-
oped strategies and methods were tested in twenty World Reference System-2 path/row
throughout the conterminous U.S. An overall agreement ranging from 71% to 97% be-
tween land cover classification and reference data was achieved for all tested areas and
all years [30]. This remote sensing data has been used as a valuable data source in urban
expansion research because of its broad and consistent area coverage and the virtue of
being repeatedly updated regularly [31]. Rifat and Liu used NLCD and Coastal Change
Analysis Program (C-CAP) datasets to study the urban expansion in the Miami Metropoli-
tan area [32]. Terando et al. also used NLCD data to predict future urban sprawl in the
Southern megapolis region [33]. In this research, the four categories of developed areas are
treated as the urbanized area: developed open space, developed low density, developed
medium density, and developed high density. The urbanized areas are calculated as the
sum of the four types of developed land cover.

Moreover, we used the imperviousness data layer to retrieve the weighted urbanized
area. Imperviousness data present impervious urban surfaces, representing the percentage
of the developed surface. In the NLCD imperviousness dataset, each pixel is from 0% to
100%, where 80% to 100% pixels were classified as high intensity developed area. Several
studies also used impervious information to measure the intensity of urban land [21,34].
We considered each pixel’s imperviousness as an urbanized area’s intensity weight. The
weighted urbanized area is calculated as Equation (1):

Weighted urbanized area = ∑ pixeli∗ impreviousness (1)

Because of the data availability, we used the NLCD data layers for the years of 2001,
2006, 2011, and 2016. Other data in this research correspond to the four years.

Highway data were collected from the Texas Department of Transportation (TXDOT),
Roadway Inventory 2019. This dataset provides all the roadways records in Texas up to
2019, including length, width, road type, start date, and traffic volume. We selected major
highways (including interstate highway, state highway and U.S. highway) and calculated
their density at the county level as the transportation indicator. The highway density was
measured as the total length of the highway dividing the total area of each county.

To calculate the indicator for innovations and technological advances, we used the
patent data which were collected from the U.S. Patent and Trademark Office (USPTO).
USPTO posts the number of patents that were registered in the corresponding year and
registration county. We retrieved county-level patent data in corresponding years as an
indicator of technology level in those years. Finally, other ancillary social-demographic data
were from the Bureau of Economic Analysis (BEA), including population, employment,
and GDP. Table 1 presents the descriptive data of urban land change and the key drivers
by major MSAs in the Texas Triangle from 2001 to 2016.

2.3. Methods

To answer the first research question, we conducted an Anselin Local Moran’s I
cluster and outlier analysis. For the second research question, we performed a mixed-effect
regression analysis to determine the factors related to the Texas Triangle’s urban expansion.
Detailed descriptions of the methods are as follows.
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Table 1. Descriptive data in the Texas Triangle, 2001–2016.

Metropolitan Area (km2) Population Employment GDP Patent Highway Length

Total
Urbanized

Area in 2016
% Change
Since 2001

2016
(Millions)

% Change
Since 2001

2016
(Millions)

% Change
Since 2001

2016
($ Billion)

% Change
Since 2001

2016
% Change
Since 2001

2016 (km)
% Change
Since 2001

Austin-Round
Rock-Georgetown 11,085.37 1612.37 25.86 2.06 56.06 1.38 60.47 124.22 102.94 2701.00 55.86 1469.35 137.23

Beaumont-Port
Arthur 6189.38 750.96 6.71 0.39 2.63 0.21 8.39 24.83 6.43 34.00 17.24 830.40 17.28

College
Station-Bryan 5525.32 408.17 18.93 0.25 32.76 0.15 39.81 12.91 79.67 67.00 45.65 508.76 42.44

Dallas-Fort
Worth-Arlington 23,328.57 5528.23 18.69 7.19 34.90 4.79 38.32 432.21 55.19 3028.00 42.09 6038.74 24.78

Houston-The
Woodlands-Sugar

Land
24,459.42 5531.00 21.98 6.81 41.29 4.04 40.40 446.78 50.18 3184.00 78.98 2959.86 56.31

Killeen-Temple 5554.46 498.58 17.00 4.16 30.82 0.22 26.61 15.81 47.07 21.00 5.00 452.14 67.33

San Antonio-New
Braunfels 19,090.44 2162.71 17.66 2.42 38.44 1.41 41.86 108.63 62.50 413.00 73.53 3036.14 19.73

Sherman-Denison 2536.11 211.95 5.14 0.13 15.73 0.07 16.74 4.45 44.87 16.00 −33.33 485.67 10.31

Waco 4750.26 412.30 7.48 0.26 11.41 0.16 22.15 11.12 40.66 17.00 54.55 436.64 29.47

The Texas Triangle 117,767.30 18,030.67 18.28 20.34 37.34 12.64 40.13 1195.98 56.13 9539.00 58.11 17,510.89 34.52
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2.3.1. Anselin Local Moran’s I Cluster and Outlier Analysis

We identified hot-spot clusters and spatial outliners of urbanized land at the Census
tract level through the Anselin Local Moran’s I statistic [35]. This method is widely used in
many fields, such as economics [36], demographics [37], and geography [38]. The Anselin
local Moran’s I cluster and outlier analysis (cluster analysis) is adopted because of its ability
to capture the spatial patterns in not only their general but also abnormal trends. We used
this method in our study to categorize four types of spatial clusters of urban expansion
in the Texas Triangle. If the Local Moran’s I test statistic turns out to be positive, this area
belongs to a statistically significant cluster of either a high value (a high-high cluster) or
a low value (a low-low cluster). On the contrary, if the test statistic is negative, this area
is an outlier of either high value surrounded by low-value areas (a high-low outlier) or
otherwise (a low-high outlier). We tested the absolute increase area of urbanized land at
the census tract level in 2001 to 2006, 2006 to 2011, and 2011 to 2016 and to see if a place is
the hotspot of urban expansion, or if this place is the outlier with the abnormal increasing
urbanized land while its surrounding areas are not.

2.3.2. Regression Analysis of the Driving Forces of Urban Expansion

We estimated mixed-effect regression models to measure the relationship between
urban expansion and its potential driving forces. The mixed-effect regression model can
cancel out the unobserved the error from different geographic entities and other potential
error. The time variables were fixed to test its relatively growth in different periods.

The dependent variable urban expansion is measured by the percentage of urbanized
area and the percentage of the weighted urbanized area in the county. Besides selecting the
urbanized area, we added the weighted urbanized area to model the intensity growth in
this megaregion. The comparison of absolute urbanized area and weighted urbanized area
can depict a more comprehensive urban expansion process beyond the horizontal land
cover changes.

To model the urban expansion, we selected six widely discussed variables in the
literature that can capture the most context at a higher level, such as the megaregion level
used in this study. The details and rationales are elaborated and explained in the following
paragraphs. Independent variables were categorized into five types, as is shown in Table 2.

Table 2. Selected major drivers of urban expansion.

Variable Category Variable Description Sources

Social demographic factors Population The total population in the county Bureau of Economic Analysis

Economic factors
Jobs Employment in the county Bureau of Economic Analysis
GDP GDP (millions) in the county Bureau of Economic Analysis

Intellectual and
technology innovation Patents Number of patents in the county U.S. Patent and

Trademark Office
Transportation
infrastructure

Highway Density
(kilometer per square kilometers)

The ratio of the length of highway
to the total area in the county

TxDOT Roadway
Inventory 2019

Institutional factor
1 if the county is part of a

Metropolitan area;
0 otherwise

If this county is within/out of a
Metropolitan area

The U.S. Census
Bureau

We selected the population as one of the major predictors. It is indubitable that
population growth and land expansion are two inseparable aspects of the urbanization
process [39]. Research has shown that population migration from rural to urban areas is
a major driving force of urban expansion [40]. Therefore, it was our expectation that the
most important driving force of urban expansion was population growth, measured as the
total population in the county in the corresponding years.

Second, we included the economic indicators in the model because urban economists
think urban expansion results from the market and economy agglomeration and expan-
sion [6]. Economic development and increasing economic activities have accelerated the
urban expansion process in recent decades. On the other hand, urbanization also may,
in return, promote economic development. The economic advantages in the urbanized
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area further attract more population and migration from rural to urban areas. Hence GDP
and the number of employments widely serve as two indicators to measure the economic
development in different counties.

The number of patents in the county was selected as an indicator of technology innova-
tion. Technology development is wildly considered a significant factor of the prosperity of a
region. The first technological revolution in the later 18th century in the United Kingdom is
also the time the urbanization began. The second and the third technological revolution in
the U.S. accelerated the urbanization process and urban expansion. From industrialization
and informatization, technology innovation is always one of the central forces pushing
the urban expansion process [41]. Friedman once argued that the technology is one of the
reasons that the geographical location is less important nowadays [42]. In this research, the
number of patents in the county is used as a proxy of technology innovation, as was used
in Florida’s research [41].

Highway density was chosen to represent the capital investments in transportation
infrastructure. Early from the bid-rent theory, the distance to major transportation facil-
ities is essential to location choice [43]. Later on, Dr. Adam’s four stages model further
emphasized how transportation infrastructure can shape the urban form and lead to urban
expansion in different phases [44]. Moreover, transportation density is also an important
indicator of built environments, influencing the urban expansion process. Therefore, the
highway density is calculated to measure the supply of transportation infrastructure in
each county.

The institutional perspective focuses on institutional or municipalities’ role in the
urban expansion [7]. The governmental policy is another factor for urban expansion.
Due to the intricate and fragmented municipalities and governmental systems at the
megaregion level, we considered being in a metropolitan area an institutional factor to
investigate whether a county belongs to a larger administrative unit will make a difference
in their urban land expansion. A metropolitan statistical area, defined by the U.S. Office of
Management and Budget, is region with a principal city and its periphery containing more
than 50,000 population. A micropolitan statistical area similarly is a place with population
between 10,000 and 50,000.

The initial status (in the year 2001) of the urbanized area in each county varies;
however, the growth rates of urbanized areas are relatively similar among different counties.
Therefore, we did not use a growth model because of the low variation in slopes. In this
case, we fixed the time effects, setting the initial year, 2001 as the baseline, while setting the
geographic entities, that is each county, as random effects. The choice and form of variables
are presented in Table 3.

The form of the equation is shown in Equations (2) and (3):

lglandpcti = β0i + β1i∗metro + β2i∗lgpopi + β3i∗lgjobi + β4i∗cpatenti
+ β5i∗lggdpi + β6i∗lghwdeni + β7i∗year2006i + β8i

∗year2011i
+ β9i∗yeari2016

+ Ui + εi

(2)

lgimppcti = β0i + β1i∗metro + β2i∗lgpopi + β3i∗lgjobi + β4i∗cpatenti + β5i
∗lggdpi + β6i∗lghwdeni + β7i∗year2006i + β8i

∗year2011i
+ β9i∗year2016i

+ Ui + εi

(3)
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Table 3. Description of the variables in the mixed-effect regression.

Dependent Variable

lglandpct Logarithm form of percentage urbanized land (%) in the county
lgimppct Logarithm form of percentage weighted urbanized land (%) in the county

Independent Variable
metro =1 if the county is in a metropolitan area
lgpop Logarithm form of the population in the county
lgjob Logarithm form of jobs in the county

cpatent

=0, if the number of patents is 0 in the county;
=1, if the number of patents is between 1 and 5 in the county;

=2, if the number of patents is between 6 and 100 in the county;
=3, if the number of patents is between 101 and 1000 in the county;

=4, if the number of patents is above 1001 in the county
lggdp Logarithm form GDP (in millions of dollars) in the county
year 2001, 2006, 2011, 2016

lnhwden Logarithm of the length of the highway in the county (km)/Area of the county (km2)

3. Results
3.1. Spatiotemporal Patterns of Urban Expansion in the Texas Triangle

Figure 3 shows the change in urbanized area from 2001 to 2016 in the Texas Triangle.
The newly developed urban land is mainly concentrated in the periphery of the major
metropolitan area evident in the figure. The newly developed urban area in other counties
presents scattered patterns. Additional cluster analysis further confirms that there are no
cluster effects in those counties.

Figure 3. Urbanized Area in the Texas Triangle.
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Figures 4 and 5 show the spatial and temporal patterns of urban expansion in the
Texas Triangle during the three time periods. The results, first, illustrate higher growth
rates in metropolitan counties than other counties. From 2001 to 2016, the urbanized area
has increased by 2887 km2, while 95% of those expansions occurred in metropolitan areas.
Moreover, Figure 5 shows the decreasing growth rate over time in the Texas Triangle.

  

(a) (b) 

 

 

(c)  

 
Figure 4. Maps of Urbanized Land Growth Rate in the Texas Triangle from 2001 to 2016: (a) 2001–2006; (b) 2006–2011;
(c) 2011–2016.

101



Land 2021, 10, 1244

 
0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

2001–2006  2006–2011  2011–2016 

Figure 5. Urbanized land growth rate in different geographic area in the Texas Triangle.

Maps of growth spatial clusters and outliers in the megaregion (Figure 6) illustrate
the spatial characteristics of urban expansion from 2001 to 2016 in the Texas Triangle. To
start with, counties in four major metropolitan areas presented more high-high clusters
of urban growth than micropolitan counties and other counties. The four major MSAs
commonly exhibited patterns from principal cities outward: low-low cluster, low-high
outlier, high-high cluster, and high-low outliers. This pattern was location-irrelevant in
all periods. Specifically, central counties in major metropolitan areas, i.e., Travis county in
Austin MSA, Dallas and Tarrant County in Dallas MSA, Bexar County in San Antonio MSA,
and Harris County in Houston MSA, had a relatively low increase rate. Principal cities,
Austin, San Antonio, Houston, Dallas, and Fort Worth, all presented significant low-low
growth clusters, while the high-high cluster aggregated in slightly different localities at
different time intervals. However, the urban expansion has an extraordinary intensity in
the periphery area around the central county of metropolitan areas like Fort Bend County
in Houston metropolitan, Rockwall County in Dallas metropolitan, and Williamson county
in Austin metropolitan. Moreover, the urbanized land growth rates decreased over time,
and the growth moves farther away from the principal cities. Interestingly, many census
tracts with comparatively high growth rates are on the north side of metropolitan areas.

Besides the commonalities, four major metropolitan areas exhibited different urban
expansion patterns. The Houston MSA shows relatively consistent and intensive expansion
patterns in the outer ring on the north and east sides. This pattern might relate to its
adjacency to the ocean to the south. Whereas the San Antonio MSA presents a relatively
low expansion pace overall, and those expansions are concentrated on the north side. The
Austin MSA has the fastest growth rate in the Texas Triangle. While development on the
north Austin MSA dated back from 2001, the south side started to consume significantly
more land as urbanized land from 2006. Lastly, the Dallas MSA has a high growth rate in
the periphery places around Dallas and Fort Worth from 2001 to 2006. Then, from 2006 to
2011, the urbanized land grew primarily on the north and southwest in the metropolitan
region. In the last time period, the urban land mainly expanded only on the north side.

In other smaller metropolitan areas, urban expansion patterns are slightly different
from the major ones. Growth rates in those areas are generally slower, except for the
College Station metropolitan. Besides, there are no prominent spatial clusters of high
or low values in urbanized land growth. It is worth noting that, in the connecting MSA
counties between four major MSAs, the urban expansion patterns are different over time.
Specifically, counties between Dallas and Houston experienced a sizeable urban expansion
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in the first two periods, whereas more expansion was found between Austin and San
Antonio in the third.

  

(a) (b) 

 

 

(c)  

Figure 6. Spatial cluster and outliners of newly developed urbanized land (a) 2001–2006; (b) 2006–2011; (c) 2011–2016.
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However, in non-metropolitan counties, the scale of urban expansion is relatively
small. Moreover, from the cluster analysis, there are no significant urban expansion clusters
in all periods, indicating a scattered expansion pattern in those counties.

To sum up, the newly developed urbanized land concentrates mainly on the periphery
of core cities of major metropolitan areas. Overall, the urbanized land in the metropolitan
area has expanded to suburbs, but the growth rate has declined over time. Even though
more undeveloped land has changed to urbanized land during the whole period, the
results above show that the expansion happened in a more aggregated manner instead of
randomly sprawling in the metropolitan counties. Those patterns accord with the urban
expansion patterns in major urban areas in the US Great Plains from 2000 to 2009 [45]
with showing a compact development trend. Comparably, the growth in non-metropolitan
counties is slower and more scattered.

3.2. Regression Results

Table 4 presents the result of the regression analysis. There are in total 262 observations,
representing 66 counties in 4 years (the Milam County had no highway in 2001 and 2006
and therefore omitted in the regression models). The overall r2 in the two models are 0.86
and 0.66, which explains most variations by the models.

Table 4. Results of the mixed-effect regression.

Dependent Variable Lglandpct Lgimppct

metro 0.0292 0.0325
(0.39) (0.49)

lgpop 0.3794 *** 0.143 **
(8.25) (2.38)

lgjob 0.0150 −0.0375
(0.35) (−0.66)

lggdp 0.0342 *** 0.0722 ***
(3.43) (5.16)

cpatent 0.0065 0.0117 *
(1.54) (1.95)

lghwden 0.0105 ** 0.0215
(2.68) (1.51)

Year
2001 0 0

(.) (.)
2006 −0.00047 0.0201 ***

(0.2) (3.01)
2011 0.0074 0.0442 ***

(1.61) (3.01)
2016 0.0041 0.0556 ***

(0.72) (6.36)
_cons −2.724 *** 1.142 ***

(−14.13) (5.33)
σu 0.26542 0.20912
σe 0.02482 0.03268
ρ 0.99170 0.97614

overall r2 0.8644 0.6553
N 262 262

Note: significance level: ***: p < 0.001; **: p < 0.01; *: p < 0.05.

First of all, the models coincide with previous literature and show that population
growth statistically significantly leads to greater expansion. Surprisingly, albeit 95% of
the expansion in the Texas Triangle happened in the metropolitan areas during the entire
period, being a metropolitan county shows no statistically significant advantages than
other counties in both models. The result implies that metropolitan setting does not explain
the trend of urban expansion in the Texas Triangle megaregion.
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In terms of the time variable, compared to 2001, while controlling for other factors,
there is no significant growth of the urbanized area from 2001 to 2016. However, the
weighted urbanized area shows totally different results, and all-time variables are highly
positively correlated to weighted urban areas. Unlike economic development or GDP,
where we assume there might be natural growth because of productivity or efficiency
improvement, the total urbanized area shows no such natural growth in the Texas Triangle
from 2001 to 2016 while controlling population, economic development, and other factors.
Nevertheless, it is worth noting that the intensity of urban areas has such growth from
2001 to 2016 when controlling other variables. That is to say, from 2001 to 2016, the
urban expansion process in the Texas Triangle is more compact rather than low-density
development. From this aspect, it is possible to control the urban growth if policies are
controlling for population and transportation infrastructure. Moreover, it shows the results
of promoting compact development.

As for economic factors, the models reveal a complicated relationship to urban ex-
pansion. On the one hand, economic development requires land investment as space and
capital. On the other hand, economic activity agglomeration is an important driving force
to a greater urban expansion. The model results show that, while employment has no
significant statistical relationship to urban expansion, GDP positively influences the urban
expansion process in the Texas Triangle. In contrast, the patent variable as a measurement
of technology innovation shows no significant relationship to urban expansion in the
Texas Triangle.

As much concern to urban transportation planners, the result shows that the highway
density is highly positively related to an urbanized area. However, interestingly, the
highway density presents no relationship to a weighted urbanized area. That means the
highway density might influence the urban in changing non-urban land to urban land
but has little relationship to its intensity. This result provides information for planners to
rethinking the use the transportation infrastructure to guide future urban growth. Planners
should also consider their role in compact urban development.

4. Discussion and Conclusions

This study examines the urban expansion pattern influenced by six major driving
factors in the Texas Triangle Megaregion from 2001 to 2016. We first conducted a spatial
cluster analysis to explore where the expansion occurred and its magnitude during the
period. We then employed a mixed-effect model at the county level to explain the rela-
tionships between urban expansion and the focal driving forces, including affiliation to
a metropolitan area, population, employment, GDP, technology innovation, and trans-
portation infrastructure. The cluster analysis results show that the urban expansion rate
displayed a decreasing trend in the Texas Triangle between 2001 and 2016; 95 percent of new
development occurred within the Triangle’s metropolitan areas. While clustering patterns
varied between the metropolitan areas, the expansion occurred largely in the periphery of
central cities. Contrastingly, the urban expansion in non-metropolitan counties was rather
scattered. The mixed-effect modeling shows that population, GDP, and highway density
were significant predictors of urban expansion.

Between 2001 and 2016, metropolitan areas in the Texas Triangle displayed different
patterns despite a shared experience of overall urban expansion. In particular, the Dallas-
Houston corridor area showed clustered growth in the periods of 2001–2006 and 2006–2011.
This clustered growth pattern, however, did not occur in 2011–2016. The San Antonio-
Austin corridor presented clustered expansion throughout the study period of 2001–2016.
The two metropolitan areas have now become contiguous, prompting Texas DOT to coor-
dinate joint planning efforts by their respective metropolitan planning organizations [46].
The finding accords with previous studies by demonstrating the heterogeneous expansion
patterns at the periphery of large cities [47]. Amid shifting expansion patterns in the areas
between large cities and metro areas, state or joint state efforts are necessary to foster
cooperation beyond the municipal or agency’s jurisdictional boundaries.
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Metropolitan planning agencies can play an important role in leveraging regional re-
source distribution to guide urban expansion [32,48], despite that municipalities make local
land use decisions. Improved coordination and cooperation between local and regional
entities could lead to desired development outcome. For example, transit-oriented devel-
opment (TOD) has been widely considered as a tool to facilitate smart urban growth [49].
Since regional transit lines typically traverse multiple municipalities, coordination between
MPOs, transit agencies, and local communities is essential to implement TOD strategy at
the regional scale. A best-practice example from the Texas Triangle exists from the Dallas
region where NCTCOG (North Central Texas Council of Governments), DART (Dallas
Area Rapid Transit), City of Dallas as well as other communities along DART routes have
coordinated joint efforts to practice TOD in the region [50]. City of Houston initiative Liv-
able Places echoes H-GAC’s (Houston-Galveston Area Council) Livable Centers program
to promote walkable places and TOD [51,52].

The second regression model estimated in this study considered imperviousness or
development intensity, that is, the model of weighted urban land expansion. Adding
intensity information into the urban expansion modeling resulted in the loss of statistical
significance for the variable highway density. However, the predictor number of patents
which was statistically insignificant in the first model, turned to be significant (p < 0.005).
The contrasting results between the two models suggest that capital investments in high-
ways tend to drive urban expansion horizontally, whereas innovations and technological
advances likely push urban expansion vertically towards increased land use efficiency.
As concerns over climate change and sustainability grow, local and state governments
need to rethink about the conventional strategy of investing in highways to accommodate
population and economic growth.

This study has several limitations, suggesting directions for future research. First,
this study utilized data on land cover from satellite images, which provide very limited
information on land uses for various urban functions. In future research, detailed land use
information may be incorporated to allow analyses on variations of urban expansion by
different functional types of land uses. Second, this study used imperviousness information
from NLCD as a proxy for development intensity; the information provides a rather coarse
measure that cannot adequately capture the variation of vertical urban expansion across
cities and regions. Lidar data could be used to enhance this study with detailed urban
form and vertical development characteristics [53,54]. Lastly, considering the vast area
of the Texas Triangle, this study selected county as the geographic unit of analysis. The
study findings and discussions are thus limited to the county level. There exist significant
within-county variations that this study did not capture. Hence, the study can be refined
with use of finer-scale data, for instance, at the census track or block group level.

Despite these limitations, the study results suggest a megaregion-wide emerging trend
deviating from the sprawling development course known in Texas’ urban growth history.
The changing trend can be attributed to the pro-sustainability initiatives taken by several
anchor cities and metropolitan planning agencies in the Texas Triangle. Future planning
and policy-making efforts should foster this trend toward a sustainable megaregion.
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Abstract: Against the background of globalization and informatization, innovation is the primary
driving force for regional economic and social development. Urban agglomerations are the main body
of regional participation in global competition, and promoting the construction of the Guangdong–
Hong Kong–Macao Greater Bay Area is an important strategy for China’s regional economic de-
velopment. Aimed at the differences in location advantages among cities in the Guangdong–Hong
Kong–Macao Greater Bay Area, based on the theory of innovation chain, we developed a three-stage
model of “knowledge innovation-scientific research innovation-product innovation”. A three-stage
DEA model was used to measure the innovation efficiency of cities in the Greater Bay Area at differ-
ent stages, and two progressive two-dimensional matrices are constructed to locate the innovation
development of cities according to the efficiency value. The results show the following: 1© The
overall innovation efficiency of the Greater Bay Area urban agglomerations gradually decreased in
the process from knowledge innovation and scientific research innovation to product innovation,
and the innovation efficiency among cities was unbalanced. 2© Shenzhen, Guangzhou, and Hong
Kong all performed well in the whole innovation stage, while other cities in the Greater Bay Area
showed weakness in innovation at different stages. Based on this, this paper puts forward relevant
countermeasures and suggestions for promoting and optimizing collaborative innovation in the
Greater Bay Area taking into account factor flow, industrial structure, and innovation network of
urban agglomerations.

Keywords: innovation value chain; Guangdong–Hong Kong–Macao Greater Bay Area (GBA); inno-
vation efficiency; urban agglomerations

1. Introduction

China’s economy has moved from a stage of rapid growth to a new era of high-
quality development, and innovation is a significant engine for high-quality regional
development. Urban agglomerations are concentrated areas of economy, technology,
workforce, information, and a leading area of national technological innovation. In recent
years, China has attached great importance to the building of regional innovation centers,
with key cities such as Beijing, Shanghai, Guangzhou and Shenzhen as the core, forming
representative regional innovation urban agglomerations in the Beijing–Tianjin–Hebei
Region, the Yangtze River Delta, the Pearl River Delta and the Guangdong–Hong Kong–
Macao Greater Bay Area, highlighting these major cities’ function as innovative hubs and
driving the sustainable development of local economy [1]. The Guangdong–Hong Kong–
Macao Greater Bay Area (hereinafter GBA) is one of the most open and economically active
regions in China and plays an important strategic role in China’s overall development and
global economic development. The Outline Development Plan for the Guangdong–Hong
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Kong–Macao Greater Bay Area issued by China at the beginning of 2019 sets out the
strategic positioning of the GBA to become an international innovation center with global
influence. It stresses the need to deepen innovation cooperation in the GBA and build an
open regional collaborative innovation community for integrated development [2].

As the innovation center in China, the GBA is a crucial spatial carrier leading regional
innovation and high-quality development. Its innovation intensity determines the level
of regional economic high-quality development. With significant connotations, urban
innovation efficiency has become a typical index to evaluate regional innovation and
high-quality development. Thus, at this stage, has the GBA collaborative innovation
community achieved coordinated progress? How can the innovation efficiency of the GBA
be improved? Therefore, we adopted the DEA model based on the perspective of the
innovation value chain to study the innovation efficiency of cities in the GBA at the stages
of knowledge innovation, scientific research innovation, and product innovation, and we
propose paths for improving the innovation efficiency of each city to provide a reference
for decision-making to accelerate the innovation-driven strategy of the GBA and build a
world-class innovation bay area.

The structure of this paper is as follows: The first section is the introduction, which
introduces the research background. The second section is the literature review, which
summarizes the research results of previous scholars and has a systematic and compre-
hensive cognition of the issues discussed in this paper. The third section provides the
theoretical mechanism, discusses the connotation of the innovation value chain and the
two-dimensional innovation efficiency matrix. The fourth section introduces the empir-
ical model and discusses the data source, variable selection and data processing. The
fifth section introduces the result analysis. According to the efficiency value measured
by the three-stage DEA model, the positioning of each city in the two-dimensional ma-
trix of innovation efficiency is analyzed. The sixth section is the research summary and
recommendations.

2. Literature Review

As for the research on innovation efficiency, innovation efficiency is an important
index reflecting the relationship between innovation input-output and the operation level
of the regional innovation system [3,4]. In the efficiency measurement method, the existing
research adopts the Stochastic Frontier Analysis (hereinafter SFA) based on parameters
and the Data Envelopment Analysis (hereinafter DEA) based on non-parameters [5–9]. In
terms of regional innovation efficiency, earlier research mostly focused on the research of
innovation efficiency and its influencing factors at the national level [10,11]. Some scholars
take provincial samples as research units and use the SFA analysis method to measure
regional innovation efficiency [12–14], while others use the DEA method to research inter-
provincial innovation efficiency [15–17]. The influencing factors of innovation efficiency
mainly include human capital, economic development level and spillover effect [18,19], as
well as the degree of marketization [20] and openness to the outside world [21].

The mode of the innovation value chain is an incremental process of multi-subject
phased participation and continuous evolution of functional nodes. Its essence is the
generation, transfer and diffusion of knowledge [22]. The core idea of the innovation value
chain lies in the openness of innovation elements, the synergy of the whole operation and
the added value [23]. Based on this idea, the innovation value chain can reflect the linkage
process of innovation resources in an urban agglomeration to realize the added value of
innovation value through the chain’s activity structure. The interaction of different links
in the innovation value chain affects the combination, flow and diffusion of innovation
elements, and the coupling and synergistic development of each link contributes to the
improvement of the overall innovation level and international competitiveness of urban
agglomeration [24]. From the perspective of research, many scholars have also paid atten-
tion to the research on the phased efficiency of innovation, believing that the innovation
process is divided into two stages: R&D of innovation results and application of innovation
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results [25,26], and analysis of the efficiency of the two stages, respectively. Based on
the perspective of the innovation value chain, the innovation efficiency of knowledge
innovation, R&D innovation and product innovation in China has been analyzed by using
the three-stage DEA model and selecting the appropriate promotion path according to the
advantages and disadvantages of the innovation efficiency in different regions at different
stages [27].

For the research on the innovation efficiency of urban agglomerations, Zhao (2018)
adopted the DEA method to study the innovation efficiency of cities in the GBA and
compared the scale efficiency and technical efficiency [28]. Sheng et al. (2019) used the SFA
method and spatial econometric model to study innovation efficiency and spatial spillover
effect of urban agglomerations in Beijing–Tianjin–Hebei, the Yangtze River Delta and the
Pearl River Delta in China [29]. Ye and Xu et al. (2021) conducted a comparative study on
the innovation efficiency and influencing factors of the three major urban agglomerations
in eastern China through the construction of an input-output index system [30,31]. The
Bay Area economy, represented by the GBA, is an advanced form of regional economic
development [32]. The collaborative innovation of urban agglomerations and their innova-
tion efficiency play a driving role in developing a regional economy. Because of the spatial
characteristics, collaborative innovation linkages and influencing factors of innovation effi-
ciency within the GBA urban agglomeration, some Chinese scholars adopted a fixed-effect
stochastic frontier model, the DEA–Malmquist index, the grey correlation analysis method,
social network analysis and negative binomial regression model to conduct research and
discussion [33–35]. Some scholars also studied the characteristics and influencing factors
of innovation efficiency in the GBA from static and dynamic perspectives [36].

In the existing studies, many scholars have conducted in-depth analyses on the inno-
vation efficiency of urban agglomerations from different perspectives and using different
methods, which can provide important theoretical support for the development of this
paper. At the same time, however, the current research findings still have the following
shortcomings. Firstly, most of the literature uses provincial data to measure innovation
efficiency, focusing on examining the mechanisms for improving innovation efficiency at
the national level for the region as a whole. However, there is less literature that examines
the optimization of innovation efficiency across cities in urban agglomerations. Secondly,
the existing literature is relatively limited in its study of the innovation process in urban
agglomerations and its efficiency at different stages. In fact, collaborative innovation be-
tween urban agglomerations occurs not only between different cities at the same stage
of the value chain, but also at different innovation stages in the same city. Finally, most
existing literature discusses the efficiency of scientific and technological innovation, while
scientific and technological innovation is only a part of innovation activities, and the two
cannot be generalized.

In the background of the new era, the study of innovation efficiency of urban agglom-
eration and its promotion path need to be further studied. The main marginal contribution
and innovation of this paper mainly include the following aspects. First of all, from the
perspective of the innovation value chain, a three-stage analysis framework of “knowledge
innovation–scientific research innovation–product innovation” is constructed to clarify
the main components and relations of each stage of innovation value chain. Secondly, the
innovation efficiency of different stages of the GBA is measured by the broad innovation
input–output index, and the improvement path of the innovation efficiency of each city is
proposed, which provides decision-making reference for accelerating the innovation-driven
strategy of the GBA and developing the world-class innovation Bay Area. Eventually, the
research results of this paper will also provide development ideas and countermeasures
for promoting the innovative development and sustainable development of urban agglom-
eration around the world.
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3. Innovation Value Chain Theory and Innovation Path Setting
3.1. Innovation Process and Innovation Value Chain Theory

Previous research regards the innovation process as a “black box”. Innovation is an
output process that is input by multiple factors and through multiple innovation activities.
Scholars at home and abroad have carried out much work on the research of the innovation
process, and they believe that innovation is a whole that is interlinked by several innovation
activities. At the same time, innovation activities are composed of interrelated multi-links
such as design, research and development, production, and sales.

The concept of the innovation value chain was proposed by Hansen and Birkinshaw
(2007), who explained that the generation, transformation and dissemination of ideas in
innovation are multistage and interrelated [37]. Roperd et al. believe that it is the process
of knowledge acquisition, transformation and utilization [38]. From the perspective of
globalization, Kramer (2011) determined the contents of the innovation value chain from
value sharing [39]. Lee, J. (2012) extended the perspective of the innovation value chain to
developing countries, and further analyzed and supplemented its application value [40].
According to the relevant literature, the innovation chain is market-oriented and based on
the innovation needs of enterprises, and takes innovation theory as the core element [41].
The innovation value chain is a new theoretical edge concept that combines technology
innovation theory with value chain theory [42].

Based on the decomposition of technological innovation links from the perspective
of production, the innovation value chain is recognized as a typical three-stage structure,
which is a chain structure pattern formed by multiple innovation subjects based on ordinary
interests around the whole process of knowledge generation, research and development,
large-scale production and commercialization. Technological innovation is a multi–stage
and multi–factor value chain transfer process from the input of innovative elements to
the output of innovative products, including three stages from the input of innovation
to the condensation of innovative knowledge and then to the realization of innovative
results. This concept has a similar meaning to the three stages of basic research, applied
research and experimental development in the process of innovation in China’s statistics,
which can match the research on regional economic reality and innovation efficiency well.
The innovation process should include three closely linked stages: knowledge innovation,
scientific research innovation and product innovation [27], which promote and link each
other. The purpose of knowledge innovation and scientific research innovation is for
product innovation, and knowledge innovation is the theoretical basis of scientific research
innovation and product innovation. At the same time, they are independent of each other;
each is a new stage of innovation, and the whole process is cyclic. Following this research
idea and drawing on the model ideas of Yu et al. [27], we constructed the innovation
value chain mechanism as shown in Figure 1. This paper analyzes and discusses the
innovation efficiency of the Guangdong–Hong Kong–Macao Greater Bay Area from the
three stages of knowledge innovation, scientific research innovation and product innovation
in the innovation process, so as to further explore the status quo of the innovation and
development of the GBA in detail.
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Figure 1. The three-stage operation mechanism of the innovation value chain in urban agglomerations.

3.2. The Theoretical Model of Innovation Path Setting

Cities in urban agglomerations show differences between the stages of efficiency of
innovation and the three-phase contact operation mechanism of urban agglomeration of the
innovation value chain. We constructed a two–dimensional innovation efficiency matrix
of “knowledge–scientific research” innovation efficiency and “scientific research–product”
innovation efficiency of the regional innovation urban agglomerations (as shown in the
diagrams (a) and (b) in Figure 2) [27]. The average efficiency of cities at different stages can
be divided into four efficiency combinations according to the value of the two efficiency di-
mensions. Different combination modes represent different efficiency states, thus providing
a basic idea for the improvement of innovation efficiency in urban agglomeration. These
four types of efficiency combination regions are, respectively, the combination of “one high
and one low” represented by B and D, the combination of “double low” represented by C
and the combination of “double high” represented by A. This division is convenient for
cities in different quadrants when searching for appropriate theoretical reference paths to
improve innovation efficiency according to their development conditions.

Figure 2. (a) Matrix of “knowledge–research” efficiency values; (b) matrix of “scientific research–
product” efficiency values.

According to the diagrams (a) and (b) in Figure 2, this paper proposes the following
three ways to improve the innovation efficiency: first, the breakthrough improvement path
of unilateral supplement from B to A or D to A, which takes the link with low efficiency in
one stage as the breakthrough point to improve the overall innovation efficiency on the
premise of ensuring the high efficiency in the other stage. Second, C reaches the progressive
path of improving the excellent and compensating the poor in region A through B or D;
that is, the “double low” region can make up for the disadvantages while maintaining its
own advantages step by step according to its situation, to achieve the double high goal.
Thirdly, the breakthrough leapfrog promotion path from C to A, that is, the leapfrog of
innovation efficiency, can be directly realized by simultaneously promoting the two stages.
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4. Model Method and Variable Selection
4.1. Three-Stage DEA Model

In the measurement of innovation efficiency, most scholars focus on Data Envelopment
Analysis (DEA) based on non-parametric techniques, which was proposed by Charnes,
Coopor and Rhodes in 1978 [43]. The principle of this method is to determine the relatively
effective production frontier by means of mathematical planning and statistical data by
keeping the input or unchanged of Decision-Making Units (DMU), and projecting each
DMU onto the production frontier of DEA. The relative effectiveness of DMU is evaluated
by comparing its deviation from DEA frontier. The DEA method is an evaluation method
based on the concept of relative efficiency using convex analysis and linear programming as
tools, and using a data programming model to calculate the optimal input–output scheme
of the comparison decision-making unit itself. The advantage of this model is that there is
no need to consider the corresponding relationship between input and output, which can
solve the linear corresponding relationship between input and output well, and there is no
need to assign hypothetical weights to parameters and estimation indexes, which avoids
the subjectivity of the research subject, and the measurement of relative efficiency value
is more objective, real and reliable. Compared with the traditional efficiency evaluation
model, DEA can better reflect the information and characteristics of the evaluation object
when dealing with the efficiency evaluation of composite input and multi-type output
system.

The classic DEA method has been optimized in the treatment of environmental factors,
such as using the DEA-Tobit method. In the first stage, the method uses the classical
DEA method to calculate the efficiency value of DMU, and then in the second stage,
the efficiency value is taken as the dependent variable and environmental factors as
the independent variable to establish a Tobit regression model to investigate the impact
of environmental factors. This method can use regression technology to determine the
intensity and direction of the impact of environmental factors on efficiency, but its effect
is not to strip out environmental factors in the calculation of efficiency, so it does not
change the efficiency value measured by the classical method. Due to random noise
and environmental factors also having a certain degree of influence on the efficiency
evaluation of decision-making units, Frided et al. (2002) [44] proposed a three-stage DEA
method based on the classical DEA model that can separate environmental factors to make
the calculated efficiency value more accurate. Among the cities in the GBA, there are
differences in the level of economic development, the stage of industrial development
and the development degree of science, technology and education, and the innovation
environment facing each city is highly differentiated and unbalanced. Environmental
factors should be taken into account in the innovation efficiency of different stages of
innovation activities in different cities. Combined with the above characteristics, We
adopted the three-stage DEA model to measure the efficiency of the GBA at each stage in
the process of innovation value chain, and its theoretical model is as follows.

4.1.1. In the First Stage, the Initial Efficiency Is Evaluated by Using the Original
Input–Output Data

The DEA model can choose different orientations according to the difference of anal-
ysis purpose and demand. The traditional DEA model has two forms: the CCR model
and the BCC model. Among them, the CCR model assumes that DMU is in a fixed scale
return situation, which is used to measure the total efficiency. The BCC model is used
to measure pure technology and scale efficiency, assuming DMU is in a variable return
to scale situation. In the applications discussed in existing literature, generally speaking,
most three-stage DEA models will choose the input—oriented BCC (variable return to
scale) model so as to analyze comprehensive technical efficiency from two aspects of pure
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technical efficiency and scale efficiency. For any decision unit, the dual-form BCC model
under input guidance can be expressed as:

minθ − ε(êTS− + eTS+)

s.t.























n
∑

j=1
Xjλj + S− = θX0

n
∑

j=1
Yjλj − S+ = Y0

λj ≥ 0, S−, S+ ≥ 0

(1)

The formula j = 1, 2, · · · , n represents the decision unit, and X, Y are input and output
vectors. The DEA model is essentially a linear programming problem.

If θ = 1, S+= S−= 0, then the decision-making unit DEA is valid;
If θ = 1, S+ 6= 0, or S− 6= 0 , then the weak DEA of the decision-making unit is valid;
If θ < 1, then the decision-making unit is not valid by DEA.
The efficiency value calculated by the BCC model is the comprehensive technical

efficiency (TE), which can be divided into scale efficiency (SE) and pure technical efficiency
(PTE), that is, TE = SE × PTE. In the first stage, two values should be calculated: 1© the
initial DEA efficiency value without filtering environmental factors is used for comparison
and analysis in subsequent links; 2© the relaxation variable of input is the dependent
variable of the second stage.

4.1.2. In the Second Stage, Environmental Factors and Statistical Noise Were Eliminated by
SFA-Like Regression

The relaxation variable calculated in the first stage was taken as the opportunity cost
of the decision unit, and the influence of environmental factors and random errors was
considered. The relaxation variable [x − Xλ] can reflect the initial inefficiency, composed
of environmental factors, management inefficiency, and statistical noise. The SFA model
was used to decompose the slack variables in the first stage into the above three effects.
Then the input and output were corrected and readjusted, or only the input or output
was adjusted. The following regression function similar to SFA is constructed based on
input orientation.

Sni = f (Zi; βn) + νni + µni; i = 1, 2, · · · , I; n = 1, 2, · · · , N (2)

In the formula, Sni is the relaxation value of the input of item n of the decision unit i,
Zi is the environment variable; βn is the coefficient of the environment variable; νni + µni is
the mixed error term; νni represents random interference, and µni represents inefficiency
of management. In the formula, ν ∼ N(0, σv

2) is the random error term, representing
the influence of random disturbance factors on input relaxation variables; µ refers to
management inefficiency and represents the influence of management factors on input
slack variables. It is assumed that it follows a normal distribution truncated at zero points,
µ ∼ N+(0, σµ

2).

4.1.3. The Third Stage: DEA Efficiency Analysis of the Adjusted Input-Output Variables

The adjusted input-output variables are used to calculate the efficiency of each decision
unit again. At this point, the efficiency has removed the influence of environmental factors
and random factors, which is relatively authentic and accurate.

4.2. Indicator Selection and Data Source

From the perspective of the innovation value chain, input–output variables are not
the same in different stages according to the different focuses of research in the three
stages of innovation activities. In the knowledge innovation stage, since higher education
personnel are the main contributors to the output of scientific and technical papers, this
paper identifies the number of higher education personnel and the cost of higher education
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expenditure as input indicators. In terms of output indicators, referring to the practice of
Yu (2014), this paper chooses the number of published scientific papers and the number of
scientific monographs [27]. In the stage of scientific research innovation, the number of
R&D personnel and R&D investment are firstly considered based on the previous research
ideas of scholars [45]. Among them, it is the essence of regional innovation that R&D
personnel carry out scientific and technological research, which reflects the regional ability
to attract talents. The total amount and intensity of R&D expenditure represent the overall
scientific and technological R&D capability of the region as well as the degree of investment
in innovation activities. In addition to the two input indicators mentioned above, we argue
that the input indicators at the research and innovation stage should also include the
outputs at the knowledge innovation stage, the number of scientific and technical papers,
and scientific and technical monographs. The output index of scientific research innovation
stage is the number of patent applications and the number of patent grants [45]. Similarly,
when determining the input indicators for the product innovation stage in this paper, in
addition to considering the number of patents granted in the previous stage, the indicator
of new product development expenditure should also be included. With reference to the
relevant literature [27], the output indicators for this phase were selected as two of the
industrial enterprises’ new product output and export value.

Combined with existing studies, the environmental variables selected in this pa-
per include higher education investment level [46], government support level, economic
development level, informatization level, fixed asset investment [47], scientific research
foundation, industrial structure [48] and regional openness [49]. The level of investment
in higher education is expressed by the proportion of higher education funding to GDP,
the level of government support is expressed by the proportion of government funding in
science and technology funding, and the level of economic development is expressed by
the per capita GDP of the region. Informatization level refers to innovative information
resources, mainly including the number of mobile phone users at the end of the year
and the number of broadband Internet users, which can reflect the development level of
regional information resources. Investment in fixed assets is a significant component of
innovation material resources and the material basis for regional innovation activities. It
reflects the degree of enrichment of innovation resources. The scientific research base is
expressed as the number of enterprises with R&D activities in the region. The industrial
structure is expressed by the ratio of the tertiary industry to the GDP of the region, and
the proportion of the total import and export of the region to GDP is used to express the
openness of the region. The specific input-output indicators and environmental variables
of the three stages of innovation are shown in Table 1:

The index data are from China City Statistical Yearbook 2010–2020, Guangdong Statis-
tical Yearbook and Guangdong Science and Technology Yearbook. For Hong Kong, the data
are from Hong Kong Statistical Yearbook 2020, Statistics on Innovation Activities in Hong
Kong 2019 and Statistics of Hong Kong Trade Development Council 2019, respectively, of
the Census and Statistics Department of the Hong Kong Special Administrative Region.
The data for Macau are derived from the Macao Statistical Yearbook 2020, Macao Economic
Development Report for the fourth quarter of 2019, and the time-series database of The
Macao Statistical Survey Bureau. The amount of Hong Kong dollars and Macau patacas in
each indicator is converted into people’s value by the exchange rate of Hong Kong dollars
and Macau patacas against RMB in the current year.
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Table 1. Three-stage input-output index system of innovation.

Stage Input Variables Output Variable
Environment Variable

(Non-Dimensional)

Knowledge innovation

Number of higher education
personnel (per year)

Number of scientific papers
published (Piece)

Level of investment in higher
education

Higher Education Expenditure
(100 million yuan)

Number of scientific and
technological monographs

(pieces)
Level of government support

Scientific research innovation

Number of R&D personnel (per
year) Number of Patent Applications

(Piece)

Level of economic development

R&D Expenditure (100 million
yuan) Level of informatization

Number of scientific papers
published (Piece)

Number of Patents Granted
(Piece)

Investment in fixed assets

Number of scientific and
technological monographs

(pieces)
Scientific research base

Product innovation

Number of Patents Granted
(Piece)

The output value of new products
of industrial enterprises (100

million yuan)
The industrial structure

New product development
expenses (100 million yuan)

Export of new industrial products
(100 million yuan) Regional openness

5. Empirical Results and Analysis
5.1. Efficiency Measurement Analysis of Innovation Chain Three-Stage DEA Model

According to the three stages of knowledge innovation, scientific research innovation
and product innovation in the innovation value chain, the indicators are different. Ac-
cording to the analysis and research of Bruce [50] (1993), innovation output results have a
certain lag. We assumed that innovation activities have a lag period of one year from input
to output, that is, when the input index of year T is selected, the corresponding output
index data should be selected in year T + 1. Therefore, when measuring the innovation
efficiency of the GBA in this paper, the index data of the innovation input were selected
from 2010 to 2018, and the variable data of innovation output were selected from 2011 to
2019. We followed the three-stage DEA analysis steps. In the first stage, DEAP2.1 software
was used to make a preliminary efficiency calculation for input-output indicators. The
results are shown in Table 2.

Table 2. Traditional DEA innovation efficiency value of GBA (average value of 2010 to 2018).

City Knowledge Innovation Scientific Research Innovation Product Innovation
TE PTE SE TE PET SE TE PST SE

Guangzhou 0.824 1 0.824 drs 0.525 0.543 0.968 irs 0.325 0.343 0.948 drs
Shenzhen 0.698 0.7 0.997 irs 0.941 1 0.941 drs 0.825 1 0.825 drs

Zhuhai 0.744 0.792 0.939 irs 0.637 0.781 0.815 irs 0.578 0.73 0.792 irs
Foshan 0.757 0.838 0.903 drs 0.858 0.889 0.965 irs 0.482 0.492 0.979 irs

Huizhou 0.741 0.772 0.96 irs 0.712 0.775 0.919 irs 0.677 0.747 0.907 irs
Dongguan 0.718 0.729 0.985 irs 0.916 0.964 0.95 irs 0.675 0.836 0.808 irs
Zhongshan 0.741 0.78 0.951 irs 1 1 1 - 0.331 0.635 0.52 irs
Jiangmen 0.816 0.839 0.973 irs 0.55 0.921 0.598 irs 0.298 0.841 0.354 irs
Zhaoqing 0.755 0.756 0.998 drs 0.367 0.859 0.427 irs 0.431 0.851 0.507 irs

Hong Kong 0.668 0.675 0.991 irs 0.999 1 0.999 drs 1 1 1 -
Macao 0.861 0.919 0.937 irs 0.728 0.925 0.788 irs 0.782 0.919 0.851 irs
Mean 0.757 0.8 0.951 - 0.748 0.878 0.852 - 0.582 0.763 0.772 -

In the second stage, Frontier4.0 software was used to establish the SFA regression
model with the input relaxation variables calculated in the first stage as the dependent
variables and the environmental variables in each stage as the explanatory variables.
The results are shown in Table 3. In the knowledge innovation stage, higher education
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investment level and the number of higher education personnel were positively correlated.
However, there was a negative correlation with higher education expenses and description
of higher education, and there is a certain redundancy of financial investment; similarly,
the government support and knowledge innovation phase 2 class negatively correlated
to the inputs, which is also due to the government and the phenomenon of the lack of
output conversion on spending too much. Among the four kinds of input resources
in the stage of scientific research innovation, the number of scientific papers published
has no apparent correlation with other influencing factors except the level of economic
development. Economic development was positively correlated with the publication of
scientific papers and monographs but negatively correlated with R&D personnel and
R&D expenditure. The informatization level and fixed asset investment was beneficial
to the number of R&D personnel but hurt R&D expenditure. The research basis had a
positive effect on the other three input factors except for the number of scientific papers
published. In the stage of product innovation, industrial structure and regional openness
had a negative correlation with the number of patents granted. In contrast, new product
development funds had a positive correlation with industrial structure and a negative
correlation with regional openness.

Table 3. Results of stage 2 estimation based on SFA.

Number of
Higher

Education
Personnel

Expenses for
Higher

Education

Number of
R&D

Personnel

R&D
Expenditure

Number of
Scientific

Papers
Published

Number of
Scientific

and Techno-
logical
Mono-
graphs

Number of
Patents
Granted

New
Product De-
velopment

Funds

Constant
term

−9.61 *
(0.67)

−5.32
(1.22)

10.17 **
(0.95)

−0.63
(1.04)

−7.95 *
(1.28)

−2.27
(0.33)

3.12 *
(0.26)

0.92 *
(0.77)

Level of
investment
in higher
education

6.97 *
(2.19)

−0.73 **
(1.01) - - - - - -

Level of
government

support

−3.78 *
(4.25)

−0.42 *
(2.57) - - - - - -

Level of
economic de-
velopment

- - −1.21 *
(1.27)

−5.69 **
(3.25)

4.52 **
(6.78)

8.47 *
(0.17) - -

Level of
informatiza-

tion
- - 1.33 ***

(5.62)
−0.83 *
(1.26)

−3.96
(0.86)

4.72 *
(0.22) - -

Investment
in fixed
assets

- - 5.22 **
(0.67)

−0.39 *
(1.26)

−6.21
(5.94)

−0.87 *
(7.41) - -

Scientific
research base - - 7.25 *

(0.19)
3.16 **
(4.66)

−5.44
(0.21)

1.99 *
(2.64) - -

The
industrial
structure

- - - - - - −8.21 *
(0.96)

10.21 *
(0.77)

Regional
openness - - - - - - −2.85

(1.36)
−0.63 **

(5.64)
sigma-

squared 0.00012 0.000027 0.00009 0.00014 0.000081 0.00011 0.000075 0.00018

gamma 0.751 0.699 0.801 0.774 0.725 0.623 0.822 0.739
log

likelihood 20.31 100.3 5.62 42.36 56.23 7.86 10.91 26.77

The data in the table are the correlation coefficient, and the data in brackets are the standard deviation. ***, **, and * mean significant at the
level of 1%, 5%, and 10%, respectively.

In the third stage, DEAP2.1 software was used to adjust the input variables according
to the SFA regression results, and the adjusted data were substituted into the BCC model
again for efficiency evaluation. The specific innovation efficiency measured by the adjusted
three-stage DEA model is shown in Table 4.
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Table 4. Three-stage DEA innovation efficiency of GBA after adjustment (average value from 2010 to 2018).

City Knowledge Innovation Scientific Research Innovation Product Innovation
TE PTE SE TE PET SE TE PST SE

Guangzhou 0.916 1 0.916 drs 0.96 1 0.96 drs 0.639 0.641 0.996 drs
Shenzhen 0.983 0.989 0.994 drs 1 1 1 irs 0.715 0.896 0.798 drs

Zhuhai 0.882 0.902 0.978 irs 0.899 1 0.899 irs 0.43 0.669 0.643 irs
Foshan 0.888 0.891 0.997 drs 0.858 0.889 0.965 drs 0.497 0.499 0.996 drs

Huizhou 0.819 0.828 0.989 irs 0.778 0.781 0.996 irs 0.587 0.625 0.939 irs
Dongguan 0.887 0.924 0.96 irs 0.761 0.855 0.89 irs 0.675 0.836 0.808 irs
Zhongshan 0.869 0.958 0.907 irs 0.767 1 0.767 irs 0.342 0.543 0.63 irs
Jiangmen 0.703 0.835 0.842 irs 0.558 0.815 0.684 irs 0.32 0.561 0.57 ins
Zhaoqing 0.684 0.718 0.952 irs 0.484 0.853 0.568 irs 0.232 0.594 0.391 ins

Hong Kong 0.948 0.951 0.996 irs 1 1 1 - 0.967 0.967 1 -
Macao 0.789 0.885 0.892 irs 0.598 0.81 0.738 irs 0.558 0.723 0.773 irs
Mean 0.852 0.898 0.948 - 0.788 0.909 0.861 - 0.542 0.687 0.777 -

According to the comparison between Tables 2 and 4, after eliminating environmental
factors and random interference, the average comprehensive efficiency of the GBA in the
knowledge innovation stage increased from 0.757 to 0.852, in which the pure technical
efficiency also increased while the scale efficiency decreased slightly. The mean value of
comprehensive efficiency increased from 0.748 to 0.788 in the stage of scientific research
innovation, and both the pure technical efficiency and scale efficiency increased to a certain
extent. In the product innovation stage, the average comprehensive efficiency decreased
from 0.582 to 0.542, but both the pure efficiency and scale efficiency increased slightly.

As can be seen from Table 4, compared with the latter two stages, the efficiency of the
knowledge innovation stage was higher, with an average value of 0.852. Among them, the
efficiency of knowledge innovation in Guangzhou, Shenzhen, and Hong Kong was more
than 0.9, ranking in the first echelon of innovation. The efficiency values of Zhuhai, Foshan,
Huizhou, Dongguan and Zhongshan were between 0.8 and 0.9, which belong to the second
echelon. The efficiency value of Jiangmen, Zhaoqing and Macao was below 0.8, the third
echelon. In the scientific research innovation stage, the average efficiency was 0.788, which
was lower than that in the knowledge innovation stage. Guangzhou, Shenzhen, and Hong
Kong had higher efficiency values, which were all higher than 0.9. Among them, the
efficiency values of Shenzhen and Hong Kong reached the allocation effective level of 1.
In the second tier, including Zhuhai, Foshan, Huizhou, Dongguan and Zhongshan, their
efficiency values were between 0.6 and 0.9. The efficiency value of Jiangmen, Zhaoqing,
and Macao was below 0.6, among which the efficiency value of Zhaoqing was the lowest,
only 0.484. In the product innovation stage, its average efficiency was low on the whole,
only 0.542, which is far lower than the previous two innovation stages. Among them,
Hong Kong had the highest product innovation efficiency (0.967), followed by Shenzhen,
Dongguan and Guangzhou (0.6 to 0.8). The product innovation efficiency value of Macao,
Foshan, Huizhou, and Zhuhai was between 0.4 and 0.6, which belongs to the second tier.
In the third stage of the innovation chain, the efficiency of Zhongshan, Jiangmen, and
Zhaoqing was low, with a value below 0.4. Among them, Zhaoqing was the lowest, with
only 0.232. Based on the calculated efficiency value, it can be preliminarily analyzed that
the reason why Guangzhou, Shenzhen, and Hong Kong achieved efficient innovation lies
in their strong foundation conditions and distinct advantages in innovation platforms [51].
Compared with the three leading innovation cities, the overall innovation efficiency of the
other cities was average, and there was a certain gap with the first echelon, which indicates
the imbalance of innovation capacity within the GBA.

By comparing the efficiency values of the three stages in the innovation process
(as shown in Figure 3), it is not difficult to find that with the progress of innovation, the
innovation efficiency becomes increasingly lower in the process from knowledge innovation
to scientific research innovation and finally to product innovation. The innovation efficiency
decreased from 0.852 in the knowledge innovation stage to 0.788 in the scientific research

121



Land 2021, 10, 1164

innovation stage and was only 0.542 in the product innovation stage. From the composition
of the main bodies of innovation activities, the main bodies of innovation in the GBA are
the government, enterprises, universities, research institutes and science and technology
intermediaries. Knowledge innovation mainly relies on universities. There are many
universities (162 in total) in the GBA [52], so the GBA has high efficiency in the stage of
knowledge innovation. Scientific research innovation mainly relies on scientific research
institutes and scientific research intermediaries, and the number of patent applications is
mainly taken into account when testing the results in this stage. The overall efficiency of
the scientific research innovation stage was lower than that of the first stage, indicating that
the innovation efficiency of the transfer from knowledge innovation to scientific research
innovation in the innovation process needs to be enhanced. The relatively low efficiency in
the stage of product innovation reflects that the transformation of innovative product results
is not ideal. The reason may be that the technical maturity of the scientific and technological
achievements of some universities is low, and they lack accurate docking with the industry
and market demand [53]. At the same time, the evaluation and pricing mechanism of
scientific research results is not perfect; the steps are tedious, time–consuming, and lengthy,
which affects the transformation time and leads to the low efficiency of overall product
innovation in the GBA. At present, there is a lack of interaction and communication among
innovation players in the GBA, and the coordination ability is weak. The synergistic
effect between enterprises and other innovation players such as universities and research
institutes has not been played. The knowledge spillover benefit and technology diffusion
effect produced by innovation activities are non-significant [54]; the synergistic value-
added effect of the value chain innovation between enterprises and the system innovation
effect between enterprises and the government did not lead to an effective value [55].

Figure 3. Comparison of innovation efficiency values in the three stages of innovation in the GBA.
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5.2. The Positioning Analysis of the Two-Dimensional Matrix of Innovation Efficiency of Each City

Based on the empirical results in Table 4 and the previous research ideas, we put the
innovation efficiency of each stage in a two-dimensional distribution map (using the mean
value of innovation efficiency of each stage as the division standard). The details are shown
in Figures 4 and 5.

Figure 4. “Knowledge-scientific research” innovation efficiency matrix.

Figure 5. “Scientific research–product” innovation efficiency matrix.

According to the analysis of the “knowledge–scientific research” innovation effi-
ciency matrix (Figure 4), cities in the GBA are distributed in regions A and C, namely,
intensive and efficient knowledge–scientific research innovation and extensive and ineffi-
cient knowledge–scientific research innovation. The cities in Zone A include eight cities:
Guangzhou, Shenzhen, Hong Kong, Zhuhai, Foshan, Huizhou, Dongguan and Zhongshan.
Higher education and basic scientific and technological innovation facilities in these cities
are relatively developed, laying a talent base and material guarantee for knowledge in-
novation and scientific research innovation. The innovation-leading development cities
represented by Guangzhou, Shenzhen and Hong Kong have a high level of economic
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development and a strong “siphon effect” to attract resources from surrounding cities.
Therefore, a large number of innovative elements are gathered here and their innovation
ability is relatively prominent. In recent years, Zhuhai has been gradually developing as
an innovation growth pole [56], while Foshan and Dongguan, as extensions of the GBA’s
“Guangzhou-Shenzhen-Hong Kong-Macao” innovation corridor, have also been steadily
improving their innovation capabilities. By connecting with Shenzhen and Guangzhou,
Huizhou and Zhongshan will further cluster in the innovation corridor and develop their
innovative advantages.

Macao, Jiangmen and Zhaoqing are the two cities with low efficiency in knowledge
innovation and scientific research innovation. Although these three cities are all located in
region C, the causes of double inefficiency are different. Macao has a relatively high level
of economic development. The low efficiency in the knowledge stage may be caused by
excessive input of human and material resources in innovation and limited innovation out-
put in this link. In contrast, the low efficiency in the scientific research stage reflects the lack
of ability to integrate knowledge innovation into scientific research innovation. Jiangmen
and Zhaoqing are cities with relatively low economic strength in the GBA, so their cities
have limited innovation resources and lack the momentum of innovation development.

For the three cities with low efficiency of knowledge and scientific research innovation,
the optimization path includes the C → A skipping of the development path, and the
C → B → A and C → D → A progressive improvement path. The leap-forward develop-
ment path requires a solid economic foundation and reserves of resource elements, and
Macao is suitable for the leap-forward development path. The gradual promotion path is
to give full play to the existing advantages and make up the disadvantages on this basis,
that is, through the transition of B or D region, and finally towards A region. The low
efficiency of Jiangmen and Zhaoqing in the stage of knowledge innovation is mainly due
to the lack of input resources provided by the cities, which makes the improvement of
efficiency in the stage of knowledge innovation difficult. Therefore, when choosing the
path of improvement, the two cities should choose the C → D → A progressive innovation
development path that first improves the efficiency of scientific research innovation while
maintaining the level of knowledge innovation efficiency.

Let us look at the “scientific research–product” innovation efficiency matrix (Figure 5).
In the process of linking scientific research and product innovation, cities in the GBA are
distributed in regions A, B, and C, namely, intensive and efficient scientific research–product
innovation, high scientific research innovation efficiency and low product innovation
efficiency, and extensive and low-efficiency scientific research–product innovation. The
cities in the double high efficiency A region, including Hong Kong, Guangzhou, Shenzhen
and Dongguan, also performed well in the previous phase of knowledge innovation.
Because they had a higher level of economic development of the city itself, the innovation
efficiency of the transformation provided the economic foundation, which was also due to
the development of the related policy funds, talents, and supporting environment brought
by various advantages, making scientific research and product innovation efficiency higher;
these areas also reflect the scientific research and innovation of the elements of the transition
to product innovation conversion efficiency better.

The cities of high-efficiency scientific research innovation and low-efficiency product
innovation are located in region B are Huizhou, Foshan, Zhuhai and Zhongshan. The
“scientific research–product” innovation of these four cities also proves that regional sci-
entific research innovation is not able to transform into product innovation. Therefore,
cities in Region B should focus on enhancing the efficiency of product innovation while not
ignoring the efficiency of scientific research innovation. Located in the geometric center
of the GBA, Zhongshan plays a crucial role in “connecting the east with the west”. As a
start-up resource city, Huizhou can connect with Shenzhen, learn from its research results
and complete the transformation suitable for its development. Zhuhai can take advantage
of its proximity to Macao to explore new paths of innovative development. Foshan should
further upgrade its existing leading industries. At the same time, we should increase the
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investment in scientific research and cooperate with Guangzhou to complete the integration
of traditional industries and emerging industries [57], develop complementary industrial
systems, and increase cooperation with cities on the east coast. The four cities of Huizhou,
Foshan, Zhuhai and Zhongshan should strengthen the efficiency of product innovation
according to their regional development characteristics and strive to solve the problem of
low efficiency of product innovation.

Macao, Jiangmen and Zhaoqing are the two cities with low efficiency in scientific
research innovation and product innovation. The efficiency of these three cities in the stage
of knowledge innovation is relatively lower than that of other cities. The fundamental
reason is the imbalance of input and output of innovation factors, and the transformation
of innovative product results is not ideal. These three cities need to strengthen scientific
research innovation and product innovation. They can maximize their advantages with
the help of functional division of urban agglomeration, and then focus on improving their
weaknesses. At the same time, the advantage of the overall coordinated development
of the GBA urban agglomerations can be utilized to make full use of the technology
spillover effect, absorb the scientific research achievements of other regions and complete
the industrialization transformation suitable for local development, to improve the product
innovation efficiency of the region.

6. Conclusions and Recommendations for Countermeasures
6.1. Conclusions

Based on the three-stage innovation value chain model of “knowledge innovation–
scientific research innovation–product innovation”, we constructed a generalized inno-
vation input-output index system and use the three–stage DEA model that examines
environmental factors to measure the innovation efficiency in each stage of innovation
activities in the GBA from 2010 to 2018. The results show the following: 1© On the whole,
the innovation efficiency of the Greater Bay Area decreased with the advancement of
innovation activities. The average innovation efficiency of knowledge innovation, scientific
research innovation, and product innovation was 0.852, 0.788, and 0.542, respectively.
2© From the perspective of different stages in the innovation process of each city, Shenzhen,

Guangzhou, and Hong Kong all performed well in the whole stage of innovation, while
other cities in the GBA had innovation shortcomings in different stages. Based on the
above research results, we constructed the “knowledge–scientific research” innovation
efficiency matrix and the “scientific research–product” innovation efficiency matrix using
a two-dimensional matrix, and divided the innovation efficiency at each stage into four
types. From the matrix analysis, the current state of innovation development in each city
was located, and the path to improve its innovation efficiency was analyzed according to
the characteristics of each city.

6.2. Recommendations for Countermeasures

Innovation is an important starting point and strategic path for promoting the de-
velopment of the GBA. To promote the construction of a national innovation system and
strengthen strategic scientific and technological forces, it is necessary to construct and
perfect the new mechanism of regional collaborative innovation and improve the efficiency
of regional innovation. The GBA is an important bridge linking the internal and external
circulation of China’s economy, and will become a pioneer and demonstration area for
China to build a new development pattern. In recent years, China has issued a series of
policy documents on collaborative innovation around the construction of an international
science and technology innovation center in the GBA and carried out a series of fruitful
explorations of institutional mechanisms to promote the upgrading of cooperation models
in collaborative innovation in the GBA [58]. However, due to the lack of resource trans-
formation in the innovation process, the innovation efficiency gradually declines along
with the innovation chain, and the imbalance of innovation development among cities
in the GBA shows that there is still considerable room for improvement in collaborative
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innovation in the GBA. The mechanisms and systems of collaborative innovation in the
GBA are not yet perfect, and the scientific collaborative innovation system has not been
completely established. The existing government management system has not adapted to
the coordinated governance of metropolitan groups. As an important territory to promote
innovation in China, the GBA still needs to improve its collaborative innovation mechanism
and establish a collaborative system among innovation bodies such as cities, enterprises
and R&D institutions. In addition, the cooperation mechanism, communication mechanism
and guarantee mechanism based on collaborative innovation in the Greater Bay Area need
to be further deepened. Based on this, relevant countermeasures and suggestions for
optimizing collaborative innovation in the GBA are put forward from the aspects of factor
flow, industrial structure, innovation networks.

6.2.1. Promoting the Flow of Innovation Factors and Building a Circular and Smooth
Bay Area

At present, the GBA has problems such as uneven distribution of innovation factors
and uncoordinated ability to allocate resources. At the same time, administrative barri-
ers caused by policy and economic factors have placed very significant constraints on
the convenient and efficient flow of innovation resources within the GBA, which is not
conducive to the formation of technology diffusion effects and hinders the development
of collaborative regional innovation. The key to enhancing innovation effectiveness in
the GBA city cluster lies in the free flow of innovation factors. Therefore, the Greater
Bay Area should improve the phenomenon of excessive siphoning from the central cities,
strengthen the diffusion effect of innovation technologies, and accelerate the introduction
and market-based allocation of innovation factor resources. These improvements would
attract more high-quality elements to the GBA, optimally fill in the missing links of the
innovation chain in cities with low and medium levels of coordination, promote positive
interaction among the links and enhance the level of chain coordination. At the same time,
the mechanism channel for the flow of innovation factors will be unblocked, and the cities
in the GBA will be promoted to jointly enhance the level of coupling and coordination
of science and technology innovation, so as to achieve the construction goal of smooth
circulation of innovation factors in the GBA.

6.2.2. Improving Innovative Cooperation Mechanisms to Build a Mutually Beneficial
Bay Area

There is currently a lack of interaction and communication between innovation agents
in the Greater Bay Area, and coordination is weak. Universities and research institutes with
their enterprises and other innovation subjects are many but not strong, the interaction and
coordination between the subjects is insufficient, and the sharing platform of science and
technology innovation elements is relatively lacking. The existing mechanism does not
play a synergistic role between enterprises and other innovation bodies such as universities
and research institutes, thus resulting in problems such as low value-added effect of scien-
tific and technological innovation results and low conversion rate. Therefore, creating a
collaborative and mutually supportive partnership among multiple players and improving
the innovation cooperation mechanism are the backbone of the GBA’s innovation-driven
strategy. The GBA should further promote the interconnection of the city’s industrial, value
and innovation chains, attach importance to the investment and accumulation of talent
capital, and cultivate highly qualified talents with core competitiveness. Improving the
institutional mechanisms of Guangdong, Hong Kong, and Macao in areas such as mutual
recognition of talent qualifications, the use of science and technology funds and customs
clearance facilitation would achieve the goal of building a mutually beneficial Bay Area.

6.2.3. Optimizing the Industrial Structure and Building a Bay Area with a Full
Industrial Chain

In terms of industrial structure, the GBA has uneven development. Hong Kong and
Macao have entered the post-industrialization stage, while the Pearl River Delta is between
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the post-industrialization stage and post-industrialization stage, and the non-Pearl River
Delta region is still in the mid-industrialization stage. In the face of the lack of synergistic
added value and technology diffusion effects in the industrial chain, the Greater Bay Area
needs to optimize its industrial structure in order to strengthen innovation cooperation,
achieve complementary advantages and create an “innovation ecosystem”. It is necessary to
build the Guangzhou–Shenzhen–Hong Kong and Guangzhou-Shenzhen-Australia Science
and Technology Corridors to a high level and to co-ordinate the use of quality science
and technology innovation resources from Hong Kong and Macao to create a secure bay
area for industrial chains. The development of high–tech industries; the integration of
the existing advantageous industries of Hong Kong, Macao; and the leading innovation
cities in the Pearl River Delta (Shenzhen, Guangzhou, etc.) form a collaborative division of
labor patterns among the cities around the dual-chain integration model of innovation and
industrial chains and create an innovation economic belt suitable for the development of
the GBA. The optimization of the industrial structure of the GBA and the improvement of
the construction of the whole industrial chain are important engines for the construction of
a world-class innovation-leading Bay Area posture.

6.2.4. Establishing a Collaborative Innovation Network and Building a Synergistic
Development Bay Area

The building of collaborative innovation networks in the Bay Area city clusters is a
great boost to the overall flow of innovation resources in the region. Strengthening the
construction of collaborative innovation networks in the GBA and neighboring cities and
accelerating the construction of infrastructure networks with complementary functions
to create a network system with an adequate flow of resource elements would make the
spatial connection of the city cluster as a whole even closer. It is necessary to improve
the mechanism for sharing innovation platform resources and open services, promote a
market-based model for efficient sharing of science and technology innovation platform
resources and industrial cooperation resources within the Greater Bay Area, and establish
a unified project pool and talent pool. At the same time, the existing basic innovation
resources of the GBA will be brought into full play, and global innovation resources will be
introduced through the International Innovation Demonstration Zone to build a world-
class innovative Bay Area, enhance the overall innovation strength of the region and raise
the status of the Greater Bay Area in global innovation.
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Abstract: The optimization of space is the priority goal of spatial planning. Spatial planning policies
have numerous objectives, including the prevention of land-use conflicts. Conflicts arise whenever
two entities have contradictory expectations regarding the surrounding space. In the process of spatial
development, humans impart new characteristics to space, which, under specific circumstances, can
give rise to land-use conflict. The elements of space that are particularly vulnerable to conflict include
boundary points, property boundaries, density of development, or the shared use of infrastructure.
The main aim of this study was to develop a procedure for evaluating the risk of land-use conflict
based on the characteristic attributes of space. The proposed procedure for assessing the accumulation
of conflict-generating traits in space was developed with the use of databases, GIS tools, and statistical
data processing methods.

Keywords: land management; land-use conflicts; components of space; spatial analysis; GIS tools

1. Introduction

Conflict is a widespread phenomenon that always involves at least two parties, where
one party attempts to derive personal gain at the other party’s expense and without its
explicit consent [1]. Conflict is a concept that can be examined in various contexts, including
as a social (social approach) or an economic (functional approach) process, where one party
attempts to maximize its own gain by eliminating or dominating over the other party to
the conflict [2].

The potential sources of conflict have to be determined to identify the existing or
potential conflicts. The main categories of conflict have been systematized by Bogetoft and
Pruzan [3] who posited that conflicts can arise from one or several different factors. These
factors can be divided into four main groups:

1. Value system factors:

1.1. The parties have different values and aims;
1.2. The parties take different measures to represent their aims;
1.3. The parties have different preference hierarchies (for example, by applying

different weights for different solutions);

2. Effect distribution factors:

2.1. The parties can incur different costs and derive various indirect benefits asso-
ciated with the anticipated effects of their actions;

2.2. The breakdown of costs and benefits is perceived as uneven and unfair;

3. Uncertainty factors:

3.1. The parties cannot reach agreement on the probable effects of actions;
3.2. The parties are not certain of the effects of their actions;
3.3. The evidence and the rationale behind the effects of their actions may be

insufficient or incomprehensible;
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3.4. The parties may have doubts about the associations between the effects of an
action and other actions;

4. Process factors:

4.1. The parties find it difficult to exchange information about their values, aims,
criteria, preferences, and expectations.

All of the above factors have a common denominator: the actions undertaken by the
parties are contradictory, and each action is localized in space. A big proportion of conflicts
are directly or indirectly associated with space. Conflicts that are directly related to space
are referred to as spatial conflicts [4].

Spatial conflict is an inseparable element of spatial development and human exis-
tence [5]. The significance and progression of land-use conflicts are irreversibly linked to
the use of space, and the quality of life is influenced by the quality of the surrounding
space [6–8]. Profit maximization has been the driving force behind land-use conflict ever
since humans discovered that land can be a critical source of capital and wealth [9,10]. The
struggle for land took on various forms and progressed on a different scale, and due to
the nature and the object of that struggle, it became known as spatial conflict or land-use
conflict [11,12].

Spatial conflicts are widely encountered, and they can occur at any time and in any
location. Changes in the hierarchy of needs and needs satisfaction, as well as individual
traits (greed, envy, etc.) can promote the belief that the existing space is insufficient. This
conviction increases the value of space, and it is the main cause of spatial conflict.

Most spatial conflicts have highly negative consequences for the economy, society,
space, and the environment [13]. The above applies particularly to developing and transi-
tion countries, where the real estate market is weakly developed and where illegal practices
involving land create an opportunity for rapid wealth accumulation [14]. In this case,
land ceases to be a public good, and land ownership is often transferred to a small and
wealthy social group. However, the extent to which the parties to a conflict manifest their
views is correlated with the level of democracy in a given country [15]. The causes, course,
and consequences of land-use conflict should be analyzed to develop effective spatial
planning tools [16].

In theory, land-use conflict does not differ from other types of conflict, but space is
always the subject matter of such disputes [17]. Land-use planning shapes our living and
working environment; the integrity and sophistication of the overall planning process
govern the sustainability of proposed spatial allocations in urban and rural areas [18].
Spatial conflict is usually driven by various land-use options, contradictory interests, and
goals, including those pertaining to the use of natural resources [19–23].

Spatial conflicts can have different causes, and they are rarely homogeneous. In
other words, spatial conflict is not driven by a single factor, and it is a complex and mul-
tidimensional phenomenon. This complexity can be attributed not only to the physical
characteristics of space, such as size, diversity, and form, but also to changes in space and
subjective perceptions of space [24]. Humans have different needs and expectations that
are satisfied in space [25]. Land is a common good that is essential for human activity. Due
to the diversity of human needs and the limited supply of land, land has been the source of
conflict throughout human history [26]. Owing to the complexity of space, various spatial
relationships can be identified, but not all of them can be described in detail. However, they
can be generalized [27]. The main types of conflict relationships are associated with environ-
mental features, economic activities, and social expectations [28]. The conflict relationships
based on these three main pillars of human existence are presented in Figure 1.
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Figure 1. Conflicts arising from relationships in space. Source: Own compilation based on [29].

Conflicts between the economy and the environment relate to the use of natural
resources and the extent to which the environment is transformed by human activity [30].
Mineral resource mining and the acquisition of land for development projects are prime
examples of the above. The expectations associated with environmental protection stand
in opposition to the maximization of profit derived from resource use.

Conflicts between the society and the environment have a similar context, but they
focus on the quality of human life. The expected comfort and convenience of the modern
lifestyle, such as access to public infrastructure or pest-free households, run contrary to
environmental protection.

Conflicts between the economy and the society generally result from contradictory
expectations regarding access to public infrastructure and natural resources between the
consumers, investors, and public administration bodies that analyze the economic conse-
quences of various uses of space. Disputes surrounding the location of land development
projects are an example of such conflicts [31]. These types of conflict gave rise to NIMBY
(not in my backyard) syndrome, where residents generally agree that a facility produc-
ing goods or services is needed, but oppose its construction in their neighborhood [32].
Conflicts can also erupt in a reverse scenario, when local communities advocate for the con-
struction of certain types of infrastructure, but are faced with opposition from supralocal
groups that derive benefits from the use of space in its existing form [33].

Conflicts waged on a wider scale are referred to as functional-economic conflicts [34],
where factors leading to the aggregation and dispersion of various land-use functions
occur simultaneously and undermine the welfare of local communities [6,35]. These factors
are usually associated with considerable disproportions in the development of adjacent
areas. Selected functions are excessively concentrated in some areas (such as cities), but
they are lacking in peripheral and underdeveloped areas. Globalization contributes to the
emergence of spatial conflict in the social-economic dimension. Urban sprawl increases the
prices of agricultural land, leads to conflict over farmland protection and, consequently,
drives conflict over land ownership [5].

The presented classification of spatial conflicts is not exhaustive or sufficiently detailed.
Many conflicts combine the features of all of the above categories, where contradictory
expectations regarding land use are influenced by the object of the dispute and the in-
volved parties [36].

Spatial conflicts can emerge over land ownership and land-use rights, but also over
land itself, the neighborhood, or the use of private or public land [37]. Regardless of the
above, space is always the essence of conflict. The object of conflict can also differ in scale
or magnitude, and it can include buildings, undeveloped land, or property boundaries.
Entire regions and countries can be embroiled in spatial conflict.
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In view of the above, the object of spatial conflict can be classified based on its location,
scope, and specific claims. When these criteria are taken into consideration, the objects of
spatial conflicts can be divided into the following groups:

- space in the geodetic sense:

cadastral plot;
building;
property boundaries.

- land-use rights:

ownership, perpetual usufruct, co-ownership;
other rights to derive income from land: easement, lease, tenure, etc.;
specific land-use (land management) rights.

- space in the geographic sense:

immediate space (own—private);
local space (neighborhood, municipality);
regional and ethnic space;
national space;
global space.

The object of spatial conflict should be classified to identify the scope of the dispute
and the involved parties. The resulting classification also contributes to the selection of the
optimal conflict resolution tools [38].

Many land-use conflicts are caused by different expectations regarding the attributes
of space [39]. The above implies that space cannot be evaluated unambiguously [40].
However, fragments of space with a high accumulation of potentially conflict-generating
attributes can be identified [41]. Most spatial conflicts are caused by social factors as
conflicts are driven by humans and do not exist without humans [42]. Conflicts are often
fueled by personal traits which are difficult to assess and are rarely analyzed in studies
on spatial conflicts. However, the risk of social conflict can also be exacerbated by the
characteristic traits of entire social groups [43]. These include:

- high population density;
- major cultural and political differences among local community members;
- number of households;
- differences in educational attainment.

The above factors strongly influence the quality of life and individual expectations
towards space. In less affluent societies, land-use strategies are implemented to generate
economic benefits and improve the standard of living, and these goals are accomplished at
the expense of other attributes, such as the quality of the natural environment [44]. Social
attributes that contribute to spatial conflict can also influence economic factors, including:

- land prices;
- unemployment;
- differences in economic status;
- sources of income (different types of employment).

These differences are often responsible for various expectations towards land use and
land management. In many cases, different expectations can be the secondary cause of
local and personal land-use conflict [45].

The risk of spatial conflict increases in communities and regions with diverse social
characteristics and contradictory expectations towards land management. These differences
are manifested by:

- real estate prices;
- fragmentation of ownership (fragmentation of cadastral plots);
- development density;
- building height;
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- length of property boundaries;
- diverse land-use types in the immediate neighborhood;
- large area of ecologically valuable land.

The specificity of land-use conflict has to be explored to expand our understanding
of the scope and potential consequences of such conflicts, which could play a key role in
rational and sustainable management of space [46–48].

The attributes of space where land-use conflicts occur usually have a local character.
Land division, changes in land-use, and urbanization take place locally, and spatial conflicts
are generally intensified by anthropogenic factors [49]. Some of these attributes can be
identified and evaluated intuitively, whereas others become apparent only when a conflict
erupts or when the causes of the conflict are analyzed in detail [50].

One of the goals of spatial planning is to limit the negative impact of conflict-generating
attributes on human existence [51]. Such attributes have to be identified, eliminated, or
minimized [52]. However, conflict-generating factors can be reliably assessed only if they
can be unambiguously identified and described in the entire area under analysis. The
above can be achieved with the use of GIS databases which are characterized by extensive
thematic content and broad spatial coverage [53,54].

The characteristic attributes of space that incite spatial conflict usually evolve at the
local level [55]. Land division, changes in land use, and urbanization are processes that
occur locally, and spatial conflicts are fueled mostly by anthropogenic factors.

As previously mentioned, space has many attributes that can generate land-use con-
flict. Some of these attributes are recognized and evaluated intuitively, whereas others
are identified only when a conflict erupts or after its causes have been thoroughly ana-
lyzed [49]. The authorities responsible for land management have to limit the negative
effects of these factors on human life [56]. Therefore, conflict-generating factors need to be
identified, eliminated, or minimized. However, such factors can be determined, and their
conflict-generating potential can be evaluated only when these factors are unambiguously
identified and described during the entire research process. Not all factors that increase
the risk of spatial conflict are described; therefore, they are not listed in the databases that
are accessible to analysts [57,58]. Undoubtedly, such factors can be described in individual
cases for the needs of specific analyses [59]. However, this is a highly laborious process
that is not always cost-effective. The identified factors also tend to have limited spatial
coverage. Therefore, the use of the existing databases appears to be a much simpler and
sensible solution [60].

Local space is usually described in considerable detail. Legal regulations and, increas-
ingly often, market processes necessitate the creation of geospatial databases with different
content and significance. Geospatial databases differ in the homogeneity, validity, and reli-
ability of the accumulated information [61]. Databases developed by centers for geodetic
and cartographic documentation appear to be the most robust sources of homogeneous,
valid, and reliable data.

In view of the above, the main aim of this study was to develop a procedure for evalu-
ating an area’s vulnerability to land-use conflict based on the spatial attributes described
by geodetic and cartographic databases and with the use of GIS tools.

2. Materials and Methods
2.1. Study Area and Data

For the needs of this study, the attributes of space that can potentially contribute to the
risk of land-use conflict were identified based on an analysis of the existing databases and
the relevant literature. Spatial attributes were selected for the study based on the extent
to which they can be identified in space. The studied area was divided into comparative
units for the needs of delimitation based on the results of the conducted analysis. Com-
parative units were created within the cadastral districts of the examined municipalities.
This approach was adopted to ensure the cohesiveness of research stages, to minimize
susceptibility to spatial conflict, and, potentially, to integrate the results with the findings
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of social studies [62]. Cadastral districts are often associated with settlement units (in
particular in rural areas) or city districts, which implies that they can be linked with local
communities. Therefore, the extent to which the characteristic traits of local communities
contribute to the risk of spatial conflict can be analyzed in greater detail.

Spatial features that can contribute to the intensification of land-use conflicts were
identified with the use of GIS data and based on a review of the literature [63,64]. The
analyzed traits were selected based on the extent to which they can be identified and based
on the results of a survey involving fifteen teams of real estate and spatial planning experts,
including researchers and practitioners such as land surveyors and real estate agents. In
each of the fifteen teams, the experts and the moderator (leading researcher) discussed the
extent to which the identified attributes contribute to spatial conflict. The results of these
discussions were used to prepare 15 questionnaires and determine the conflict-generating
potential of each attribute. A questionnaire survey was conducted between 20 May and
25 September 2020 in organizations employing real estate and spatial planning experts.
This approach was adopted due to the complex nature of the undertaken research. Direct
communication with the experts generated valuable insights about the studied topic. The
two-tiered survey procedure also enhanced the objectivity of the results.

The study area was the rural municipality of Purda in the Olsztyn county, Region of
Warmia and Mazury in Poland. The Region of Warmia and Mazury has a rather unique
settlement structure. The region abounds in natural resources, and agriculture has long
been the main source of income for the local population [65]. The rapid development of
Olsztyn county drives growth in the surrounding municipalities, including Purda. The
Purda municipality has an area of more than 300 km2, with a prevalence of agricultural
land and forests. Due to local specificity and the proximity of a large urban center, Purda is
susceptible to spatial conflict in both the social (progressive exploitation of natural resources
resulting from local population growth) and the economic dimension (growing number
of land development projects). The influx of new residents whose land-use preferences
differ from those of the local population also drives conflict. These problems are typically
encountered at the rural–urban interface. The location of Purda municipality is presented
in Figure 2.

Purda is undergoing rapid urbanization, and it is an important source of land reserves
for the spatial development of Olsztyn, the capital city of the Region of Warmia and
Mazury. To facilitate a cohesive evaluation and classification of results, the municipality
was divided into territorial units corresponding to cadastral districts. The availability of
cohesive information regarding the intensity of the evaluated attributes in the analyzed
units and the calculation of indices relating to every attribute played an important role in
the selection process.

The analyzed municipality was divided into comparative units within the cadastral
districts of Purda municipality. The aim of this procedure was to guarantee the consistency
of the adopted measures for investigating possible triggers of land-use conflict and to
consolidate our findings with research into social causes of conflict [66]. Cadastral districts
are often equated with settlement units (in particular in rural areas) or city districts, which
implies that they are closely linked to local communities [67]. The above assumption can
be taken into account in spatial analyses to determine the extent to which the characteristic
features of local communities can incite or exacerbate land-use conflict. The attributes were
selected for analysis based on two considerations. The first consideration was the list of
attributes that were identified by the surveyed experts. Each of the fifteen surveyed expert
teams developed a list of attributes that could potentially contribute to spatial conflict. The
second consideration was the extent to which the identified attributes could be measured
with the use of the existing geospatial databases. Not all attributes can be evaluated in
this approach. Databases characterizing local communities are not available. A total of
12 features that are described in the geospatial database were identified and assessed in
33 districts of Purda municipality.
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Figure 2. Location of Purda municipality and the local land-use pattern. * B—residential areas; Ba—industrial areas; Bi—
other built-up areas; Bp—urbanized areas that are not built-up or are under construction; Br—developed agricultural land;
Bz—recreational areas; E—ecological sites; K—mining sites; Ls—forests; Lz—areas with tree and shrub cover; N—fallow
land; Ps—permanent pastures; R—arable land; S—orchards; T—transport routes; Wp—flowing waters; Ws—standing
waters; dr—roads; and Ł—permanent meadows.

Most conflict-generating features have anthropogenic origin. Land-use conflicts can
also be driven by factors that are not always associated with human activity, including
topography and various types of land cover such as water bodies and forests. However,
human activities exert a considerable influence on these attributes of space [68,69].

The significance of the identified spatial features was determined. The extent to
which the analyzed attributes contribute to land-use conflict was described with the use of
dedicated measures or indices [70]. These indices and the relevant measurement methods
are described below:

Length of cadastral plot boundaries (A.1)—expressed by the ratio of the total length
of all cadastral plot boundaries to the area of the cadastral district.

Complex boundaries (A.2)—expressed by the ratio of the number of boundary points
in cadastral districts to the area of the cadastral district.

Area of cadastral plots (A.3)—expressed by the average area of a cadastral plot in a
cadastral district.
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Density of cadastral plots (A.4)—expressed by the ratio of the number of cadastral
plots to the area of the cadastral district.

Development density (A.5)—expressed by the ratio of built-up areas in a cadastral
district to the area of that district.

Land-use homogeneity (A.6)—expressed by the land-use homogeneity index SJi [71]:

SJi =
u

∑
z=1

J 2
iz (1)

where: Jiz is the proportion of a given land-use type (z) in the total area of cadastral district
i and u is the number of land-use types in cadastral district.

Technical infrastructure—the availability of technical infrastructure was evaluated in
three categories: roads (A.7), power grid (A.8), and the water supply network (A.9). All
networks and grids were evaluated with the same key. Cadastral districts were assessed
based on the proportion of plots without access to each of the three types of infrastructure
in the total number of plots in that district. The availability of roads was defined as
the presence of a road in the plot’s immediate vicinity, whereas the availability of the
remaining infrastructure was defined as the presence of the relevant utilities at a distance
of up to 100 m from the plot. The studied municipality was inventoried based on the above
principles, and the results are presented in Figure 3.

Figure 3. Division of Purda municipality into cadastral districts (A); Cadastral plots without access
to: roads (B), power grid (C), and water supply network (D). Source: own elaboration based on data
from the County Centre for Geodetic and Cartographic Documentation (PODGiK) data.

Topography (E.1)—topographic features were determined based on the maximum
terrain curvature in the cadastral district. Terrain curvature was calculated based digital
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elevation model data from the Municipal Center for Geodetic and Cartographic Documen-
tation. Digital elevation model data were interpolated (Figure 4A), and terrain curvature
was determined at the nodes of a regular grid with a side length of 100 m. The results
were used to calculate the range of curvature values in area K in the analyzed cadastral
districts. The calculated values were used to evaluate conflict-generating attributes in these
districts (Figure 4B).

Figure 4. (A) Topography of Purda municipality; (B) Terrain curvature in Purda municipality. Source: own elaboration
based on data from the Municipal Centre for Geodetic and Cartographic Documentation (GODGiK).

Boundaries of areas with natural land cover—this analysis included forests (E.2) and
surface water bodies (E.3). This indicator was expressed by the ratio of the length of
boundaries of forests and surface water bodies to the area of forests and water bodies in
the analyzed cadastral district.

The results of the evaluation of conflict-generating attributes in the cadastral districts
of Purda municipality are presented in Table 1.

2.2. Methodology

The identified attributes had a varied contribution to the risk of land-use conflict.
These attributes were weighed to assess their importance. Shannon’s entropy method [72]
is widely used to determine the weights of various evaluation criteria. The concept of
Shannon’s entropy plays an important role in information theory, and it is regarded as
a general measure of uncertainty. In transportation models, entropy is a measure of the
dispersal of trips between the point of origin and the destination [73]. In physics, entropy
represents the state of disorder of a system [74]. Entropy associated with an event is
also a measure of the event’s degree of randomness. The concept of entropy can also
be used to measure fuzziness [75]. This method is relatively objective, and it can be
effectively deployed in the decision-making process [76]. The entropy weight method
is also widely used to determine the weights of criteria and attributes [77–80]. In the
discussed method, relative importance is assigned to the analyzed attributes by measuring
the existing differences between sets of data [81].
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Table 1. Conflict-generating attributes in the cadastral districts of Purda municipality—matrix M.

FEATURES *

District A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3

j
i

1 2 3 4 5 6 7 8. 9 10 11 12

1 Bałdy 63.11 0.73 8.21 0.12 13.89 0.99 0.31 0.34 0.31 0.35 21.80 41.78
2 Butryny 146.50 2.42 1.60 0.63 29.79 0.96 0.20 0.24 0.31 0.29 14.68 58.07
3 Gąsiorowo 161.52 2.46 1.69 0.59 22.18 0.99 0.34 0.23 0.58 0.38 29.47 123.32
4 Giławy 135.24 1.98 2.86 0.35 14.83 0.98 0.32 0.31 0.63 0.49 25.91 82.14
5 Grabowo 3362.40 12.23 0.27 1.88 0.00 1.00 0.17 1.00 1.00 0.05 912.47 0.00
6 Groszkowo 96.01 2.18 3.06 0.33 11.02 0.99 0.21 0.24 0.30 0.53 14.13 132.96
7 Kaborno 191.10 3.71 1.12 0.89 19.74 0.99 0.43 0.43 0.68 0.41 62.98 61.67
8 Klebark Mały 217.56 4.97 0.74 1.35 44.43 0.97 0.54 0.05 0.08 0.26 16.98 55.40
9 Klebark W. 157.61 2.80 1.23 0.81 32.52 0.37 0.43 0.19 0.28 0.31 41.09 7.81
10 Klewki 130.99 3.37 1.15 0.87 46.49 0.87 0.15 0.12 0.25 0.35 38.58 60.22
11 Łajs 67.10 0.99 6.52 0.15 5.22 0.83 0.75 0.36 0.40 0.48 19.10 37.07
12 Linowo 71.23 1.16 5.28 0.19 7.51 0.43 0.17 0.19 0.35 0.35 17.98 40.25
13 Marcinkowo 146.40 3.04 1.25 0.81 33.79 0.95 0.38 0.19 0.20 0.49 23.08 46.17
14 Nerwik 91.04 1.66 4.85 0.21 4.24 0.95 0.45 0.50 0.69 0.40 35.27 118.69
15 Nowa Kaletka 91.33 1.43 2.22 0.45 17.59 0.94 0.23 0.16 0.19 0.33 4.83 56.69
16 Nowa Wieś 117.55 1.78 2.35 0.43 22.06 0.88 0.32 0.30 0.34 0.36 16.83 53.10
17 Ostrzeszewo 508.80 14.56 0.22 4.57 270.18 0.96 0.40 0.02 0.02 0.18 33.02 3.96
18 Pajtuny 172.19 2.95 1.58 0.63 18.53 0.99 0.35 0.37 0.46 0.28 27.35 57.37
19 Patryki 146.83 2.56 1.85 0.54 19.67 0.92 0.33 0.29 0.37 0.37 37.51 55.72
20 Pokrzywy 135.96 1.66 3.07 0.33 21.29 1.00 0.18 0.20 0.23 0.23 0.00 81.95
21 Prejłowo 106.38 1.72 2.10 0.47 27.24 0.94 0.27 0.17 0.21 0.27 23.40 51.56
22 Przykop 141.55 2.38 1.73 0.58 19.08 0.93 0.27 0.20 0.32 0.31 23.78 79.78
23 Purda 121.11 2.52 1.86 0.54 21.25 0.85 0.30 0.19 0.30 0.56 27.82 87.01
24 Purdka 72.54 0.89 6.24 0.16 5.72 0.83 0.44 0.53 0.68 0.46 9.85 46.60
25 Silice 145.20 3.16 1.11 0.90 24.93 0.99 0.34 0.42 0.54 0.32 26.92 38.26
26 Stara Kaletka 91.56 1.13 4.55 0.22 7.63 1.00 0.32 0.34 0.51 0.27 0.79 60.25
27 Szczęsne 224.58 5.77 0.61 1.65 77.83 0.97 0.37 0.08 0.19 0.27 30.64 10.01
28 Trękus 135.05 2.04 2.18 0.46 16.09 0.87 0.43 0.30 0.44 0.34 15.59 60.23
29 Trękusek 163.54 2.82 1.22 0.82 124.92 0.38 0.42 0.23 0.28 0.34 14.83 50.59
30 Wygoda 75.35 0.86 6.60 0.15 5.40 0.99 0.25 0.53 0.67 0.40 1.08 48.84
31 Wyrandy 126.34 2.03 2.89 0.35 27.69 1.00 0.30 0.26 0.37 0.29 19.59 107.36
32 Zaborowo 203.20 2.75 2.53 0.40 12.87 1.00 0.13 0.34 0.40 0.40 33.13 74.21
33 Zgniłocha 110.37 1.51 2.50 0.40 9.68 0.95 0.31 0.49 0.53 0.32 37.06 45.52

* all attributes were measured with the use of the described procedure in the analyzed units.

The identified conflict-generating attributes were used to build decision matrix M
(Table 1), which was normalized with the following equation:

nij =
mij

∑
k
i=1 mij

(2)

where mij is the results of the evaluation of conflict-generating attributes; i is the successive
districts in the total number of districts k; and j is the successive attributes in the total
number of attributes z.

The normalized matrix N with elements nij was used to assign weights to conflict-
generating attributes (Table 2).

Table 2. Elements of matrix N in the analyzed districts.

DISTRICT A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3

j
i

1 2 3 4 5 6 7 8. 9 10 11 12

1 Bałdy 0.01 0.01 0.00 0.01 0.01 0.03 0.03 0.03 0.02 0.03 0.01 0.02
2 Butryny 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.01 0.03
3 Gąsiorowo 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.02 0.04 0.03 0.02 0.06
4 Giławy 0.02 0.02 0.01 0.02 0.01 0.03 0.03 0.03 0.05 0.04 0.02 0.04
5 Grabowo 0.42 0.12 0.15 0.08 0.00 0.03 0.02 0.10 0.08 0.00 0.55 0.00
6 Groszkowo 0.01 0.02 0.01 0.01 0.01 0.03 0.02 0.02 0.02 0.05 0.01 0.07
7 Kaborno 0.02 0.04 0.04 0.04 0.02 0.03 0.04 0.04 0.05 0.04 0.04 0.03
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Table 2. Cont.

DISTRICT A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3

j
i

1 2 3 4 5 6 7 8. 9 10 11 12

8 Klebark Mały 0.03 0.05 0.05 0.06 0.04 0.03 0.05 0.00 0.01 0.02 0.01 0.03
9 Klebark W. 0.02 0.03 0.03 0.03 0.03 0.07 0.04 0.02 0.02 0.03 0.02 0.00

10 Klewki 0.02 0.03 0.03 0.04 0.04 0.03 0.01 0.01 0.02 0.03 0.02 0.03
11 Łajs 0.01 0.01 0.01 0.01 0.01 0.03 0.07 0.04 0.03 0.04 0.01 0.02
12 Linowo 0.01 0.01 0.01 0.01 0.01 0.06 0.02 0.02 0.03 0.03 0.01 0.02
13 Marcinkowo 0.02 0.03 0.03 0.03 0.03 0.03 0.04 0.02 0.02 0.04 0.01 0.02
14 Nerwik 0.01 0.02 0.01 0.01 0.00 0.03 0.04 0.05 0.05 0.03 0.02 0.06
15 Nowa Kaletka 0.01 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.03 0.00 0.03
16 Nowa Wieś 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.01 0.03
17 Ostrzeszewo 0.06 0.15 0.18 0.20 0.26 0.03 0.04 0.00 0.00 0.02 0.02 0.00
18 Pajtuny 0.02 0.03 0.03 0.03 0.02 0.03 0.03 0.04 0.04 0.02 0.02 0.03
19 Patryki 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03
20 Pokrzywy 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.00 0.04
21 Prejłowo 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.03
22 Przykop 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.01 0.04
23 Purda 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.05 0.02 0.04
24 Purdka 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.05 0.05 0.04 0.01 0.02
25 Silice 0.02 0.03 0.04 0.04 0.02 0.03 0.03 0.04 0.04 0.03 0.02 0.02
26 Stara Kaletka 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.03 0.04 0.02 0.00 0.03
27 Szczęsne 0.03 0.06 0.07 0.07 0.08 0.03 0.03 0.01 0.01 0.02 0.02 0.01
28 Trękus 0.02 0.02 0.02 0.02 0.02 0.03 0.04 0.03 0.03 0.03 0.01 0.03
29 Trękusek 0.02 0.03 0.03 0.04 0.12 0.07 0.04 0.02 0.02 0.03 0.01 0.03
30 Wygoda 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.05 0.05 0.03 0.00 0.03
31 Wyrandy 0.02 0.02 0.01 0.01 0.03 0.03 0.03 0.03 0.03 0.03 0.01 0.06
32 Zaborowo 0.03 0.03 0.02 0.02 0.01 0.03 0.01 0.03 0.03 0.04 0.02 0.04
33 Zgniłocha 0.01 0.02 0.02 0.02 0.01 0.03 0.03 0.05 0.04 0.03 0.02 0.02

The information content of matrix N was determined by calculating the entropy value
Ej of every conflict-generating attribute with the use of the below formula [82]:

Ej = −K
k

∑
i=1

nij ln nij (3)

where i is the successive districts in the total number of districts k; j is the successive
attributes in the total number of attributes r; and K = 1/ln k (for k = 33 K = 0.29) is the
constant value which guarantees that the value of E falls within the range of [0;1] (Table 3).

Table 3. Value of E in the analyzed districts.

DISTRICT A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3

j 1 2 3 4 5 6 7 8 9 10 11 12

i nij lnnij

1 Bałdy −0.04 −0.04 −0.03 −0.03 −0.06 −0.09 −0.10 −0.12 −0.09 −0.11 −0.06 −0.08
2 Butryny −0.07 −0.09 −0.09 −0.10 −0.10 −0.10 −0.07 −0.09 −0.09 −0.09 −0.04 −0.11
3 Gąsiorowo −0.08 −0.09 −0.09 −0.09 −0.08 −0.09 −0.11 −0.09 −0.14 −0.11 −0.07 −0.18
4 Giławy −0.07 −0.08 −0.06 −0.06 −0.06 −0.09 −0.10 −0.11 −0.15 −0.14 −0.07 −0.13
5 Grabowo −0.36 −0.26 −0.28 −0.20 0.00 −0.09 −0.06 −0.23 −0.20 −0.02 −0.33 0.00
6 Groszkowo −0.05 −0.08 −0.06 −0.06 −0.05 −0.09 −0.08 −0.09 −0.09 −0.14 −0.04 −0.18
7 Kaborno −0.09 −0.12 −0.12 −0.13 −0.08 −0.09 −0.13 −0.14 −0.15 −0.12 −0.12 −0.11
8 Klebark Mały −0.10 −0.15 −0.16 −0.17 −0.14 −0.10 −0.15 −0.03 −0.03 −0.09 −0.05 −0.10
9 Klebark W. −0.08 −0.10 −0.11 −0.12 −0.11 −0.18 −0.13 −0.08 −0.08 −0.10 −0.09 −0.02
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Table 3. Cont.

DISTRICT A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3

j 1 2 3 4 5 6 7 8 9 10 11 12

i nij lnnij

10 Klewki −0.07 −0.12 −0.12 −0.12 −0.14 −0.10 −0.06 −0.05 −0.07 −0.11 −0.09 −0.11
11 Łajs −0.04 −0.05 −0.03 −0.03 −0.03 −0.11 −0.18 −0.12 −0.11 −0.13 −0.05 −0.08
12 Linowo −0.04 −0.05 −0.04 −0.04 −0.04 −0.17 −0.07 −0.08 −0.10 −0.11 −0.05 −0.08
13 Marcinkowo −0.07 −0.11 −0.11 −0.12 −0.11 −0.10 −0.12 −0.08 −0.06 −0.14 −0.06 −0.09
14 Nerwik −0.05 −0.07 −0.04 −0.04 −0.02 −0.10 −0.13 −0.15 −0.16 −0.12 −0.08 −0.17
15 Nowa Kaletka −0.05 −0.06 −0.07 −0.08 −0.07 −0.10 −0.08 −0.07 −0.06 −0.10 −0.02 −0.10
16 Nowa Wieś −0.06 −0.07 −0.07 −0.07 −0.08 −0.10 −0.10 −0.11 −0.09 −0.11 −0.05 −0.10
17 Ostrzeszewo −0.18 −0.28 −0.31 −0.32 −0.35 −0.10 −0.12 −0.01 −0.01 −0.06 −0.08 −0.01
18 Pajtuny −0.08 −0.11 −0.09 −0.10 −0.07 −0.09 −0.11 −0.12 −0.12 −0.09 −0.07 −0.10
19 Patryki −0.07 −0.10 −0.08 −0.09 −0.08 −0.10 −0.11 −0.10 −0.10 −0.11 −0.09 −0.10
20 Pokrzywy −0.07 −0.07 −0.06 −0.06 −0.08 −0.09 −0.07 −0.08 −0.07 −0.08 0.00 −0.13
21 Prejłowo −0.06 −0.07 −0.08 −0.08 −0.10 −0.10 −0.09 −0.07 −0.07 −0.09 −0.06 −0.10
22 Przykop −0.07 −0.09 −0.09 −0.09 −0.07 −0.10 −0.09 −0.08 −0.09 −0.10 −0.06 −0.13
23 Purda −0.06 −0.09 −0.08 −0.09 −0.08 −0.10 −0.10 −0.08 −0.09 −0.15 −0.07 −0.14
24 Purdka −0.04 −0.04 −0.03 −0.03 −0.03 −0.11 −0.13 −0.16 −0.15 −0.13 −0.03 −0.09
25 Silice −0.07 −0.11 −0.12 −0.13 −0.09 −0.09 −0.11 −0.14 −0.13 −0.10 −0.07 −0.08
26 Stara Kaletka −0.05 −0.05 −0.04 −0.04 −0.04 −0.09 −0.10 −0.12 −0.13 −0.09 0.00 −0.11
27 Szczęsne −0.10 −0.17 −0.18 −0.19 −0.19 −0.10 −0.12 −0.04 −0.06 −0.09 −0.07 −0.03
28 Trękus −0.07 −0.08 −0.07 −0.08 −0.06 −0.10 −0.13 −0.11 −0.11 −0.10 −0.04 −0.11
29 Trękusek −0.08 −0.10 −0.11 −0.12 −0.26 −0.18 −0.13 −0.09 −0.08 −0.10 −0.04 −0.10
30 Wygoda −0.04 −0.04 −0.03 −0.03 −0.03 −0.09 −0.09 −0.16 −0.15 −0.12 0.00 −0.09
31 Wyrandy −0.07 −0.08 −0.06 −0.06 −0.10 −0.09 −0.10 −0.10 −0.10 −0.09 −0.05 −0.16
32 Zaborowo −0.09 −0.10 −0.07 −0.07 −0.05 −0.09 −0.05 −0.12 −0.11 −0.12 −0.08 −0.13
33 Zgniłocha −0.06 −0.06 −0.07 −0.07 −0.04 −0.10 −0.10 −0.15 −0.13 −0.10 −0.08 −0.09

SUM −2.61 −3.19 −3.03 −3.10 −2.88 −3.44 −3.43 −3.33 −3.36 −3.45 −2.16 −3.34
Ej 0.75 0.91 0.87 0.89 0.82 0.98 0.98 0.95 0.96 0.99 0.62 0.95

The differences in the value of nij relative to successive attributes were calculated with
the following formula:

dj = 1 − Ej (4)

where j is the successive attributes in the total number of attributes r.
The result is the attribute vector dj.

dj = [0.25 0.09 0.13 0.11 0.18 0.02 0.02 0.05 0.04 0.01 0.38 0.05] (5)

The value of dj was used to determine the weights wj of conflict-generating attributes
with the use of the below formula:

wj =
dj

∑
r
j=1 dj

(6)

The result is the vector of attribute weights W.

W = [0.19 0.07 0.10 0.08 0.13 0.01 0.01 0.04 0.03 0.01 0.29 0.03] (7)

The normalized matrix N was multiplied by vector W to produce matrix D. The risk
of land-use conflict in the analyzed districts was expressed by the sum of the rows of matrix
D. The results were represented by indicator Vi for improved readability.

Vi = 100 ×
r

∑
j=1

(nijwj) (8)

where i is the successive districts in the total number of districts k.
The value of indicator Vi can range from 0 to 100. Districts with higher values of Vi are

characterized by a greater accumulation of attributes that can give rise to spatial conflict.
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3. Results and Discussion

Indicator Vi was calculated for the analyzed districts, and the results are presented in
Table 4. In Grabowo district, Vi considerably exceeded the average value for the examined
districts (27.60). The above result could be attributed to the very small area of Grabowo
relative to other districts, as well as the fact that other attributes in Grabowo also substan-
tially exceeded the average value. Grabowo was thus eliminated from classification. Only
districts where the value of Vi ranged from 0.00 to 10.00 were included in the classification.

Table 4. Value of Vi in the analyzed districts.

DISTRICT A.1 A.2 A.3 A.4 A.5 A.6 A.7 A.8. A.9 E.1 E.2 E.3 SUM Vi

j 1 2 3 4 5 6 7 8. 9 10 11 12 r = 12

i nij wj

1 Bałdy 0.0015 0.0005 0.0005 0.0004 0.0018 0.0003 0.0004 0.0013 0.0007 0.0003 0.0038 0.0008 0.0123 1.23
2 Butryny 0.0035 0.0016 0.0025 0.0023 0.0039 0.0003 0.0003 0.0009 0.0007 0.0003 0.0026 0.0010 0.0198 1.98
3 Gąsiorowo 0.0039 0.0017 0.0024 0.0022 0.0029 0.0003 0.0004 0.0009 0.0013 0.0003 0.0051 0.0022 0.0235 2.35
4 Giławy 0.0033 0.0013 0.0014 0.0013 0.0019 0.0003 0.0004 0.0011 0.0014 0.0004 0.0045 0.0015 0.0189 1.89
5 Grabowo 0.0811 0.0082 0.0147 0.0069 0.0000 0.0003 0.0002 0.0037 0.0022 0.0000 0.1587 0.0000 0.2760 27.60
6 Groszkowo 0.0023 0.0015 0.0013 0.0012 0.0014 0.0003 0.0003 0.0009 0.0007 0.0005 0.0025 0.0024 0.0152 1.52
7 Kaborno 0.0046 0.0025 0.0036 0.0033 0.0026 0.0003 0.0006 0.0016 0.0015 0.0004 0.0110 0.0011 0.0329 3.29
8 Klebark M. 0.0052 0.0033 0.0054 0.0049 0.0058 0.0003 0.0007 0.0002 0.0002 0.0002 0.0030 0.0010 0.0302 3.02
9 Klebark W. 0.0038 0.0019 0.0032 0.0030 0.0042 0.0008 0.0006 0.0007 0.0006 0.0003 0.0071 0.0001 0.0263 2.63

10 Klewki 0.0032 0.0023 0.0035 0.0032 0.0060 0.0003 0.0002 0.0004 0.0005 0.0003 0.0067 0.0011 0.0277 2.77
11 Łajs 0.0016 0.0007 0.0006 0.0006 0.0007 0.0003 0.0010 0.0013 0.0009 0.0004 0.0033 0.0007 0.0121 1.21
12 Linowo 0.0017 0.0008 0.0008 0.0007 0.0010 0.0007 0.0002 0.0007 0.0008 0.0003 0.0031 0.0007 0.0114 1.14
13 Marcinkowo 0.0035 0.0020 0.0032 0.0030 0.0044 0.0003 0.0005 0.0007 0.0004 0.0004 0.0040 0.0008 0.0233 2.33
14 Nerwik 0.0022 0.0011 0.0008 0.0008 0.0005 0.0003 0.0006 0.0018 0.0015 0.0004 0.0061 0.0021 0.0183 1.83
15 Nowa Kal. 0.0022 0.0010 0.0018 0.0016 0.0023 0.0003 0.0003 0.0006 0.0004 0.0003 0.0008 0.0010 0.0127 1.27
16 Nowa Wieś 0.0028 0.0012 0.0017 0.0016 0.0029 0.0003 0.0004 0.0011 0.0007 0.0003 0.0029 0.0010 0.0169 1.69
17 Ostrzeszewo 0.0123 0.0098 0.0184 0.0167 0.0350 0.0003 0.0005 0.0001 0.0000 0.0002 0.0057 0.0001 0.0990 9.90
18 Pajtuny 0.0042 0.0020 0.0025 0.0023 0.0024 0.0003 0.0005 0.0014 0.0010 0.0003 0.0048 0.0010 0.0226 2.26
19 Patryki 0.0035 0.0017 0.0022 0.0020 0.0025 0.0003 0.0004 0.0011 0.0008 0.0003 0.0065 0.0010 0.0224 2.24
20 Pokrzywy 0.0033 0.0011 0.0013 0.0012 0.0028 0.0003 0.0002 0.0007 0.0005 0.0002 0.0000 0.0015 0.0131 1.31
21 Prejłowo 0.0026 0.0012 0.0019 0.0017 0.0035 0.0003 0.0004 0.0006 0.0005 0.0003 0.0041 0.0009 0.0179 1.79
22 Przykop 0.0034 0.0016 0.0023 0.0021 0.0025 0.0003 0.0004 0.0007 0.0007 0.0003 0.0041 0.0014 0.0198 1.98
23 Purda 0.0029 0.0017 0.0021 0.0020 0.0028 0.0003 0.0004 0.0007 0.0007 0.0005 0.0048 0.0016 0.0205 2.05
24 Purdka 0.0017 0.0006 0.0006 0.0006 0.0007 0.0003 0.0006 0.0019 0.0015 0.0004 0.0017 0.0008 0.0117 1.17
25 Silice 0.0035 0.0021 0.0036 0.0033 0.0032 0.0003 0.0005 0.0016 0.0012 0.0003 0.0047 0.0007 0.0249 2.49
26 Stara Kal.. 0.0022 0.0008 0.0009 0.0008 0.0010 0.0003 0.0004 0.0013 0.0011 0.0003 0.0001 0.0011 0.0102 1.02
27 Szczęsne 0.0054 0.0039 0.0066 0.0060 0.0101 0.0003 0.0005 0.0003 0.0004 0.0002 0.0053 0.0002 0.0392 3.92
28 Trękus 0.0033 0.0014 0.0018 0.0017 0.0021 0.0003 0.0006 0.0011 0.0010 0.0003 0.0027 0.0011 0.0173 1.73
29 Trękusek 0.0039 0.0019 0.0033 0.0030 0.0162 0.0008 0.0006 0.0009 0.0006 0.0003 0.0026 0.0009 0.0349 3.49
30 Wygoda 0.0018 0.0006 0.0006 0.0006 0.0007 0.0003 0.0003 0.0020 0.0015 0.0004 0.0002 0.0009 0.0097 0.97
31 Wyrandy 0.0030 0.0014 0.0014 0.0013 0.0036 0.0003 0.0004 0.0010 0.0008 0.0003 0.0034 0.0019 0.0187 1.87
32 Zaborowo 0.0049 0.0018 0.0016 0.0015 0.0017 0.0003 0.0002 0.0013 0.0009 0.0004 0.0058 0.0013 0.0215 2.15
33 Zgniłocha 0.0027 0.0010 0.0016 0.0015 0.0013 0.0003 0.0004 0.0018 0.0011 0.0003 0.0064 0.0008 0.0192 1.92

Indicator Vi was used to determine the risk of land-use conflict in the analyzed
cadastral districts. Classification results are presented in Figure 5.

The analyzed districts were divided into five classes with the use of the geometric
interval classification method. Class 1, with the highest accumulation of conflict-generating
attributes, comprised only one district, Ostrzeszewo, where Vi reached 9.90. Class 2, with a
high accumulation of the analyzed attributes, contained districts subjected to considerable
urbanization and human pressure. Classes 4 and 5, with the lowest accumulation of
conflict-generating attributes, were composed of ecological sites (forests and water bodies)
in their entirety or in most part. The analysis of land-use types in the Purda municipality
indicates that the proposed method generates reliable results. The value of indicator Vi
was markedly higher in areas subjected to considerable anthropogenic pressure.
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Figure 5. Values of indicator Vj in the cadastral districts of Purda municipality.

4. Conclusions

One of the greatest challenges in land management is to minimize the “pretexts” for
spatial conflict. Conflict-generating factors should be eliminated or minimized in all stages
of the process, including land-use planning, land protection, and land management. The
aim of all land management procedures and decisions should be to improve land-use
comfort. Therefore, the identification of potential hotbeds of conflict is a very important
consideration that tends to be overlooked in research.

In this study, attempts were made to fill in this knowledge gap. The present research
is by no means exhaustive, but the results indicate that geospatial databases can be used
effectively to reduce the risk of spatial conflict.

This study proposes a procedure for evaluating the risk of land-use conflict based
on the attributes that increase the probability of such risk. Conflict-generating attributes
were calculated based on data that are available in municipal centers for geodetic and
cartographic documentation. The analysis was conducted with the use of GIS tools in
ArcGIS 10.4.1 software.

The proposed procedure was tested in a rural municipality with a varied spatial
structure in the Region of Warmia and Mazury. The physical and geodetic attributes of
space were identified in considerable detail at the local level. A procedure for weighing and
measuring the intensity of attributes that can compromise spatial harmony and contribute
to spatial conflict was proposed. The importance of conflict-generating attributes was
assessed with Shannon’s entropy method, and indicator Vi was calculated as the sum of
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attribute weights. The procedure of calculating indicator Vi involved well-known metrics
as well as the measurement methods proposed by the authors. The results of the analysis
indicate that anthropogenic factors are the main drivers of land-use conflict. Therefore, the
developed procedure can be used to identify areas with a higher risk of land-use conflict.
Conflict-prone areas should be identified based on analyses of cadastral data, local zoning
plans and social participation to optimize spatial planning and improve the quality of life
in local communities.

The results of the study demonstrated that the risk of land-use conflict is particularly
high in the immediate vicinity of areas that are subjected to considerable anthropogenic
pressure. Areas where human activities generate social controversy should be identified to
promote sustainable land-use planning and prevent conflict.

The proposed procedure can be modified to account for specific research objectives,
the characteristic features of the studied area, and access to spatial data. The developed
methodology constitutes a valuable tool which supports planning and monitoring of
sustainable land-use practices. The results of the analysis can be used to plan future actions
with the aim of enhancing harmonious spatial development and minimizing the risk of
land-use conflict.
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53. Szuniewicz, K.; Cieślak, I.; Czyża, S. The Use of Webgis Services in Public Administration in Poland. In Proceedings of the 15th
International Multidisciplinary Scientific GeoConference SGEM2015, Ecology, Economics, Education And Legislation, Albena,
Bulgaria, 18–24 June 2015; Volume 2, pp. 891–898. [CrossRef]

54. Renigier-Bilozor, M.; Janowski, A.; Walacik, M. Geoscience Methods in Real Estate Market Analyses Subjectivity Decrease.
Geosciences 2019, 9, 130. [CrossRef]

55. Pasto, I.D. Spatial Planning as Co-Evolution: Linking Expectations, Uncertainties and Conflicts; Wageningen University: Wageningen,
The Netherlands, 2009.

56. Zou, L.; Liu, Y.; Wang, J.; Yang, Y.; Wang, Y. Land use conflict identification and sustainable development scenario simulation on
China’s southeast coast. J. Clean. Prod. 2019, 238, 238. [CrossRef]

57. Kim, I.; Arnhold, S. Mapping environmental land use conflict potentials and ecosystem services in agricultural watersheds.
Sci. Total Environ. 2018, 630, 827–838. [CrossRef]

58. Brown, G.; Raymond, C. Methods for identifying land use conflict potential using participatory mapping. Landsc. Urban Plan.
2014, 122, 196–208. [CrossRef]

59. Hersperger, A.M.; Ioja, C.; Steiner, F.; Tudor, C.A. Comprehensive consideration of conflicts in the land-use planning process: A
conceptual contribution. Carpathian J. Earth Environ. Sci. 2015, 10, 5–13.

60. Biłozor, A.; Kowalczyk, A.M.; Bajerowski, T. Theory of Scale-Free Networks as a New Tool in Researching the Structure and
Optimization of Spatial Planning. J. Urban Plan. Dev. 2018, 144, 04018005. [CrossRef]

61. McLeod, P.; Martin, A.; Crompvoets, J. Spatial Data Infrastructure (SDI) Manual for the Americas. In Global Spatial Data
Infrastructures Association; PC-IDEA SDI Manual for the Americas: Addis Ababa, Ethiopia, 2013.
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communes in the warmińsko-mazurskie voivodeship. J. Agribus. Rural. Dev. 2016, 10, 373–381. [CrossRef]
68. Drobne, S.; Lisec, A. Multi-attribute decision analysis in GIS: Weighted linear combination and ordered weighted averaging.

Informatica 2009, 33, 459–474.
69. Biłozor, A.; Renigier-Biłozor, M. Procedure of Assessing Usefulness of the Land in the Process of Optimal Investment Location for

Multi-family Housing Function. Proc. Eng. 2016, 161, 1868–1873. [CrossRef]
70. Biłozor, A.; Renigier-Biłozor, M. Optimization and polioptimization in the management of land. In Proceedings of the SGEM2015

GeoConference on Informatics, Geoiformatics and Remote Sensing, Albena, Bulgaria, 18–24 June 2015; Volume 2, pp. 1011–1018,
ISBN 978-619-7105-35-3.
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72. Shannon, C.E. A Mathematical Theory of Communication. Bell Syst. Tech. J. 1948, 27, 379–423. [CrossRef]
73. Ge, Q.; Fukuda, D. Updating origin–destination matrices with aggregated data of GPS traces. Transp. Res. Part C Emerg. Technol.

2016, 69, 291–312. [CrossRef]
74. Massoudi, M. A Possible Ethical Imperative Based on the Entropy Law. Entropy 2016, 18, 389. [CrossRef]
75. Al-Sharhan, S.; Karray, F.; Gueaieb, W.; Basir, O. Fuzzy entropy: A brief survey. In Proceedings of the 10th IEEE International

Conference on Fuzzy Systems. (Cat. No.01CH37297), Melbourne, VIC, Australia, 2–5 December 2001; pp. 1135–1139. [CrossRef]
76. Tang, C.M.; Leung, A.Y.; Lam, K.C. Entropy Application to Improve Construction Finance Decisions. J. Constr. Eng. Manag. 2006,

132, 1099–1113. [CrossRef]
77. Chen, T.-Y.; Li, C.-H. Determining objective weights with intuitionistic fuzzy entropy measures: A comparative analysis. Inf. Sci.

2010, 180, 4207–4222. [CrossRef]
78. Li, D. TOPSIS Based Nonlinear Programming Methodology for Multiattribute Decision Making with Interval-Valued Intuitionistic

Fuzzy Sets. IEEE Trans. Fuzzy Syst. 2010, 18, 299–311. [CrossRef]
79. Zhang, Y.; Li, P.; Wang, Y.; Ma, P.; Su, X. Multiattribute Decision Making Based on Entropy under Interval-Valued Intuitionistic

Fuzzy Environment. Math. Probl. Eng. 2013, 2013, 1–8. [CrossRef]

147



Land 2021, 10, 1173

80. Zhang, Y.; Wang, Y.; Wang, J. Objective Attributes Weights Determining Based on Shannon Information Entropy in Hesitant
Fuzzy Multiple Attribute Decision Making. Math. Probl. Eng. 2014, 2014, 1–7. [CrossRef]

81. Jacquemin, A.P.; Berry, C.H. Entropy Measure of Diversification and Corporate Growth. J. Ind. Econ. 1979, 27, 359. [CrossRef]
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ment]; Difin SA: Warsaw, Poland, 2014.

148



land

Article

Analysis and Evaluation of the Spatial Structure of Cittaslow
Towns on the Example of Selected Regions in Central Italy and
North-Eastern Poland

Marek Zagroba , Katarzyna Pawlewicz and Adam Senetra *

����������
�������

Citation: Zagroba, M.;

Pawlewicz, K.; Senetra, A. Analysis

and Evaluation of the Spatial

Structure of Cittaslow Towns on the

Example of Selected Regions in

Central Italy and North-Eastern

Poland. Land 2021, 10, 780. https://

doi.org/10.3390/land10080780

Academic Editors: Luca Salvati,
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Abstract: Cittaslow International promotes harmonious development of small towns based on
sustainable relationships between economic growth, protection of local traditions, cultural heritage
and the environment, and an improvement in the quality of local life. The aim of this study was
to analyze and evaluate the differences and similarities in the spatial structure of Cittaslow towns
in the Italian regions of Tuscany and Umbria and the Polish region of Warmia and Mazury. The
study examined historical towns which are situated in different parts of Europe and have evolved in
different cultural and natural environments. The presented research attempts to determine whether
the spatial structure of historical towns established in different European regions promotes the
dissemination of the Cittaslow philosophy and the adoption of sustainable development principles.
The urban design, architectural features and the composition of urban and architectural factors which
are largely responsible for perceptions of multi-dimensional space were evaluated. These goals were
achieved with the use of a self-designed research method which supported a subjective evaluation
of spatial structure defined by historical urban planning and architectural solutions. The study
demonstrated that Medieval urban layouts can be successfully incorporated into the modern urban
fabric to promote sustainable development and slow living.

Keywords: Slow City; small towns; spatial structure; sustainable development; old market square;
historical urban layout

1. Introduction

The objective of the Cittaslow International network of small towns is to promote
harmonious development and slow living. This philosophy offers an alternative to global-
ization and the fast pace of life in large cities [1–3]. Cittaslow towns implement sustainable
development policies by creating a healthy balance between economic growth, protection
of local traditions, cultural heritage and the environment, and improving the quality of
local life [4–6]. The members of the Cittaslow network promote local and specific values
and products, and they initiate active measures to protect the natural environment and
the historical urban fabric. These policies build a sense of solidarity among local com-
munity members who feel responsible for their place of residence, including its past and
future [7,8]. The unique spatial structure of historical towns plays an important role in
building harmonious relationships and adapting these towns to contemporary needs and
aspirations [9,10].

Small towns are human settlements that occupy a relatively limited area and organize
their living space in a similar manner regardless of their location. The scale of urban
development, small population, absence of industry and low levels of technical infrastruc-
ture relative to large cities contribute to sustainable development and reluctance towards
modern trends that rely heavily on globalization and a fast pace of life.
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Considerable research has been dedicated to the development and future outlook of
urban expansion. Zambon et al. [11] performed a quantitative analysis of urban plans to
predict future urban growth patterns. The authors relied on an extensive database of social
and economic indicators to examine the consequences of urban expansion in the Spanish
region of Catalonia which was divided into local zones for the needs of the study. They
found that urbanization had contributed little to the sustainable development of towns
in recent decades. The authors concluded that future urban development in Catalonia
will not follow a polycentric model, but will fuel the growth of small and medium-sized
towns. The historical center of Santiago de Chile was modernized based its architectural
and urban heritage. The elements of the city’s original urban fabric were recreated and
used to propose a new urban development concept. This approach was adopted to bridge
the gap between modern requirements and the city’s colonial and republican past [12].
In Senigallia, Italy, the open-design approach was implemented to regenerate the town’s
historical urban heritage through participatory design [13]. The town’s historical district
was redesigned with the use of Multicriteria Decision Analysis (MCDA). Historical districts
pose a challenge for urban designers who have to reconcile conservation with modern
welfare and safety standards. The MCDA approach was validated experimentally in Biella,
Italy [14].

The aim of this study was to analyze the differences and similarities in the spatial
structure of small towns belonging to the Cittaslow network. The evaluated towns are
located in the Italian regions of Tuscany and Umbria and the Region of Warmia and Mazury
in north-eastern Poland. Based on the aim of the study, the authors made an attempt to
answer the following research questions:

1. Does the spatial structure of towns which are situated in different parts of Europe
and have evolved under different historical, cultural and environmental conditions
promote the achievement of Cittaslow goals in equal measure?

2. Which components of historical spatial structures (that developed under different
functional conditions) foster the implementation of sustainable development policies
and the slow living philosophy?

2. Cittaslow International

Current trends in urban and economic development favor measures that strengthen
the growth potential of mainly large urban agglomerations. Rapid globalization has
contributed to a faster pace of life. The citizens of highly developed countries show
a growing appreciation for the slower approach to everyday life in smaller settlement
units [15,16]. In small and medium-sized towns, most businesses operate only on the
local market. These towns often collaborate and join various organizations to expand their
economic potential. One of such organizations is the Cittaslow Movement, an international
network of cities that was founded in 1999 to endorse the Slow City concept. Towns
can apply for Cittaslow membership if their population does not exceed 50,000, and if
they support and implement the organization’s goals [17]. Candidates are evaluated in
seven areas: energy and environmental policy, infrastructure policies, quality of urban
life policies, agricultural, tourism and artisan policies, policies for hospitality, awareness
and training, social cohesion and partnerships, based on 72 detailed criteria. Towns that
meet at least 51% of these requirements are eligible for membership. They are re-evaluated
(re-certified) based on the same criteria after five years [18].

The overreaching goal of the Cittaslow movement is to improve the quality of life,
promote economic growth, protect the natural environment and cultural heritage, promote
regional products, crafts, traditions and customs [19]. The movement advocates a slower
pace of life as an alternative to the hustle and bustle of large cities and metropolises. The
organization does not oppose technological progress, and its members are local economic
hubs that place a high value on preserving their unique character [8]. Cittaslow members
promote their towns as places with a high quality of life in the proximity of nature, high-
quality products and strong local communities [20].
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The goals of the Cittaslow movement coincide with the principles of sustainable
development, with the main emphasis on increasing local incomes, improving local safety,
fostering a friendly social environment, improving the quality of the natural environment,
enhancing spatial order and the functionality of urban spatial structures [21]. Sustainable
cities are characterized by a cohesive relationship between the urban and the natural
environment. Social and environmental movements play an important role, and they
focus on preserving the city’s unique character, restoring historical architecture, promoting
local products and cuisine. In cities that are popular tourist destinations, considerable
emphasis is placed on the promotion of local hospitality traditions [16,22]. Globalization
increases the risk of cultural uniformity by destroying local values. The Cittaslow concept
stimulates local growth as the core element of sustainable development. Member towns
strive to preserve their identity and protect local values, both in the Cittaslow network
and in the global context [7]. Sustainable development encompasses the environmental,
social and economic aspects of urban growth. Community participation plays an important
role in decision-making, and participatory processes further the sustainable development
of all Cittaslow members at the local level. Cittaslow towns initiate a variety of events
and projects with the involvement of the local authorities and residents, which is why the
Cittaslow network is also regarded as a social movement and a local governance model [23].

The spatial layout and the potential of small historical towns are well aligned with
the main tenets of the Cittaslow movement which are strongly rooted in sustainability [24].
Towns that boast the snail logo strive to improve the quality of local life and cultivate
the culture of good living. The small size of urban structures, the cozy ambience of
public spaces (squares, streets, parks) and small population encourage the preservation
of local traditions and the search for harmony between a slow-paced life and sustainable
development [25,26]. Historical towns are characterized by strong place identity, which
promotes social integration and fosters a sense of attachment to one’s home [27,28]. In
towns with historical urban design and architecture, the residents are more likely to identify
with and feel responsible for their place of residence than large city dwellers. These factors
contribute to the search for novel urban planning solutions that are consistent with the
Cittaslow philosophy of a slow life and eco-friendly development [27,29]. Historical
structures in small towns well serve the above goals.

The philosophy and ideological assumptions of Cittaslow movement also fit in the
evolution of spatial and urban solutions. Changes in various fields of life (economy, culture,
etc.) have influenced the changes in its style. Moreover, they have an impact on the
physical side of the anthropogenic space [30]. Globalization and computerization have
contributed to the modification of social relations and homogenization of space in all
dimensions [31]. The dominant role is played by the flow of information, idea, capital,
goods and also people [32]. The quality of life indices for the certification and monitoring
of the member cities are the premises of the local councils’ actions. The modern ideas of
spatial planning allow claiming that the sustainable development and the idea of Slow City
are based on similar, or even often the same, assumptions. Duplicating the same norms in
sustainable planning and the idea of the movement has become the norm emphasized in
the modern debates on cities development. Consequently, the social awareness increase,
spatial structures are harmonized, the elements of the environment are respected and the
results of intensive urbanization are balanced. As a result, all of the above-mentioned
elements become the widely acknowledged rule of good practices in planning and spatial
management [30]. Moreover, they have the chance to be more widely implicated in other,
more complex and more urbanized spatial arrangements.

The integral element of city development is a constant process of changes in which one
of the leading roles is assigned to the processes of revitalization. It is a process that includes
comprehensive operations in old towns, old districts neglected in terms of the economy,
aesthetics, space, infrastructure, communication and functionality. In numerous points,
the process converges with the idea of Slow City and sustainable planning. It leads to the
prevention of social exclusion, facilitates socio-economic development and it also leads to
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the improvement of the quality of life of the local society. The revitalization process must
be conducted according to the principles of sustainable development with the integration
of social, spatial, economic, cultural, construction, investment and ecological aspects within
the determined aim [33,34]. The quoted scientific and technical discourse fully confirms
the necessity for the integration of the idea of Slow City, the sustainable development and
technical actions (f.eg. revitalization) in a widely-acknowledged planning and land use of
Cittaslow towns.

3. Materials and Methods
3.1. Study Areas

The study areas were small towns, which are Cittaslow members, in the Italian regions
of Tuscany and Umbria, and the Polish region of Warmia and Mazury (Figure 1).

Figure 1. The analyzed regions. Source: own elaboration.

The reason for choosing Cittaslow network for the study is the fact that it is a consistent
network of small towns. Moreover, it gives the possibility of conducting the research on
various urban organisms. While achieving the objectives, Cittaslow solicits raising the
effectiveness of economic growth, it puts emphasis on a high level of education and helps
in reducing poverty; it also develops newer and newer innovative economic projects. The
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objectives fit in the ideas of sustainable development. Among strong points of Cittaslow
network, one can list [35]:

• possibility of uniting nationalities that exchange experiences and create the new
quality of local life;

• creating common frames for development based on “the true-life” values;
• possibility of individualized towns development based on endogenous resources;
• creating a common brand that would assure the identification on the world scale as

well as on the national (local) scale;
• building partnership with inhabitants for the need of taking developmental decisions;
• building the identity of the towns’ inhabitants (Cittaslow Sunday/Week);
• exchanging good practices, including study visits;
• building common socio-economic undertakings.

Cittaslow network unites mostly historical towns which drew the attention of inter
alia the scientists from Massachusetts Institute of Technology City Science (USA). They
stated: “We went back in time and looked at towns in which we all would like to be—a lot
of them belong to the historical European towns”. They think that towns that work the
best are towns that had been organized before the car was invented. The towns include
districts with all essential everyday life facilities. It is the so-called [36].

The value of small towns is emphasized also in The European Commission studies on
the basis of which one can state that [37]:

• the towns have influence on the well-being and the living not only of their inhabitants
but also the surrounding rural population,

• they make public and private service centers and they collect knowledge, create
innovations and infrastructure on the local and regional scale,

• they make the base of urban regions and they give the character of regional landscapes,
and determine their distinctiveness,

• their structure of growth and development in Western Europe makes the best sustain-
able urban system in the world,

• generic features of small and medium-sized towns, especially the human dimension,
living conditions, the friendly nature of the districts and geographic rooting and
historical character, make the perfectly sustainable urbanization,

• they are the indispensable element to prevent depopulation in rural areas and migra-
tion to towns; they are also necessary to reach regional sustainable development, unity
and sustainable Europe.

These regions were selected for the study due to similarities in their spatial layout.
The analyzed regions are highly attractive and popular tourist destinations that are widely
visited by domestic tourists as well as tourists from other countries in Europe and the
world. The popularity of the studied regions can be attributed to their unique environment,
landscape, topographic features and cultural heritage, including historical urban fabric and
world-class monuments such as castles, churches and parks [38–41]. Moreover, Tuscany is
the cradle of the Cittaslow movement, whereas Warmia and Mazury is a region with the
highest number of Cittaslow towns in Poland. One should mention that Polish National
Cittaslow Network is the second in the terms of the number of town members in the
world [35].

Small towns are characterized by similarities and differences in their topographic
features, historical factors which influenced the evolution of urban structures, culture,
habits, building traditions, as well as climate which shaped the local architecture. The
above factors are responsible for the differences and similarities in the spatial structure of
small towns, but towns that are members of the Cittaslow network pursue similar goals
and strive to fulfill modern needs and aspirations. The analyzed towns differ considerably
in population which ranges from 505 to nearly 28,000 in the studied Italian regions, and
from 1964 to more than 23,000 in the Polish region.
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3.1.1. Italian Towns

Tuscan and Umbrian towns are much older than their Polish counterparts. Some
Italian towns were established in Roman times, and they are regarded as the cradles of
European civilization [42]. The founding dates of some towns cannot be determined accu-
rately due to the turbulent history of the Italian peninsula. Small settlements and Roman
military camps were transformed into towns that were destroyed and reconstructed on
numerous occasions over the centuries. Other towns were built as part of the urbanization
effort of the Roman Empire [43,44]. Topographic features and other environmental factors
significantly influenced the spatial structure of Italian towns, most of which have a highly
irregular street pattern [45]. However, these factors have little bearing on the preserved
urban fabric which dates back to later periods in history. The present size and population of
Italian towns is unrelated to topographic features [46]. The territorial reach of Italian towns
continued to expand as their economies grew in successive centuries, but their original
layout has been preserved to this day. The study covered 15 towns in Tuscany and 11 towns
in Umbria:

1. Tuscany—Abetone Cutigliano, Anghiari, Barga, Bucine, Capalbio, Castelnuovo Be-
rardenga, Civitella in val di Chiana, Cortona, Greve in Chianti, Marradi, Massa
Marittima, Pratovecchio, San Miniato, San Vicenzo, Suvereto;

2. Umbria—Amelia, Citta della Pieve, Ficulle, Monte Castello di Vibio, Montefalco,
Orvieto, Parrano, Preci, Todi, Torgiano, Trevi.

3.1.2. Polish Towns

The founding dates of towns in the Polish region of Warmia and Mazury are much
easier to determine. Source documents citing charters that granted town rights to set-
tlements in Warmia and Mazury have survived to this day. The relevant dates are also
easier to establish because Polish towns were founded later than their Italian counterparts.
Warmian and Masurian towns were granted charters because they were established on
virgin territory. Their founding dates are indicated in historical documents [47].

The analyzed towns have evolved over the centuries. Their present size and pop-
ulation differ significantly from the original figures, but similarly to Italian towns, their
historical layout can still be identified. The study analyzed 22 towns in the Polish Voivode-
ship of Warmia and Mazury: Barczewo, Bartoszyce, Biskupiec, Bisztynek, Braniewo,
Dobre Miasto, Działdowo, Gołdap, Górowo Iławeckie, Jeziorany, Lidzbark Warmiński,
Lidzbark, Lubawa, Nidzica, Nowe Miasto Lubawskie, Olsztynek, Orneta, Pasym, Reszel,
Ryn, Sępopol, and Wydminy.

3.2. Methods

Multidimensional analyses and evaluations are required to assess the multiperspective
functioning of historical towns and the ability of their spatial structures to meet the needs
and aspirations of modern communities. The evaluated towns are characterized by simi-
larities as well as differences in this respect. The objective of the applied original research
methods was to verify the assumption that sustainable municipal development is closely
related with spatial attributes. Some of the applied methods were based on the approaches
that are widely described in the literature [13,24,27,28,46–55], and they involved analyses
of the current status of historical urban layout. The remaining methods were developed by
the authors, and they rely on subjective evaluations of the towns’ spatial structure which is
defined by the historical urban fabric and architectural features. This approach is largely
universal, and it can be applied in towns situated in various regions of the world. The
spatial structure of the analyzed towns was assessed with the use of three criteria:

1. Multi-criteria evaluation of the spatial structure of small towns;
2. Evaluation of the influence of spatial attributes on the townscape;
3. Analysis and evaluation of the spatial structure of the studied towns.
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3.2.1. Multi-Criteria Evaluation of the Spatial Structure of Small Towns

The aim of this evaluation was to determine the extent to which a slower pace of life in
small cities contributes to sustainable development. Due to the large number of analyzed
towns (22 towns in the Polish region of Warmia and Mazury, 15 towns in Tuscany, and
11 towns in Umbria, Italy), a quantitative research method was applied to identify and
systematize the key elements that determine the quality of urban spaces. The following
elements were taken into consideration:

1. Founding date—iconographic sources and an analysis of the literature relating to the
history of Italian towns [56,57]. Polish towns were evaluated mainly by reviewing
German-language literature and iconographic sources dating back to the 19th cen-
tury [58,59]. The aim of the analysis was to identify differences in the spatial layout
of the examined towns and to determine possible correlations between a town’s
founding date and its urban layout (Table 1).

2. Topographic features—iconographic sources (maps, satellite images, etc.). The loca-
tion of the studied towns was analyzed relative to the predominant landform types,
including hills, river bends, banks of a river or another water body. Topographic
features exerted a considerable influence on the layout of urban structures (Table 2).

3. Urban layout—iconographic sources (maps, satellite images, etc.). The urban planning
solutions in the studied towns were analyzed in view of typical Medieval town
patterns:

• towns that evolved from the existing settlements;
• towns built around Roman military camps;
• towns built in cruda radice (from a “raw root”), usually along or at the crossroads

of major transportation routes.

4. Size and shape of market squares—iconographic sources (maps, satellite images, etc.).
The size and shape of market squares in Medieval towns were adapted to the towns’
area and economic status in the region. Market squares were assessed based on their
size, organization and role in the contemporary urban structure (Table 3).

5. Town area enclosed by fortified walls, present-day area, increase in developed area
(IDA) since establishment—iconographic sources (historical maps, satellite images).
At the time of their foundation, the area of the studied towns was defined by fortified
walls or topographic features (hill, bank of a river or another water body). The original
and present area of the evaluated towns was calculated from satellite images with
the use of the AutoCad software package. The territorial reach of Medieval towns
was determined based on an analysis of satellite maps and the authors’ knowledge
of the history of urban development in Europe. The analyzed towns had undergone
numerous transformations throughout history, and the calculated built-up area within
fortified walls was only a rough estimate, but it was sufficient for the needs of this
study. An accurate determination of the examined towns’ original area would require
archeological surveys which fall outside the scope of this study.

Over the centuries, continued economic growth led to the territorial expansion of the
studied towns. The towns’ original and present area was compared, and the attractiveness
of historical urban fabric relative to modern forms of urban development was evaluated
with the use of the following indicator:

IDA = PA/TAF (1)

where: IDA—increase in developed area; PA—present area; TAF—town area at the time of
foundation.
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Table 1. The influence of founding date on the urban layout of the analyzed towns.

No. Period of Origin Urban Layout

1.

Roman era
(3rd century

BCE—5th century
CE)

• towns were built around Roman military camps;
• towns developed around the existing settlements (irregular

urban layout).

2.
Early Medieval

period (8th to 10th
century)

• towns were built around Roman military camps;
• towns developed around the existing settlements (unplanned

urban layout);
• towns were built in cruda radice (from a “raw root”) with

irregular urban layout or a grid street pattern.

3. Medieval period
(11th to 14th century)

• towns developed around the existing settlements (irregular
urban layout);

• towns were built in cruda radice (from a “raw root”) with
irregular urban layout or a grid street pattern.

Source: own elaboration based on Tołwiński [48].

Table 2. Correlations between landform and urban planning solutions.

No. Topographic Feature Urban Planning Solutions

1. Hill with steep slopes
• grid street plan or irregular urban layout;
• dense urban network;
• dense development resulting from space constraints.

2. River bend

• grid street plan with various degrees of regularity;
• uncontrolled urban development in the direct vicinity of

the river;
• urban expansion in a direction opposite to the river.

3. Bank of a river or another water
body

• grid street plan;
• rib pattern or a regular grid patter;
• urban expansion in a direction opposite to the river or

another water body.

Source: own elaboration based on Czubiel and Domagała [47].

Table 3. Shape and size of market squares in the studied towns.

No.
Shape of Market

Square
Size of Market Square

1. The shape and relative surface area of the market square (ratio of
market area to town area) influence perceptions of urban structures.
Based on their shape and size, market squares can be perceived as
neutral, harmonious, elongated, dynamic, aggressive or cohesive.
The relative surface area of market squares in the analyzed towns
was classified as:
0.4–2.5%—small:
2.6–10.0%—average:
10.1–21%—large

2.

3.
4.

5.
6.

Source: own elaboration based on Czubiel and Domagała [47].

3.2.2. Evaluation of the Influence of Spatial Attributes on the Townscape

This stage of the research involved cartographic methods as well as field surveys
of Polish towns and selected Italian towns. Urban structures were evaluated by directly
experiencing the distinctive atmosphere of historical towns. Direct observations were
supplemented by analyses of photographs and video footage. Iconographic sources such
as maps and satellite images were also used to examine the key elements of the urban
structure. These research methods supported assessments of individual spatial attributes
which stimulate the senses and enable spectators to experience the unique/distinctive
atmosphere of a place (genius loci). The following factors were taken into consideration:
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1. Urban layout—cartographic sources, observations and field surveys. The extent
to which Medieval urban forms have been preserved was evaluated to determine
whether and to what degree the development of the studied towns affected their
original design. According to Camillo Sitte, an urban theorist whose work exerted a
considerable influence on contemporary urban planning, the designers of Medieval
towns in Italy appreciated the value of irregularity and esthetics in the urban form [54].
The evolution of Italian towns was influenced by topographic and environmental
features as well as their territorial expansion over the centuries. Polish towns were
established based on a different set of principles. Their streets followed a strict
geometric pattern that was adapted to local conditions, including topographic and
environmental features. Towns are living organisms that evolve over time. For this
reason, the functions of Medieval towns should be adapted to modern requirements
without compromising their original urban layout that has been shaped by historical,
topographic and cultural factors. Street patterns were analyzed in:

• Italian towns with a free-form urban pattern and an irregular street network,
where the junction of the main roads acts as a focal point in the town center;

• Polish towns with a grid street pattern, rigid compositional axes and a clearly
defined central area.

The urban forms in both Polish and Italian towns are aesthetically pleasing, but they
evoke completely different perceptions of urban space (Table 4).

Table 4. The influence of urban design on perceptions of space.

No. Criterion Perceptions of Space

1. Free-form urban composition

• authentic historical experience;
• enhanced/reduced esthetic experience;
• unpredictable urban planning solutions.

2. Grid street plan

• visual stimuli support the formulation of
comprehensive perceptions of urban space;

• spatiotemporal series;
• predictable urban planning solutions.

Source: own elaboration based on Hall [49], Wejchert [51], Gzell [54].

2. Urban open spaces—urban open spaces such as municipal squares, pocket parks
and small public parks were analyzed in Italian and Polish cities. The evaluated
open spaces differed in form and design, they were user-friendly and attracted local
residents as well as tourists (Table 5).

3. Architecture—local surveys of the quality of urban space. Buildings and structures
are the key elements of the townscape, and they build a sense of local identity. Urban
architecture is responsible for the distinctive atmosphere of a place and subjective
perceptions of the built environment. The unique ambience of Medieval towns can
be largely attributed to historical architecture. The form, layout, scale and detail of
architectural design, the applied building materials, their texture and color directly
influence the human senses. Non-material factors, such as the town’s founding date
and important historical events, are also powerful stimuli that generate positive per-
ceptions of space [60]. The historical architecture of the studied towns was analyzed
to determine its influence on esthetic and sensory perceptions of space. Architecture is
the main element of the urban fabric which influences the quality and attractiveness of
space. A town’s architecture stimulates the senses and creates an esthetic experience
(Table 6).

4. Conservation status of historical architecture—iconographic sources, field surveys.
The conservation status of historical architecture in the studied towns was evaluated
based on source documents and knowledge of the history of architecture. The results
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were used to estimate the date of construction, identify the architectural style and
assess the authenticity of the analyzed buildings (Table 7).

5. Scale of urban development—the area of the studied towns was analyzed in view of
historical changes in their territorial reach relative to their original area. The territorial
expansion of Medieval towns was an inevitable consequence of their economic growth.
The historical architecture in the center of small towns has to be preserved against
the background of modern development to maintain the esthetic composition of the
urban structure. This is a necessary prerequisite for preserving the unique identity
of historical towns, and it demonstrates that towns are living organisms that evolve
over time (Table 8).

Table 5. The influence of urban open spaces on perceptions of space.

No. Criterion Perceptions of Space

1. Squares

• user-friendly spaces;
• architecture and green infrastructure contribute to social

integration and a sense of local identity.

2. Municipal parks

• recreational areas;
• architecture and green infrastructure contribute to a sense of

identity and responsibility for one’s place of residence.

Source: own elaboration based on Wejchert [51], Montgomery [53].

Table 6. The influence of architecture on perceptions of space.

No. Criterion Perceptions of Space

1. Individual buildings and
structures

• form, scale, building materials, facade color;
• architectural style;
• positive/negative esthetic experience;
• no esthetic experience.

2. Frontage buildings, urban
block

• diverse architectural forms and styles;
• form, division, rhythm, roof pattern, building

materials, facade color;
• enhanced/reduced esthetic experience;
• genius loci;
• architecture contributes to a sense of local identity.

Source: own elaboration based on Burgess [28], Norberg-Schulz [52], Radwan [55].

Table 7. The influence of urban components on perceptions of the townscape.

No. Conservation Criteria Assessment

1. Historical urban design

• analysis of cartographic sources;
• field surveys;
• knowledge of the history of urban planning.

2. Historical architecture

• analysis of iconographic sources;
• field surveys;
• knowledge of the history of architecture.

3. Identification of the market
square

• preservation of the original shape, structure and size;
• conservation status of historical buildings flanking

the market square;
• quality of urban space (urban and architectural

design, street furniture).
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Table 7. Cont.

No. Conservation Criteria Assessment

4. Dominant buildings

• conservation status of dominant buildings in the
historical townscape (church, town hall, tower,
fortified structures);

• composition of townscape elements based on the
preserved dominant buildings.

5. Genius loci

• distinctive atmosphere;
• subjective emotional perceptions associated with

historical architecture.

Source: own elaboration based on Norberg-Schulz [52], Zagroba and Gawryluk [24].

Table 8. Factors responsible for the territorial expansion of the studied towns.

No. Criterion Assessment

1. Historical center

• the urban layout of the historical center is consistent with the
original town plan dating back to the period of establishment;

• dense, intensive development;
• the scale of urban development accentuates the historical

center against the backdrop of contemporary urban areas;
• historical buildings have a consistent architectural style;
• historical centers have a unique atmosphere (genius loci).

2.
Developed areas

outside the historical
center

• unlike historical towns, contemporary urban structures are
planned along regional transportation routes;

• dispersed development;
• the scale of urban development is largely influenced by the

historical center;
• modern architecture is radically different from historical

urban forms;
• modern urban development is devoid of the unique

atmosphere of historical centers.

Source: own elaboration based on Alexander [27], Benevolo [46], Rossi et al. [13].

The factors listed in Table 8 were used to evaluate the quality of urban space in
historical towns. The quality of the historical urban fabric is determined by perceptions of
structural archetypes, distinctive features that contrast with contemporary urban structures
outside the historical center, as well as compositional factors such as the scale of urban
development and urban forms.

3.2.3. Analysis and Evaluation of the Spatial Structure of the Studied Towns

An intuitive (holistic) research method was applied to determine the extent to which
the distinctive ambience (genius loci) of historical towns shapes the urban landscape in the
evaluated regions and contributes to an improvement in the local standard of living. The
influence of urban design elements, including structures, buildings, town blocks, streets
and squares, on the quality of urban space was evaluated in Polish and Italian towns.
Historical architecture and urban design are manifestations of a region’s cultural heritage,
and they evoke strong emotional responses. The analysis revealed strong links between the
quality of local life and the protection of heritage sites. These relationships have evolved
differently in Italian and Polish towns, which can be attributed to differences in culture,
climate and history (Table 9).
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Table 9. Preservation of historical spatial components in the studied towns.

No.
Subjective

Evaluation—Genius loci
Preservation of Historical Spatial Components of

Urban Space

1. Preserved

• town blocks preserved in original form;
• preserved historical architecture;
• distinctive atmosphere of a historical town.

2. Partly preserved

• minor modifications of historical components exert a
negligible influence on the overall legibility of urban
design;

• foreign and modern architectural forms exert a
minor effect on historical urban design;

• the existing urban structure has a predominantly
historical character.

3. Neutral

• considerable modifications of historical components
significantly compromise the overall legibility of
urban design;

• a predominance of foreign architectural forms
significantly detracts from historical urban design;

• the structural layout of historical towns is difficult to
identify.

4. Not preserved

• the legibility of the original urban design has been
lost;

• architectural design does not make a reference to
historical forms;

• urban spaces do not reflect the town’s history.

Source: own elaboration based on Rossi [50], Norberg-Schulz [52].

4. Results

The data collected with the use of the described research method were interpreted
based on three criteria for analyzing the spatial structure of the studied towns. The results
of the study are presented separately for each stage of the conducted research for greater
readability.

4.1. Multi-Criteria Evaluation of the Spatial Structure of Small Towns–Results

Italian towns differ considerably in founding dates because they were established
from Roman times to the Medieval period (Figures 2 and 3).

Most of the analyzed Polish towns were established in same century (Figure 4).
The spatial structure of Italian and Polish towns was determined by topographic

features and environmental conditions. All towns were founded in areas with favorable
terrain characteristics (hill with steep slopes, river bend, bank of a river or another water
body) which acted as natural barriers and protected the inhabitants against enemies
(Figure 5).

A centrally located market square has always occupied an important place in the
spatial structure of the studied towns. The size and shape of historical market squares
differ considerably in the analyzed urban structures, but most towns have rectangular
market squares (Figure 6).

The size of urban structures in Medieval towns was determined by the towns’ eco-
nomic status and technical capabilities (Tables 10–12). The average area of Medieval towns
within fortified walls was determined at 3.89 ha in Tuscany, 6.04 ha in Umbria, and 5.37 ha
in Warmia and Mazury. Over the centuries, economic growth fueled the expansion of the
analyzed urban structures outside defensive walls. Tables 10–12 present the developed
area of Italian and Polish towns, not the area enclosed by their administrative boundaries
(which includes undeveloped areas such as forests, water bodies and agricultural land).
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Only built-up areas with the accompanying green infrastructure were measured based on
orthophotomaps.

The area enclosed by fortified walls was used to calculate the relative area of the
market square, which was expressed as the ratio of market square area to developed urban
area (Figures 7 and 8). The average relative market square area was determined at 2.15% in
Tuscany, 1.91% in Umbria, and 10.92% in Warmia and Mazury.

As demonstrated by Figures 9 and 10, the studied towns continued to expand dynam-
ically throughout history. The greatest territorial expansion was noted in the 19th and 20th
centuries. The character and density of urban development also evolved, and this process
was accompanied by changes in urban design and architectural style. The average increase
in developed area was determined at 19.89% in Tuscan towns, 16.50% in Umbrian towns,
and 25.35% in Polish towns in the Region of Warmia and Mazury.

Figure 2. Founding dates of Tuscan towns. Source: own elaboration based on the data published by the Italian National
Institute of Statistics [61] and Atlante Storico Iconografico Delle Città Toscane [62]. Key: n.e.d—no exact data available.

Figure 3. Founding dates of Umbrian towns. Source: own elaboration based on the data published by the Italian National
Institute of Statistics [61] and Ross [63]. Key: n.e.d—no exact data available.
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Figure 4. Founding dates of Polish towns. Source: own elaboration based on Czubiel and Domagała [47].

Figure 5. Topographic features in Polish and Italian towns. Source: own elaboration based on cartographic analyses. Key:
1—Polish 9 towns: Bartoszyce, Biskupiec, Braniewo, Lidzbark Warmiński, Nidzica, Nowe Miasto Lubawskie, Olsztynek,
Reszel, Sępopol; 2—Italian 2 towns: Maradi (T), San Vicenzo (T); Polish 3 towns: Bisztynek, Działdowo, Gołdap; 3—Polish
3 towns: Barczewo, Dobre Miasto, Lubawa; 4—Italian 23 towns: Abetone Cutigliano (T), Anghiari (T), Barga (T), Bucine (T),
Capalbio (T), Castelnuovo Berardenga (T), Civitella in val di Chiana (T), Cortona (T), Massa Marittima (T), Pratovecchio (T),
San Miniato (T), Suvereto (T), Amelia (U), Citta della Pieve (U), Ficulle (U), Monte Castello di Vibio (U), Montefalco (U),
Orvieto (U), Parrano (U), Preci (U), Todi (U), Torgiano (U), Trevi (U); Polish 3 towns: Jeziorany, Lidzbark, Orneta; 5—Polish
4 towns: Górowo Iławeckie, Pasym, Ryn, Wydminy; 6—Italian 1 town: Greve in Chianti (T); (T)—Tuscany, (U)—Umbria.
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Figure 6. Shape of market squares in Italian and Polish towns. Source: own elaboration. Key: 1—Italian 2 towns: Bucine (T),
San Vicenzo (T); 2—Polish 6 towns: Działdowo, Gołdap, Lidzbark Warmiński, Lubawa, Nowe Miasto Lubawskie, Reszel;
3—Italian 7 towns: Capalbio (T), Marradi (T), Suvereto (T), Monte Castello di Vibio (U), Orvieto (U), Todi (U), Torgiano
(U); Polish 15 towns: Barczewo, Bartoszyce, Biskupiec, Bisztynek, Braniewo, Dobre Miasto, Górowo Iławeckie, Jeziorany,
Lidzbark, Olsztynek, Orneta, Nidzica, Pasym, Ryn, Wydminy; 4—Italian 2 towns: Castelnuovo Berardenga (T), Greve in
Chianti (T); 5—Italian 1 town: Montefalco (U); 6—Italian 9 towns: Barga (T), Civitella in val di Chiana (T), Cortona (T), San
Miniato (T), Citta della Pieve (U), Preci (U), Ficulle (U), Parrano (U), Trevi (U); Polish 1 town: Sępopol; 7—Italian 5 towns:
Abetone Cutigliano (T), Anghiari (T), Massa Marittima (T), Pratovecchio (T), Amelia (U).

Table 10. Tuscan towns—developed area.

No. Town
Developed Area within

City Walls [ha]
Contemporary

Built-Up Area [ha]

1. Abetone Cutigliano 2.2 26
2. Anghiari 2.3 116
3. Barga 6.5 140
4. Bucine 0 71
5. Capalbio 1.5 19
6. Castelnuovo Berardenga 2.8 56
7. Civitella in val di Chiana 2.2 43
8. Cortona 13.7 55
9. Greve in Chianti 5.1 72

10. Marradi 3.3 83
11. Massa Marittima 6.2 125
12. Pratovecchio 7.0 75
13. San Miniato 2.1 150
14. San Vicenzo 0 274
15. Suvereto 3.4 57

Key: zero values denote cities without fortified walls; contemporary built-up area—urbanized area (developed
area with the accompanying green infrastructure). Source: own elaboration based on Cittaslow Italia [64] and
Google Maps [65].
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Table 11. Umbrian towns—developed area.

No. Town
Developed Area Within

City Walls [ha]
Contemporary

Built-Up Area [ha]

1. Amelia 12.6 139
2. Citta della Pieve 5.4 102
3. Ficulle 2.5 22
4. Monte Castello di Vibio 2.4 27
5. Montefalco 3.3 56
6. Orvieto 9.3 92
7. Parrano 1.2 19
8. Preci 1.9 39
9. Todi 13.4 198

10. Torgiano 9.0 128
11. Trevi 5.4 212

Key: contemporary built-up area—urbanized area (developed area with the accompanying green infrastructure).
Source: own elaboration based on Cittaslow Italia [64] and Google Maps [65].

Table 12. Towns in Warmia and Mazury—developed area.

No. Town
Developed Area within

City Walls [ha]
Contemporary

Built-Up Area [ha]

1. Barczewo 6.0 458
2. Bartoszyce 9.0 1179
3. Biskupiec 6.0 500
4. Bisztynek 6.0 216
5. Braniewo 9.0 466
6. Dobre Miasto 6.0 486
7. Działdowo 8.4 1147
8. Gołdap 0 38
9. Górowo Iławeckie 5.6 332

10. Jeziorany 4.5 341
11. Lidzbark Warmiński 6.0 1435
12. Lidzbark 4.8 568
13. Lubawa 4.8 1684
14. Nidzica 6.0 686
15. Nowe Miasto Lubawskie 8.4 1137
16. Olsztynek 4.8 769
17. Orneta 8.0 963
18. Pasym 4.5 1518
19. Reszel 6.0 382
20. Ryn 0 414
21. Sępopol 4.5 463
22. Wydminy 0 83

Key: zero values denote cities without fortified walls; contemporary built-up area—urbanized area (developed
area with the accompanying green infrastructure). Source: own elaboration based on Cittaslow Polska [66] and
Google Maps [65].
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Figure 7. Relative market square area in Italian towns. Source: own elaboration. Key: zero values denote cities without
fortified walls.

Figure 8. Relative market square area in Polish towns. Source: own elaboration.
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Figure 9. Increase in the developed area of Italian towns. Source: own elaboration. Key: zero values denote towns where
the historical urban fabric was not preserved.

Figure 10. Increase in the developed area of Polish towns. Source: own elaboration.

4.2. Evaluation of the Influence of Spatial Attributes on the Townscape—Results

An analysis based on the adopted criteria (Tables 4–8—urban layout, public urban
spaces such as municipal squares, pocket parks and municipal parks, architecture, scale
of urban development) revealed that historical solutions considerably influenced urban
planning in successive centuries. Historical town centers are characterized by different
scale, density and type of development than other built-up areas, and they constitute the
focal points in the studied towns (Tables 13–15).
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Table 13. Preservation of historical spatial components in Tuscan towns.
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Table 14. Preservation of historical spatial components in Umbrian towns.
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Table 15. Preservation of historical spatial components in Polish towns in the Region of Warmia and Mazury.
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4.3. Analysis and Evaluation of the Spatial Structure of the Studied Towns—Results

The distinctive atmosphere (genius loci) of a town is determined by various components
of the urban fabric, including material factors as well as non-material factors which cannot
be quantified, but which influence the human senses and are responsible for esthetic
perceptions of space. The studied towns differed considerably in subjective perceptions of
esthetic appeal (Tables 16–18).

Table 16. Genius loci in Tuscan towns.
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Table 17. Genius loci in Umbrian towns.
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Table 18. Genius loci in Polish towns in the Region of Warmia and Mazury.
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iń
sk

i

L
id

zb
ar

k

L
u

b
aw

a

N
id

zi
ca

N
ow

e
M

ia
st

o
L

u
b

aw
sk

ie

O
ls

zt
yn

ek

O
rn

et
a

P
as

ym

R
es

ze
l

R
yn

S
ęp
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168



Land 2021, 10, 780

5. Discussion

Cittaslow towns are conjoined with a rich and long history as well as the charm
of places ostensibly frozen in time. While analyzing the localization conditions of the
Cittaslow network, it is hard to find any regularity. They represent different geographical,
historical and most of all spatial types. They are conjoined mainly by the fact that they
have historical centers and/or protected areas. Cultural heritage, valuable landscape, local
culture and language are appreciated by Cittaslow towns’ authorities, inhabitants and
tourists. “Slow” cities lay emphasis on all of the values and owing to that they get unique
character [67,68].

Historical planning solutions elicit the strongest emotional responses in perceptions of
urban space; they contribute to a sense of local identity and create a sense of responsibility
for one’s place of residence. The protection and promotion of these values constitute the
fundamental tenets of the Cittaslow philosophy [69,70]. It should be mentioned that towns
that join Cittaslow network commit themselves to keep the cultural heritage connected
with the way of living and living conditions [71,72]. Therefore, they achieve the goals
of the movement connected with taking care of the historic urban fabric, renovating
monuments and towns’ aesthetics [73]. It is connected with maintaining and cultivating
their historical identity which is not always connected with the functional demands of
modern times. Technical and technological development, fire regulations or the civilization
progress in general are a challenge in adjusting historical structures to the modern demands.
Unlike big cities, small towns have no possibilities for developing industry, building large
shopping centers or thoroughfare [74]. The analyzed Polish and Italian towns have many
similarities, such as the size of the original urban settlement. However, they differ in
other respects, which can be attributed to cultural and climatic differences. Historical
urban planning solutions play an important role in this comparison because they testify
to the towns’ rich cultural heritage which followed European trends in urban design and
architecture. The analyzed urban layout is also indicative of differences in local building
traditions [75–77]. Qualitative improvement of the built environment should acknowledge
local divergence and models as the manifestation of local identity. The greater awareness
of key social factors in urban planning and creating architecture influence the higher
potential of social sustainability of residential environment [78]. The extent to which
urban design components determine the attractiveness of historical towns was evaluated
based on the results of field surveys and analyses of iconographic materials. This is a
very important consideration in small towns where the physical attributes of space are
closely related with the spiritual needs of public space users. It is particularly visible in
Slow Cities that apart from rich cultural heritage also have other important endogenous
assets: widely underestimated bond and social awareness, and cooperation skills that
stem from a deep sense of belonging to the inhabited place [67,79]. Consequently, the
inhabitants feel like taking responsibility for their town which is definitely easier to be done
in small local societies, where unlike in cities, the bonds are usually really strong [26,74,80].
The applied research methods supported the identification of links between the quality
of historical urban space and the local standards of living. These methods were also
successfully used to determine why small historical towns uphold the Cittaslow philosophy
and whether different urban layouts in Polish and Italian towns create equal opportunities
for implementing the principles of the slow living movement.

The analyzed Italian towns do not differ considerably in urban layout despite the fact
that they were founded in different periods of time. The free compositional arrangements
are dominant in Italian towns, which could have been connected with transforming former
settlements, topography, climate and historical conditioning [81]. The factors, regardless of
the widely-acknowledged in the Middle Ages rules of town layout, based on the chessboard
layout, made the structure of Umbria and Tuscany to exceed the rules of urban composition
created centuries ago [82,83]. Regardless of their founding date, the compared urban
structures have many similarities, which suggests that climate and local architectural
traditions played a key role in the development of urban forms. The layout of Polish towns
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is completely different than Italian towns’ layouts. It corresponds to the general rules for
founding a town that were current in the Medieval Times. Polish towns are characterized
by more regular layouts which are based on the chessboard layout with a regular market in
the middle and a perpendicular grid of streets. [45,48]. Nearly all of the evaluated towns in
the Region of Warmia and Mazury have a regular, geometric street pattern with a centrally
located market square, a fortified castle and a church.

Towns founded in different historical periods are also characterized by varied urban
layouts. A grid street pattern is rarely encountered in Italian towns. In these towns, narrow
streets are chaotically distributed, and dense development offers shade and refuge in the
hot summer months. In the Middle Ages, dense settlement also increased security because
smaller areas were easier to defend against enemies. That feature characterizes towns in the
whole Europe [84]. Most of the evaluated towns abound in historical architecture which
makes a reference to local building traditions and creates urban forms that are characteristic
of the cultural landscape of Tuscany and Umbria. A completely different urban layout was
observed in Polish towns. Warmian and Masurian towns were founded on a rectangular
street plan, and they were divided into blocks of dense development with a market square
in the center [85]. The original urban layout is still legible in most towns. Despite the above,
the historical architecture of Polish towns was largely destroyed at the end of World War II.
Consequently, the most valuable and the oldest parts of buildings, sometimes the vivid
symbols, buildings acknowledged as the elements that shaped the individual landscape
of the towns were degraded. Unfortunately, the post-war reconstruction effort, as well
as their development, were very often unsuccessful and they often worked the opposite
to the historical functional layout, arrangement and the scale of building that had been
functioning in historical Polish towns for centuries [33,86]. At that time Poland belonged to
the Eastern Block which negatively influenced the maintenance of historical identity of the
towns. The post-war reconstruction was done without respect for historical assumptions
which consequently led to losing towns’ historical character [87].

Polish and Italian towns were established in areas with different landform and natural
features. Most Italian towns were founded on steep hills that are ubiquitous in Tuscany
and Umbria [88–90]. Hills are local topographic features which acted as natural barriers
and protected towns and their inhabitants. In contrast, north-eastern Poland abounds in
rivers and lakes which were the main focal points during the establishment of Medieval
towns. Many Polish towns were nested in the bend of a river. It was done mainly because
a river was indispensable for life. It provided water for people and animals, allowed for
gathering food, watered crops, and fertilized soils. Close vicinity to rivers had also served
military purposes [91]. Security was of the utmost concern in Medieval times, and towns
were founded in areas where local terrain features offered effective protection. Moreover, a
river facilitated trade and communication enabled professions that required the presence
of water; it allowed draining the rain and urban pollution or using energy resources of
river flow. Its close vicinity to a large extent influenced the economic development and it
also had an impact on political, demographical and social relations of towns located close
to the river [91].

The size of Medieval towns was determined by their ability to satisfy the residents’
basic needs, and the complex process of building fortified walls favored dense development.
Throughout the centuries, defensive walls limited the territorial expansion of cities whose
size was fairly similar and representative of the level of technological advancement in the
Middle Ages [92]. The average area of towns enclosed by fortified walls was similar in all
studied regions, although it was somewhat larger in Italian towns (Cortona, Amelia and
Todi). Polish towns were characterized by similar size, with the exception of Gołdap and
Ryn.

Traders sold their goods in centrally located market squares which fueled the economic
growth of Medieval towns. The market square was the heart of the town, and its location
influenced the urban development pattern in the remaining parts of the town. The size and
shape of the market square were determined by the town’s area and street pattern [92]. The
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vast majority of towns in the Region of Warmia and Mazury have rectangular and square
markets. Only three market shapes were identified in this region, which could be attributed
to the fact that Polish towns were founded in the same historical period. The shape of
market squares in Italian towns is more varied. A trapezoidal shape was most frequently
encountered, followed by rectangular markets and markets with a complex shape. A total
of seven market shapes were identified in the study, but none of the analyzed Italian towns
had square-shaped markets. The observed variations are associated with considerable
differences in the founding dates of Italian towns.

The functions of market squares have been expanded in the modern times. Market
squares are not only the hubs of commercial and economic activity, but they also serve
representative and recreational purposes [93,94]. They are historical landmarks that con-
tribute to a sense of local identity and attract tourists and potential investors [95]. The
relative area of the market square differs considerably between Italian and Polish towns.
The studied towns in the Region of Warmia and Mazury are characterized by significantly
higher relative market area which was determined at 10.74% on average and reached up
to 20% in Nidzica and Ryn. In Italian towns, relative market square area approximated
10% only in San Miniato (Tuscany). These variations can be attributed to differences in
founding dates. Polish towns were established later than their Italian counterparts, and
most of them were not built around the existing settlements, but from a “raw root”. From
the beginning of their existence, Polish towns were adapted to local needs, and the relative
proportions of the market square to the remaining forms of urban development could be
freely shaped.

Towns are living organisms that continue to evolve, and their territorial reach changes
throughout time. The growth and expansion of towns are determined by their regional
and supra-regional status, economic performance, quality of space, and standards of
living [96–98]. These factors influence the rate of urban expansion in the course of decades
and centuries. In Polish towns, built-up area increased most rapidly in the 19th century
when small factories (mills, breweries, lumber mills, brick factories) and railway lines were
built in the Region of Warmia and Mazury [47]. The expansion of Italian towns was less
dynamic due to topographic barriers (closed-form cities established on hills).

Preservation of historical spatial components significantly influences the shaping and
perceptions of urban space. The elements, such as urban layouts, i.e., streets, squares,
urban interiors and architecture, create the picture of historical changes. The elements to a
large extent influence the spatial identity of towns [99]. In the towns of the analyzed areas,
the differences are significant. All preservation criteria have been met in Umbrian towns,
excluding Torgiano and, partly, Preci. The historical environment of Tuscan towns has also
been successfully preserved (excluding Bucine, Civitella in val di Chiana, Pratovecchio, San
Vicenzo and, partly, Abetone Cutigliano). The historical urban layout of Polish towns has
been partly maintained or lost. Only the first two criteria in Table 15 have been preserved
to a satisfactory degree.

The genius loci notion is indispensably connected with the perception of town space.
It is not material, the places are special. They are the source of spiritual experience con-
nected with history, the meaning, symbols and aesthetics which are individually perceived.
Urban space, individual in every case, is prestigious, “the tokens” of a town with which
the inhabitants identify. This relation equals the sense of belonging to a given cultural
circle [100]. The significance of the places is unquestionable as it is consolidated in social
awareness by particular events, representational buildings or functions [101]. In urban
space, it is significant as town planning and architecture enrich the spiritual sphere, they
are born in social space which remains as the space full of meanings and symbols, es-
pecially in historical towns [102]. For this reason the genius loci is the most subjective
and elusive factor in evaluations of historical urban forms. Historical downtown areas
differ considerably from the remaining parts of the urban fabric, and they have distinctive
features that have been adapted to contemporary needs without a loss of local identity.
The results of the study revealed that the preservation of historical spatial components
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is directly responsible for the unique ambience of historical towns. This observation is
validated by the fact that Torgiano and Preci are the only Umbrian towns without a genius
loci. There are no discernible elements that would signify the rich history of the town.
The urban layout and architecture do not have hallmarks of historical solutions as space
is organized rather in a modern way. In Tuscany, the pervading spirit of a place is also
most strongly manifested in towns whose historical environment has been successfully
preserved. Polish Medieval towns have been most severely deprived of their historical
ambience, and the genius loci has been retained in only six towns (Działdowo, Górowo
Iławeckie, Nowe Miasto Lubawskie, Orneta, Pasym, Reszel). In the remaining cases, the
spatial solutions do not have any historical features. After World War II their urban layout
was changed and the architecture of socialism vividly stood out from the stylistics that had
been created for centuries.

To summarize, one can state that towns that ate members of Cittaslow network
develop according to the same set of criteria which is at the same time the benchmark
of developmental standards. However, it is so profound that it allows for shaping the
local specialization in an individual way. Every town has its own unique endogenous
potential which under some conditions can contribute to real development and raising its
inhabitants’ quality of life [67,103], and the same time achieving the goals of functioning of
Cittaslow movement.

6. Conclusions

Small historical towns offer a glimpse into Europe’s wealthy cultural and architectural
heritage. The original spatial structure of these towns has been preserved to a varied extent.
Cittaslow International is a network of small towns which prioritizes the quality of life
over the hustle and bustle of modern cities. The article analyzes and evaluates historical
spatial forms in Cittaslow towns situated in selected European regions with a different
culture and history. The relationships between the urban layout and the local quality of life
based on sustainable development and protection of cultural heritage were examined.

The study revealed that the Medieval layout of Polish and Italian towns can be
successfully incorporated in the modern urban fabric to promote the Cittaslow philosophy
of sustainable development and slow living. Cittaslow towns are characterized by small
size and population, small-scale urban development and user-friendly public spaces that
promote a sense of local identity and foster responsibility for one’s place of residence.
Historical spatial layouts of the towns (downtown built-up areas) are not adjusted to the
modern functional specificity of a big city and its dynamics. There is no possibility for
industrial development, building large-areas shopping centers, organizing public transport
or building thoroughfare. The small scale of the area in the town center makes social
integration an inevitable element of its functioning.

Moreover, historical towns have distinctive spatial features, including small squares,
narrow streets that are closed off to vehicular traffic, and historical architecture that triggers
emotional responses. These components facilitate the implementation of the Cittaslow
concept that advocates harmonious relations between the past, i.e., the preservation and
promotion of local traditions and cultural heritage, and the future, i.e., economic growth
and an improvement in living standards. Even though Polish and Italian towns have
differences in their layouts and character, they still have a common feature—the cozy space
organization which being combined with old but well-functioning architecture corresponds
to Cittaslow assumptions.

The analyses demonstrate that the components can be applied for spaces developed
in a various way, both Polish and Italian towns. Historical urban fabric favors pedestrian
movement, which contributes to the formation of stronger social bonds, unlike in large
metropolitan areas where social interactions are scarce. Dense development in small towns
eliminates physical barriers to human contact, such as extensive open spaces, wide roads
and large plots of land zoned for development. These findings indicate that in order to
preserve the historical urban fabric, the structure should not be interfered with. Effective
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planning policies are required to preserve the scale, unique character and identity of
historical towns, and they facilitate the achievement of Cittaslow goals. Historical spatial
layout and urban structures promote local arts, crafts and services. Preservation of local
traditions and cultural heritage contributes to the development of tourism, and modern
technology (such as remote work arrangements) improves the quality of local life.

Historical urban fabric is an element of cultural heritage and one of the pillars of the
tourism industry which creates ample opportunities for promoting the values of towns
and regions. Therefore, the results of this study can be used by local authorities to establish
cooperation networks, promote their towns and regions, and exchange experiences relating
to the implementation of local development policies. The proposed research methods are
largely universal and can be applied to analyze the spatial structure of small towns in other
regions of the world. The study adds to the existing body of knowledge relating to the
development of historical urban forms and spatial layout. The possibility for comparing
Polish and Italian towns, which differ in many above-mentioned aspects, proves the point.
The methodology is therefore universal and can contribute to the comprehension and
further development of the Slow City idea in various regions in the world. Moreover, it
can be used as a key element in building local urban revitalization programs for historical
towns. Such practice is commonly applied in urban planning in numerous European
regions. However, during conducting the research one should be aware of the limitations
connected with the lack of a unified database for given countries and the limitations of the
access to iconographic and cartographic resources.
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Abstract: The spatial mismatch between population growth and settlement expansion is at the base
of current models of urban growth. Empirical evidence is increasingly required to inform planning
measures promoting urban containment in the context of a stable (or declining) population. In
these regards, per-capita indicators of land-use change can be adopted with the aim at evaluating
long-term sustainability of urbanization processes. The present study assesses spatial variations
in per-capita indicators of land-use change in Rome, Central Italy, at five years (1949, 1974, 1999,
2008, and 2016) with the final objective of quantifying the mismatch between urban expansion
and population growth. Originally specialized in agricultural productions, Rome’s metropolitan
area is a paradigmatic example of dispersed urban expansion in the Mediterranean basin. By
considering multiple land-use dynamics, per-capita indicators of landscape change delineated three
distinctive waves of growth corresponding with urbanization, suburbanization, and a more mixed
stage with counter-urbanization and re-urbanization impulses. By reflecting different socioeconomic
contexts on a local scale, urban fabric and forests were identified as the ‘winner’ classes, expanding
homogeneously over time at the expense of cropland. Agricultural landscapes experienced a more
heterogeneous trend with arable land and pastures declining systematically and more fragmented
land classes (e.g., vineyards and olive groves) displaying stable (or slightly increasing) trends. The
continuous reduction of per-capita surface area of cropland that’s supports a reduced production
base, which is now insufficient to satisfy the rising demand for fresh food at the metropolitan scale,
indicates the unsustainability of the current development in Rome and more generally in the whole
Mediterranean basin, a region specialized traditionally in (proximity) agricultural productions.

Keywords: metropolitan expansion; per-capita urban area; per-capita cropland; land mismatch;
population; Italy

1. Introduction

Land use/land cover changes (LULCCs) are due to a large number of factors en-
compassing climate change, occurrence of natural risk, regulation/conservation policies,
and human disturbance mainly consisting in various forms of urbanization [1–9]. In
this perspective, in urban areas, settlement expansion and landscape transformations
were intimately associated, involving multiple research dimensions encompassing ecol-
ogy, planning, economic issues, and social aspects [10]. For a comprehensive study of
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urbanization-driven landscape changes, defining urban growth in terms of density, spa-
tial morphology, socioeconomic implications, and environmental impacts is a difficult
task [11–13]. Focusing on agglomeration, contemporary urbanization has been progres-
sively shifted beyond the typical ideal city models in which the density of population,
settlements, and economic activities display a significant decline moving away from down-
town [14]. Urban sprawl was proposed as a comprehensive definition of this evolution:
while sprawl comes across as a matter of degree not easily quantifiable, it is argued that in
this case the density gradient of any urban function (population, buildings, and businesses)
became less steep over time [15–17]. However, low-density development differs from place
to place, thus defining of such a process is a mostly place-specific exercise [18]. Impacts of
sprawl on fringe landscapes are also mixed and hardly predictable as land-use change in
metropolitan regions is often the result of a complex interplay of socioeconomic factors
and land constraints (e.g., accessibility, infrastructural development, land/house prices,
and access to credit) [19–22].

The dynamic linkage between landscape transformations and population dynamics in
advanced economies became increasingly multifaceted because of the mutual interplay
of environmental, social, and planning dimensions that influence the level of sustainable
development at different spatial scales from regions to local communities [23,24]. It was
demonstrated how population dynamics have influenced sprawl less intensively than what
occurred under more compact and dense stages of urban expansion in the past [25]. In
fact, the current model of urban development (i.e., low-density settlements scattered on
a natural or agricultural matrix) results in spatially articulated settlement morphologies
leading to high rates of land consumption [26–28].

Following Couch et al. [2], urban sprawl has been increasingly treated as a process of
urban change rather than a pattern of urbanization. In this sense, the definition given by
Glaster and other scholars nearly twenty years ago [1] is the one that best allows sprawl to
be intended as a process and not merely a spatial pattern. Within this approach, the simplest
indicator for measuring the extent of sprawl in a metropolitan area is a ratio of two growth
rates: the rate at which land development near the outer suburbs has increased divided by
the rate at which the population of the metropolitan area has grown [29]. Measuring urban
and suburban expansion in this context, a recent study defined exurban development as a
process in which “the spread of development across the landscape far outpaces population
growth” [30–32]. Similarly, another study notes that “if land is being consumed at a faster
rate than population growth, then a metropolitan area can be characterized as ‘sprawling’.
If population is growing more rapidly than land is being consumed for urbanization,
then a metropolitan area can be characterized as ‘densifying’” [3]. Taking this approach,
Wiewel and Persky’s work on Chicago’s suburban sprawl [13] demonstrated that between
1970–1990, urbanized land grew by 46%, while the population increased by only 4% (a
ratio of 11.5 to 1). This is only an example of the possible use of per-capita indicators of
land-use [33–38].

A large imbalance between a place’s spatial expansion and its population change
(where the former increases much more rapidly than the latter) is not unusual in advanced
economies [39]. Growth of this sort produces a lower density outcome with people and
their residential and commercial buildings using more space often at the expense of forests
and farmland [40]. Examining landscapes from the other side of the fringe, exurban devel-
opment has produced fragmented and chaotic natural landscapes that are progressively
losing their characteristic traits (e.g., as far as the composition, configuration, and structure
are concerned) [41]. While land-use change in metropolitan regions was the subject of
earlier studies delineating knock-on effects on the environmental matrix [42–44], the rela-
tionship between land-use change and urban cycles has not yet been adequately studied,
especially in regions where human pressure has increased more rapidly in recent years [45].

Based on earlier studies [46], a complete urban cycle is usually represented as a
sequence of four development stages with different demographic characteristics from
urbanization to suburbanization and from counter-urbanization to re-urbanization [47].
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The downtown population increased in both the first and the fourth stage; the suburban
population increased in the second stage; and the rural population in metropolitan regions
increased in the third stage [48]. Per-capita land-use indicators seem to be an appropriate
solution to better delineate the temporal outline of different stages of a complete urban
cycle, in turn quantifying the incipient mismatch between population growth and urban
expansion [49]. This evidence indicates, likely better than other indicators, the shift from
compact models to a more dispersed settlements’ structure [50]. By linking (urban) form
and (ecological) functions in peri-urban areas, a long-term analysis of per-capita land-use
indicators provides the necessary informative base to any policy aimed at containing urban
expansion [51–54]. In this direction, spatial planning is urgently required to finely tune
urban expansion with population increase and growth in economic activities, limiting
settlement diffusion (e.g., in shrinking cities) [55].

The drastic spread of official statistics, land-use maps, and geo-spatial databases
support a refined landscape analysis investigating per-capita land-use indicators over a
sufficiently long-time interval [56]. Per-capita indicators of land-use change represent a
suitable tool to test assumptions on the relationship between urban cycles and landscape
transformations over different waves of metropolitan expansion [57]. In this direction,
exploratory multivariate data analysis contributes to reveal the complex linkage between
compositional changes in relict, fringe landscapes, and the increase of resident population,
considered an anticipatory indicator of the specific stage of a given city life cycle [58,59].

Grounded on this theory, our study provides a long-term analysis of per-capita land
cover changes at the fringe of a metropolitan region in southern Europe. In light of differ-
ent models of urban expansion from compact and radio-centric urbanization to dispersed
expansion of low-density settlements, the present study documents urban and peri-urban
changes over nearly 70 years (1949–2016). As a novel contribution to land-use science, the
present work delineates the prevalent mode of urban expansion in Rome (Italy) considering
both socioeconomic functions (whose changes are reflected in the sequential stages of the
city life cycle) and morphological shifts (e.g., compact vs. dispersed). The Rome metropoli-
tan area is a typical semi-compact and dense city in southern Europe experiencing different
waves of settlement expansion and represents an example of metropolitan transformations
in the Mediterranean [60–62]. The empirical results of this study allow for the discussion of
the (supposed) unsustainability of current urban expansion compared with past settlement
structures as far as land fragmentation and loss of relict habitats and traditional crops at
the fringe are concerned.

2. Materials and Methods
2.1. Study Area

The investigated area covers a large part of Rome’s province (Latium region, Central
Italy) encompassing the municipalities of Rome and Fiumicino (1500 km2, see Figure 1).
The study area is mostly flat and corresponds with the so called ‘Agro Romano’, a cultivated
district with traditional rural landmarks, biodiversity, and cultural heritage surrounding
the historical city of Rome along the alluvial plain of the Tiber river [60]. Climate regime in
Rome is typically Mediterranean with rainfalls concentrated in the fall and spring and mild
temperatures in the winter. Average annual rainfalls and mean daily temperatures were
nearly 700 mm and 16 ◦C in the period between 1960–1990, although in the last decades
the study area is becoming drier and warmer as a consequence of reduced precipitation
and increased temperatures.

During the investigated period (1949–2016), this area has been subjected to consider-
able transformations due to a mix of drivers. Among them, Common Agricultural Policy,
local market conditions, demographic trends, and conservation measures (e.g., Natura 2000
network) have stimulated on the one hand a strong intensification and simplification of
the agricultural productions; on the other, an expansion of land abandonment phenomena,
all contributing to an increased environmental fragility of these areas [63,64]. A pivotal
role has been played by urban growth impacting agricultural lands and compromising
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their distinctive socioecological features. The low-density discontinuous settlement that
developed on the edges of Rome (Figure 2) penetrates into the Agro Romano, fragmenting
its agro-forestry matrix. The negative effects of this expansion can be cumulative and can
increasingly affect large areas as shown by the regional distribution of per-capita land
consumption computed at the municipal scale.

In particular, despite the fact that Rome exhibits intermediate values for the extent of
urban areas on the total municipal area and for per-capita built-up areas partially due to a
huge municipal area, the neighboring municipalities exhibit a sprawling urbanization with
variable settlement densities that are frequently higher than those observed in the central
municipality. Settlements traditionally organized on radial axes around the consolidated
city are characterized by variable sealing rates with very heterogeneous percentages in the
regional area, particularly high around the county seats (not only in Rome but also in the
other Latium provinces), representing sub-centers in expansion. Simultaneously, the origi-
nal settlement structure in the rural districts of the Agro Romano has been transformed into
a medium and low-rise fabric spatially decomposed as a result of urban de-concentration
processes only partially devised with consequent spatial colonization of areas located at
20–40 km from the central city.

Urban settlements in Rome can be divided into 2 main districts: (1) the consolidated
urban fabric hosting 63.4% of the population (as the percentage share in the total population)
with a population density of 4873 inhabitants/km2 and (2) the suburbs hosting the 36.6% of
the population (as the percentage share in the total population) with a population density
of 1037 inhabitants/km2 (2011 census).
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Figure 2. Boundaries of the Latium region located at the heart of Italy. Within the circle the municipalities of Rome
and Fiumicino are shown with their corresponding urban areas (1960–2009, sub-figure (a)) and 2016 artificial surface
per-capita (sub-figure (b)). These figures are taken from the annual report (2017) that ISPRA (Italian National Institute for
Environmental Protection and Research) draws up on soil consumption, territorial dynamics and ecosystem services [65].

2.2. Land-Use Maps

Following earlier studies [26], a database reporting the surface area of several land-use
classes was derived from elaboration of 3 compatible maps with a land nomenclature based
on a simplified Corine Land Cover classification system [57–59,61,62]: (i) the Italian Istituto
Geografico Militare topographic map (1:25,000 scale) produced in 1949, (ii) a land-use map
(1:25,000) produced by the Cartographical Service of the Rome’s province authority derived
from field surveys and in-house photo-interpretation of digital ortho-photographs taken for
cadastral purposes, and (iii) land-use maps (1:25,000) realized by the Cartographical Service
of Latium regional authority from photo-interpretation of digital ortho-images released
from the Italian National Geoportal. In addition, a first map was originally produced for
1999 and subsequently updated for 2008 and 2016 with new images referring to the same
years. Eight homogeneous classes with a minimum mapping unit of 1 hectare have been
considered: (i) arable land, (ii) crop mosaic, (iii) vineyards, (iv) olive groves, (v) woodlands,
(vi) pastures, (vii) water bodies and wetlands, (viii) impervious land, and (ix) urban parks.

2.3. Land-Use Indicators

In this work, we used per-capita indicators as suggested by the United Nations [66]
for the achievement of the Sustainable Development Goals (SDGs). In particular, the
2030 Agenda strongly encourages the adoption of the indicator “relationship between
land consumption and population growth”. In addition, Italy has adopted this indicator
in the annual report of soil consumption drawn up by ISPRA (Italian National Institute
for Environmental Protection and Research, see Reference [65]). For each investigated
year (1949, 1974, 1999, 2008, and 2016), a per-capita indicator of surface area by land-use
class was constructed considering (i) the total extension (ha) of land devoted to a given
class and (ii) the total population residing in the study area (municipalities of Rome and
Fiumicino). Total population was derived from integration of population census data
(conducted every 10 years in Italy on behalf of the National Statistical Institute, Istat) and
results from the national population registry available for each country’s municipality.
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Annual rates of change over time were also calculated separately for each time interval
(1949–1974, 1974–1999, 1999–2008, and 2008–2016) and land-use class.

To summarize long-term land-use patterns and trends in the study area, a Principal
Component Analysis (PCA) was run on a matrix composed of two indicators’ sets: (i) the
relative proportion of the 9 classes (see above) by year (i.e., class area in total landscape,
labelled with ‘c’) and (ii) per-capita surface area (ha) of each land-use class by year (la-
belled with ‘p’). PCA is a multivariate exploratory technique aimed at analyzing two-way
data matrices, inspecting the latent relationship among variables organized by rows and
columns together. In our case, PCA provides delineates a dynamic representation of land-
use change in the study area considering year-by-year class transformations by evaluating
both landscape composition (class area) and land-use intensity (per-capita class area). The
input matrix was constituted of 9 land-use classes (columns) and 2 indicators (percent
class share in the total landscape and per-capita surface area by class) quantified at five
years each (rows) and occupying ten rows. Components were extracted on the base of the
absolute eigenvalue. Components with eigenvalue > 1 were regarded as significant and
analyzed further for loadings and scores’ structure. A biplot was realized with the aim of
illustrating the statistical distribution of component loadings (land-use classes) and scores
(indicators and years), evidencing the apparent linkages between land-use composition
and landscape structure. This plot provided a refined and summary outlook of similarities
and differences in landscape transformations across the study area.

3. Results

The study area has experienced land-use changes over time (Figure 3). Urban growth
with sequential acceleration and deceleration waves has been associated with a moderate
increase in the forest area. Landscape transformations have negatively impacted the
traditional agricultural matrix that has contracted significantly. Urban fabric, initially
compact and concentrated around the central city, has gradually expanded into rural areas
occupying more than 30% of the surface area administered by Rome’s municipality in 2016
and developing a spatially heterogeneous shape. Based on the landscape structure in 1949,
the agricultural matrix formed a natural interface between urban areas and forests. In 2016,
it was extremely fragmented, no longer acting as a buffer zone between settlements and
woods, and now placed in close contact in most cases. These changes have transformed
Rome’s morphology, initially dense and organized mono-centrically around the historical
town. During the study period, urban development progressively lost its radio-centric
and additive character. In 2016, Rome’s morphology was found more dispersed and
spatially discontinuous. Taken together, these preliminary results highlight a transition
from a compact form to a more dispersed and fragmented morphology common with other
Mediterranean cities.

The long-term transformation of Rome’s landscape (1949–2016) coincided with intense
population growth in the study area (Figure 3). However, combining urban expansion and
population growth rates, different rates of change were observed in the four sub-periods
of investigation. The first period (1949–1974) was characterized by a sustained rate of
urban expansion (about 4% per year) associated with an equally high rate of population
growth (about 3% per year) and their ratio is about 1.5. This period reflects compact,
dense, and radio-centric urbanization leveraged by demographic growth. The second
time interval (1974–1999) delineated a massive urban expansion (about 3% per year) that
did not correspond to a similar demographic trend, though, as the population grew very
weakly with a ratio reaching the tremendous value of about 188. This period coincides
with a phase of suburbanization, the result of which was the suburban expansion of
low-density and spatially dispersed settlements in the metropolitan area. The largest
mismatch between urban expansion and population growth was observed at this stage.
The two subsequent periods (1999–2008 and 2008–2016) were rather similar, characterized
by moderate urban growth in the face of modest demographic dynamics. In relative terms,
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the mismatch between the two growth rates remained high with ratio values of about 6
and 3.5, respectively.
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Figure 3. Percent annual rate of growth (population: blue; settlements: orange) by time interval in Rome. Urban expansion
includes impervious land and parks/gardens within the city.

Considering the availability of different land-uses per-capita as an indicator of long-
term transformations in urban, agricultural, and forest landscapes (Table 1), a substantial
reduction in per-capita arable land was observed over time. Impervious lands (urban
settlements) exhibit opposite dynamics similar to what has been observed for urban parks
and gardens, a class physically associated with settlements and therefore dependent on
their dynamics over time.

Table 1. Per-capita surface area (hectares) by land-use class in Rome, 1949–2016.

Class 1949 1974 1999 2008 2016

Arable Land 6.277 2.777 2.505 2.342 2.199
Crop Mosaic 0.161 0.178 0.070 0.111 0.112

Vineyards 0.221 0.126 0.068 0.069 0.070
Olive Groves 0.039 0.056 0.056 0.062 0.063
Woodlands 1.018 0.551 0.634 0.631 0.631

Pastures 0.549 0.770 0.433 0.425 0.422
Water Bodies 0.062 0.036 0.035 0.036 0.035

Impervious Land 0.594 0.800 1.388 1.460 1.530
Urban Parks 0.144 0.090 0.172 0.174 0.174

Following a significant decrease in the first time interval (1949–1974), forests have
exhibited slight increases in more recent periods. Despite the significant contraction of
agricultural areas, the cropland mosaic has undergone an important spatial reorganization.
Some agricultural systems exhibited a decrease (vineyards and pastures), while other
classes exhibited a slight growth (olive groves). In every case, trends over time have been
non-linear, highlighting a substantial heterogeneity that corresponds to very different
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dynamics over space according to the different phases of urban expansion as better demon-
strated in the following analysis. The empirical analysis of per-capita land-use change in
the four phases of metropolitan development outlined above highlights different dynamics
in the first two time periods, corresponding with two sequential stages of the urban cycle
in Europe (urbanization–suburbanization). By contrast, land-use change rates are fairly
homogeneous in the two most recent periods (Table 2). These periods represent a rather
heterogeneous phase of the urban cycle that combines elements of counter-urbanization
(slow but constant land consumption at progressively greater distances from urban cen-
ters) and re-urbanization (slow recovery of the population even in central areas). More
specifically, urbanization in Rome (1949–1974) coincided with a significant contraction of
the per-capita surfaces of almost all agricultural and forest land-use (except olive groves,
pastures, and crop mosaics) in favor of urban settlements. In the context of suburbanization
(1974–1999), a slower (per-capita) contraction of all agricultural land-use was observed in
favor of both urban settlements and forests. In the face of a continuous growth of urban
settlements, the natural landscape responded in a very different way in the most recent
phases. Arable lands continued to decline significantly. This extensive use of agricultural
land characteristic of the study area has constituted a stock of buildable area over the entire
study period considering the modest value added.

Table 2. Percent change over time (annual rate) in the per-capita surface area by land-use class in
Rome, 1949–2016.

Class 1949–1974 1974–1999 1999–2008 2008–2016

Arable Land −2.23 −0.39 −0.72 −0.77
Crop Mosaic 0.41 −2.42 6.42 0.05

Vineyards −1.72 −1.86 0.24 0.09
Olive Groves 1.79 −0.06 1.22 0.21
Woodlands −1.84 0.61 −0.05 −0.01

Pastures 1.61 −1.75 −0.21 −0.10
Water Bodies −1.70 −0.05 0.09 −0.23

Impervious Land 1.39 2.94 0.57 0.60
Urban Parks −1.51 3.67 0.11 0.03

The agricultural mosaic together with vineyards and olive groves demonstrated evi-
dent signs of recovery. This result is in line with a generalized fragmentation of rural spaces
at the fringe. Expansion of tree crops coincided with the consolidation of agricultural
mosaics, a highly fragmented landscape that retains important elements of naturalness.
The future challenge for fragmented landscapes will be to preserve this type of land-use
from further isolation, fragmentation, and degradation resulting from urban growth. On
the contrary, pastures have undergone a slow but steady decrease in line with what has
been observed for arable lands. In the Mediterranean, fringe pastures have traditionally
represented a reservoir of land potentially buildable or convertible to other (economically
more profitable) uses. From this perspective, the expansion of pastures in 1949–1974 con-
firms the massive urban pressure typical of that period when pastures, often representing
a human-driven evolution of arable lands, were frequently regarded as a ‘temporary’ land
use pending ‘speculative’ conversion to more profitable uses. In the subsequent periods,
pastures mostly acted as the largest stock of land to be converted, sometimes along with
arable land.

Based on the previous results, a PCA was developed to summarize the main transfor-
mations in fringe landscapes and compare the latent trends in terms of the total area and
area per-capita for each land-use class (Figure 4). The PCA extracted two axes cumulatively
explaining more than 90% of the total variance. Component 1 (71.9%) clearly discrimi-
nates the total dynamics (negative scores) from the per-capita land-use indicators (positive
scores), differentially depicting trends in the agricultural landscape. In fact, arable lands
are considered in opposition to other agricultural land uses. This result highlights how
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the greatest transformations of the agricultural landscape in the study area concerned the
arable lands, which have undergone a strong downsizing in per-capita terms. In contrast,
all other uses of agricultural land have experienced much more modest changes. Com-
ponent 2 (18.7%) demonstrates a marked similarity between urban settlements and forest
areas, the two land uses that exhibited increases (more or less strong) during the survey
period and to the detriment of agricultural areas. Component 2 also discriminates between
earlier periods (p49 and p74) and more recent times (p99, p08, and p16), suggesting a
substantial diversification in the three phases of urban development previously outlined
(urbanization, suburbanization, and a mixed stage between counter-urbanization and
latent re-urbanization).
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Figure 4. Results of a Principal Component Analysis run on the matrix including percent rates of change in land-use and
per-capita land-use in Rome, 1949–2016.

4. Discussion

The analysis of landscape transformations conducted through the use of per-capita
surface indicators by land use class provided an integrated view of environmental and
socioeconomic nature. As far as built settlements are concerned, per-capita land-use indica-
tors quantified the mismatch between urban expansion and population growth, outlining
distinctive phases of the metropolitan cycle [67]. In the study area, this indicator has
assumed profoundly different values in correspondence with (i) compact urbanization and
(ii) low-density suburbanization, assuming intermediate values in the most recent period
characterized by the coexistence of re-urbanization and counter-urbanization impulses.
With regard to non-urban land-use, per-capita indicators provide an even more significant
view; in the case of agricultural landscapes, the negative evolution of per-capita cropland
indicated the impossibility to satisfy the growing (local) demand for fresh food. These
contexts, however, were known for centuries for their specialization in primary produc-
tion, which experienced a significant decline in the most recent decades [68]. Therefore,
a recent analysis [69] argues that there is a need to focus more on the form and quality
of urbanization processes rather than simply on the volume and speed of urbanization.
Thus, the measure of the amounts of land in urban use and their spatial configuration
remains crucial to provide useful information on anticipating future needs and to ensure an
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adequate supply of public goods such as infrastructure, open spaces, and common facilities
for urban expansion [70].

The multivariate analysis clearly indicates the long-term competition between land-
use, highlighting the relationship between ‘predators’ (urban settlements and more recently
forests) and ‘prey’ (arable land and more recently pastures). This interpretation, in line with
earlier studies developed in the Mediterranean basin, highlights the substantial dichotomy
between ‘predators’ with a competitive advantage (urban settlements) and more marginal
actors (forests) that opportunistically occupy landscape niches left free from abandonment
of agricultural land as a result of real estate speculation [70]. This dynamic is visible in
marginal areas, while being occasionally observed at the fringe, for example in contexts
where physical (e.g., steepness and accessibility) and/or regulatory (planning/zoning) con-
straints to building are more pronounced [71–73]. Simultaneously, our analysis establishes
how agricultural landscapes do not experience homogeneous dynamics [74–76]. In the
face of the originally dominant arable lands that systematically acted as a ‘prey’ between
1949–2016, other land-uses have consolidated their spatial distribution with a significant
increase in per-capita surface area. Among these, per-capita increase in olive groves, a
‘synanthropic’ crop in the Mediterranean basin, appears very significant, having occupied
peri-urban voids generated by a fragmented growth of low-density settlements [77,78]. The
rapid suburbanization process during the 1960s, 1970s, and the following period became a
dominant form of urban growth and mainly contributed to the spatial dispersion of urban
centers towards the urban fringes. However, remarkably, the dispersal of the employment
was slower than that of the city during this period, therefore the commuters’ distances
have increased. During 1980s and 1990s, settlement accesses have grown along road in-
frastructures, encouraging the emergence of new commercial, industrial, and leisure areas.
The expansion of urban towards peripheries preying on more arable lands was fueled by
the increase of car ownership, the expansion of transport infrastructure, and the emergence
of new commercial and industrial areas that have served as new suburban job hubs [79].
The local context was at the base of landscape transformations, having land speculation,
second homes, tourism development, and migration as characteristic roles in landscape
changes at the fringe [80]. In these regards, socioeconomic factors have demonstrated
to influence metropolitan growth in Rome. Assuming the relevance of a comparative
analysis of land-use change over a sufficiently long term, a joint monitoring of landscape
transformations and population supports sustainable development policies in metropolitan
regions [79]. In comparison with northern, central, and western counterparts, southern Eu-
ropean metropolises have experienced landscape fragmentation in a context of increasing
ecological fragility. Urban sprawl has demonstrated to influence fringe landscapes with
changes in the intimate structure of both agricultural and forest mosaics [81]. The intrinsic
relationship between landscape transformations and different waves of urban expansion
was also illustrated, distinguishing at least three developmental waves, namely urbaniza-
tion, suburbanization, and a more mixed phase with impulses of counter-urbanization and
re-urbanization. Per-capita indicators of land-use change clearly documented the complete
unsustainability of recent urban expansion. The intrinsic mismatch between population
growth and urban expansion enlarged in recent times, particularly evident during both
suburbanization and the most recent developmental wave.

5. Conclusions

Comparative analysis delineating latent patterns and trends in land-use has recently
benefited from indicators that assess the intrinsic mismatch between landscape transfor-
mations and population growth. Rising availability of high-resolution datasets supports
such investigation, allowing for the construction of new indicators and refining empirical
approaches to land-use science. An extensive use of per-capita land-use indicators will
contribute to monitor the effectiveness of adopted policy measures and forecast possible
future land-use changes in a spatial planning perspective. When evaluating long-term
transformations of fringe landscapes, the empirical results of our study indicate the in-
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creasing mismatch between settlement expansion and population growth that can be easily
captured through the ratio between the two growth rates. This ratio goes from the value
of just 1.5 for the period of 1949–1974 to the enormous peak of 188 in the time frame of
1974–1999, and then reaches the values of about 6 and 3.5 in the subsequent periods (1999–
2008 and 2008–2016, respectively). In combination, this developmental mode reveals all its
traits of unsustainability, leading to landscape fragmentation and abnormal consumption
of soil resources. Spatial planning (and primarily town master plans) should envisage
practical action to contain the unavoidable effects of recent urban growth on the capacity of
ecosystems to maintain a complete provision of services and goods in metropolitan region.
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Abstract: Metropolitan fringes in Southern Europe preserve, under different territorial contexts,
natural habitats, relict woodlands, and mixed agro-forest systems acting as a sink of biodiversity and
ecosystem services in ecologically vulnerable landscapes. Clarifying territorial and socioeconomic
processes that underlie land-use change in metropolitan regions is relevant for forest conservation
policies. At the same time, long-term dynamics of fringe forests in the northern Mediterranean basin
have been demonstrated to be rather mixed, with deforestation up to the 1950s and a subsequent
recovery more evident in recent decades. The present study makes use of Forest Transition Theory
(FTT) to examine spatial processes of forest loss and expansion in metropolitan Rome, Central Italy,
through local regressions elaborating two diachronic land-use maps that span more than 80 years
(1936–2018) representative of different socioeconomic and ecological conditions. Our study evaluates
the turnaround from net forest area loss to net forest area gain, considering together the predictions
of the FTT and those of the City Life Cycle (CLC) theory that provides a classical description of the
functioning of metropolitan cycles. The empirical findings of our study document a moderate increase
in forest cover depending on the forestation of previously abandoned cropland as a consequence of
tighter levels of land protection. Natural and human-driven expansion of small and isolated forest
nuclei along fringe land was demonstrated to fuel a polycentric expansion of woodlands. The results
of a Geographically Weighted Regression (GWR) reveal the importance of metropolitan growth in
long-term forest expansion. Forest–urban dynamics reflect together settlement sprawl and increased
forest disturbance. The contemporary expansion of fringe residential settlements and peri-urban
forests into relict agricultural landscapes claims for a renewed land management that may reconnect
town planning, reducing the intrinsic risks associated with fringe woodlands (e.g., wildfires) with
environmental policies preserving the ecological functionality of diversified agro-forest systems.

Keywords: land-use change; metropolitan gradient; spatial econometrics; agricultural mechaniza-
tion; Mediterranean

1. Introduction

Providing a global interpretation of socio-environmental changes across a develop-
ment gradient, Forest Transition Theory (FTT) predicts the inherent shift from net forest
area loss, typical of emerging economies, to net forest area expansion [1]. This shift is
characteristic of advanced economies and is coupled with a generalized recovery of mixed
agricultural–wildland ecosystems [2–4]. This process has occurred in recent times via
natural regeneration [5], active planting [6–8], or a combination of the two [9]. From
this perspective, the notion of ‘forest transition’ is associated intimately with underlying
socioeconomic forces [10], such as urbanization, late industrialization, tourism growth,
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and infrastructural development [11]. The different processes leading to forest transitions
clearly depend on the local (territorial) context [12]. Although some generic processes
can be identified for affluent countries (Figure 1), regions and districts do not necessarily
experience a regular pattern of forest cover change over time, and the causes and effects
of forest transitions may vary largely over space [12–14]. For instance, urbanization can
determine a forest decline from direct clearcutting or wildfires [15], basically answering to
increased housing demand (e.g., because of population growth) or real estate speculation,
especially in contexts with less rigid planning rules or adopting new liberal urbanism
schemes [16].

 

Figure 1. A framework illustrating the Forest Transition Theory (FTT) in advanced economies (Source:
authors’ elaboration from Rudel et al., 2005).

The predictions of the FTT have been tested empirically at various spatial scales [17–21].
Although the main forces of deforestation act locally, forest transitions in developed coun-
tries are far less investigated at that scale, especially in metropolitan regions [22–24].
As a result of urbanization, these regions represent a challenging opportunity to in-
vestigate the response of agro-forest landscapes to ecological disturbance and socioeco-
nomic shocks [15,25–27]. Continuous urbanization has reflected the long-term interactions
between nature and humans characteristic of the Mediterranean region [7,15,20,25–29].
Following urbanization, the abandonment of cropland, clearcutting, but also wood re-
colonization in some cases, may result in sequential stages of forest decline and recovery,
depending on the local context [30–32]. Wildland–Urban Interfaces (WUIs) in Southern
Europe frequently mix low-density settlements with natural habitats [17]. As a result,
fringe landscapes feature irregular boundaries with discontinuous, low-density settlements
that reflect suburbanization (i.e., population relocation to suburbs) and the delocalization
of economic activities in peripheral areas [33]. These fragmented and mixed landscapes
derive from a latent (and quite recent) process of peri-urban forest expansion into cropland,
shrubland, and pastures [34], which has followed a significant decline in fringe forest cover
following compact urban expansion [35]. As a matter of fact, economic development was
demonstrated to fuel, in Italy as in Spain, and in Portugal as in Greece, compact urban
growth in the 1950s and the 1960s and the uneven expansion of residential, low-density set-
tlements in the 1970s and the 1980s [36–39]. From this perspective, FTT may appropriately
predict cyclical trends in forest decline and expansion in complex peri-urban landscapes
including relict agro-forest systems [40]. At the same time, predictions of the FTT were
compared with those delineated by the City Life Cycle (CLC) theory. This theory provided
a classical description of metropolitan cycles in advanced economies [41], explaining—at
least indirectly—the socioeconomic dynamics at the base of peri-urban forest decline and
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expansion [38]. CLC indicates different, sequential stages of urban growth forming a cycle
of urbanization, suburbanization, counter-urbanization, and re-urbanization [33]. The
first two stages, urbanization and suburbanization, have been particularly well studied in
Mediterranean Europe [16], and they respectively reflect a compact-dense/mono-centric
growth and a low-density, spatially heterogeneous expansion of residential settlements [42].

For the first time, to the best of our knowledge, the present study mixes these two
dynamic theories (CLC and FTT) with the aims of (i) improving forest assessment in
Mediterranean fringe districts and (ii) informing dedicated planning strategies for the
sustainable management of WUIs [2,18,43,44]. Mediterranean forests are widely recognized
as an invaluable sink of biodiversity [45], forming green infrastructures that may (indirectly)
contain urbanization and the negative externalities of economic activity [34]. However,
earlier studies have demonstrated that built-up areas around forests expanded in parallel
with a decrease in cropland. In other words, residential settlements and forests act as
competing land uses with negative impacts on agricultural systems [5].

Going beyond a model of forest expansion from small nuclei of pristine, high-quality
woodlands (concentrated in peripheral districts), recent land-use dynamics reflect a more
complex path with the growth of scattered and fragmented forest nuclei embedded in a
consolidated network of relict peri-urban and rural woodlands [31,46,47]. The shift from
a traditional model of forestation irradiating from a few peripheral locations (hereafter
defined as ‘mono-centric’) to a ‘polycentric’ structure of forest growth (irradiating from
multiple locations even close to cities), may be seen at the base of FTT in Mediterranean
contexts [48]. This pattern may inform a refined interpretation of forest transitions in
metropolitan regions [39]. This ‘polycentric’ network of forests is also at the base of green
infrastructures, assuring the efficient protection of natural habitats in fringe districts [48].

The present study introduces a refined analysis of long-term changes in forest cover
as a result of urban expansion in a large metropolitan area (Rome, Central Italy) representa-
tive of compact, mono-centric cities in Southern Europe [33]. Reflecting socio-ecological
dynamics that impact ecologically fragile Mediterranean environments, land-use com-
plexity warrants further investigation of forest trends (1936–2018) in light of the FTT and
the parallel urban cycle. A particularly long time interval was investigated in this study
covering a productive cycle of forests and a period that encompassed various stages of
metropolitan growth including urbanization and suburbanization [35]. Peri-urban land-
scapes surrounding Rome (Central Italy) have been identified as the most dynamic across
the country because of city size and human pressure [34], resulting in sequential waves
of forest decline and recovery [47]. While 55 Natura 2000 sites involving 22% of the study
area have been recently established in Rome [48], natural land converted to settlements
grew by 0.4% per year during the last half-century, endangering fragile coastal ecosystems
more than mountain systems [49].

To check the validity of the polycentric model applied to forest expansion, local econo-
metric estimations based on a Geographically Weighted Regression (GWR) contributed
to ascertain the relationship between settlement expansion and changes over time in the
composition and morphology of fringe forest landscapes [45]. Being deliberately simplified,
our approach tests the shift from a mono-centric model of forest distribution over space
toward a more polycentric structure, as hypothesized by Colantoni et al. (2015) [35]. The
empirical verification of this hypothesis benefits from a spatially explicit analysis of a
dependent variable (percent share of forest cover in total landscape area) and of a predictor,
the distance from a central location, which is assumed to represent a metropolitan gradient
from central to peripheral locations typical of mono-centric regions [41]. To account for
the residual variability that the predictor is unable to explain [16], space was explicitly
considered in the econometric specification. The empirical results of this study may inform
policy and planning strategies preserving relict agro-forest systems in ecologically sensitive
contexts typical of Mediterranean metropolises.
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2. Methodology
2.1. Study Area

The investigated area is the metropolitan region of Rome (5355 km2), which is an
administrative partition of the Latium region (Central Italy) encompassing the previously
established province of Rome (NUTS-3 level of the European Nomenclature of Territorial
Statistics). The area includes 15% flat land (<100 m at the sea level) and 20% mountainous
land (>600 m at the sea level). The Simbruini mountains (highest elevation: 1820 m above
sea level), which belong to the Apennine district, are the most important relief in the area
(Figure 2, left); the alluvial flat area of the Tiber river is made up of lowlands (the so-called
“Agro Romano” district; Figure 2, right). The climate is typically Mediterranean, with
rainfalls concentrated in autumn and spring, and mild winter temperatures [35]. The
average annual rainfall and mean daily temperature in Rome (1971–2000) were nearly
700 mm and 17 ◦C, respectively [47].

 

 
 

Elevation (m) 

Figure 2. Left: elevation of the study area (meters on the sea level) overlapped with municipalities
and urban districts; the insert map represents the position of Rome in Italy; right: a zenith photograph
of inner Rome with peri-urban forests (green areas) concentrating on the left side of the landscape
scene, courtesy of Google Earth.

The total population almost doubled during the study period from 2 million to 4 mil-
lion inhabitants [5]. The percent share of the population living in inner Rome in the total
population of the study area increased from 20% to 40% between 1936 and 2020 [39]. Even
though urban settlements are becoming prevalent in the study area, the majority of the
province’s land is still comprised of forests, pastures, and cultivated fields [45]. Summer
wildfires and human pressure, because of Rome expansion, have degraded the pristine
forests, but relict woodlands have been sometimes preserved in both flat and hilly ar-
eas [48]. Based on official statistics [49], forest composition was changed significantly in
the study area. Chestnuts and conifers increased considerably between the mid-1930s and
late 2010s (respectively from 13.8% to 18.5% and from 1.7% to 3.0% of total forest stock);
beech experienced a moderate decline (from 10.1% to 9.8% of total forest stock). Cropland
abandonment around the central city was the base of natural afforestation uplands [47];
urbanization determined, at the same time, a progressive fragmentation of relict forests
around the city, especially along the coastal rim [45]. Industrial areas were traditionally
located in the eastern part of the ‘Agro Romano’ district, while traditional rural areas were
(and still are) relatively abundant in the Western side of the study area [49].

Land-use maps were reproduced in Figure 3 to illustrate the mono-centric organiza-
tion of Rome’s metropolitan region, with compact settlements located downtown and a
moderate spread of low-density settlements around central locations [34]. The shift toward
dispersed urbanization in 2018 was not altering the polarization in central places (down-
town Rome) and peripheral districts West and East of Rome [16]. Overall, the study area is
administered by 122 municipalities, including the municipality of Rome that encompasses
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the historical city (‘within the Aurelian Walls’) and the surrounding area (1285 km2) within
and outside the main Ring Road (‘Grande Raccordo Anulare’, GRA). In this study, the
central municipality of Rome was further partitioned in 115 local districts (a sort of formal
neighborhood known as ‘suddivisioni toponomastiche’ in Italian, and it is mainly used for
statistical reporting at a sub-municipal scale). Following earlier studies [33], the present
study made use of a specific (territorial) partition of the area into 236 elementary spatial
units that derive from the union (i.e., spatial merging) of 121 municipalities (excluding
Rome) and 115 local districts in Rome.

  

       

Figure 3. The spatial distribution of the compact and dispersed urban fabric in the study area in the
early 1960s (left) and late 2010s (right), based on the elaboration on a local land cover map for 1960
and Corine Land Cover database for 2018.

2.2. Forest Maps

Two forest maps spanning the time frame between 1936 and 2018 and presenting a
comparable spatial resolution and forest definition were used here. The former source is the
Forest Map realized at 1:100,000 scale by ‘Milizia Forestale’, the Italian Forest Service during
the Fascist period, as part of a forest inventory dated 1936 and recently disseminated in
digital format (shapefile). The latter source is a Corine Land Cover (CLC) digital map dated
2018 and adopting a legend of 44 land-use classes at a 1:100,000 scale. Polygons classified
as CLC 3.1 type (‘forests’) were extracted and elaborated (Figure 4). The information
accuracy of the two maps and the reliability of the forest cover measured for both 1936
and 2018 were internally checked considering additional data that provided estimates of
forest area in Rome: (i) the long-term annual forest survey carried out by Italian National
Institute of Statistics (Istat), (ii) the two national forest inventories run in 1985 and 2003,
(iii) a 25,000 topographic map produced by Italian Military Geographic Institute (Florence)
and referring to 1949, (iv) a land map produced by National Research Council (CNR) at
1:200,000 scale and referring to the early 1960s [50], (v) four CLC maps dated 1990, 2000,
2006, and 2012, and (vi) the 1:25,000 land-use maps of Latium produced for 1999 and
2016 by the Cartographic Service of the Regional Authority of Latium region through the
interpretation of digital ortho-photographs.
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Figure 4. The spatial distribution of forest cover in the study area in 1936 (left) and in 2018 (right),
based on elaboration on the forest maps described above.

2.3. Logical Framework

To test the inherent shift toward a ‘polycentric’ model of forest expansion (Colan-
toni et al. 2015), the percent of forest land area in the total landscape (i.e., municipal/district
area) was derived, for each elementary analysis’ unit, from the spatial overlay of a shapefile
map illustrating the boundaries of the selected domains (n = 236 municipalities/local
districts, see above) separately with each forest map (1936 and 2018). The average distance
of each spatial unit (polygon) from downtown Rome was computed as the linear distance
of the polygon centroid from a central place in the historical city—considered the heart
of political, social, economic, touristic, and cultural life [16]. Adopting administrative
boundaries as the elementary unit of investigation gave room to reliable comparisons with
official statistics and constitutes a relevant domain for planning purposes [34]. In this
study, we assumed Rome’s metropolitan region as a laboratory of forest transitions [47],
e.g., hypothesizing a classical (‘mono-centric’) model of forest decline around settlements
and forest expansion in peripheral districts, and testing a possible shift toward a more
‘polycentric’ model of forest expansion around suburban settlements [48]. To verify such
assumptions, changes over time in the spatial distribution of forest land along the urban
gradient were analyzed comparing the results of spatially implicit and spatially explicit
regressions that test the predictions of the FTT at a local scale [5]. More specifically, global
and local regressions assessed the empirical relationship between percent forest area (de-
pendent variable) and the distance from downtown Rome (predictor) at two times (1936
and 2018). We assumed a linear and spatially homogeneous relationship between the two
variables in a ‘mono-centric’ model of forest expansion (i.e., a low percentage of forest
area close to the inner city that increases with the distance from the city itself). With
‘poly-centric’ forest expansion [35], the relationship between the two variables is expected
to be less polarized along the metropolitan gradient, with the predictor’s impact varying
largely across space [33]. The highest impact can be reflective of a local context (directly or
indirectly) supporting forest expansion [5].

2.4. Statistical Analysis

Following the logical framework exposed above, both spatially implicit and explicit
models, estimated separately for two time points (1936 and 2018) have been adopted
to interpret long-term forest expansion/decline and the underlying territorial dynamics
along the metropolitan gradient in Rome. A preliminary check of the linear or non-linear
relationship between forest cover and distance from downtown Rome was performed using
parametric (Pearson) and non-parametric (Spearman) pair-wise correlation coefficients,
testing for significance at p < 0.05. A detailed description of the regression techniques
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subsequently adopted to test the polycentric expansion of forests has been provided in the
following two paragraphs, distinguishing global from local approaches.

2.4.1. Global Approaches

Spatially implicit global approaches adopted in this study included Ordinary Least
Square (OLS) regressions using linear and non-linear specifications, namely first (linear),
second-order (squared), and third-order (cubic) forms. More specifically, the mono-centric
structure was first tested adopting a linear specification [33] estimated through logarithmic
transformations of both dependent and predictor variables as follows:

F = a + b(D) + e (1)

where F is the percent share of forest cover in total landscape, D is the distance of each
spatial unit from downtown Rome (km, log-transformed), a and b are the regression coeffi-
cients, and e is the regression error. In this case, forest cover increases (or decreases) linearly
along the metropolitan gradient, satisfying the assumption of the mono-centric model [33].
To verify the possible impact of the varying size (i.e., surface area) of each spatial partition
adopted as the elementary analysis’ unit in this study (i.e., municipalities/urban districts),
we run OLS linear estimations of Equation (1) both un-weighted and weighted with the
surface area of each elementary unit (km2). District area was the result of the applica-
tion of an ArcGIS ‘calculate area’ tool on the shapefile depicting municipalities/urban
districts provided by the National Institute of Statistics (ISTAT) and statistical office of
Rome municipality (Figure 2, left).

A squared specification was also tested with the aim at defining a quadratic relation-
ship of the metropolitan gradient on forest cover:

F = a + b(D) + c(D2) + e (2)

where F is the percent share of forest cover in the total landscape, D is the distance of each
spatial unit from downtown Rome (km, log-transformed), a, b, and c are the regression
coefficients, and e is the regression error. More complex patterns based on a cubic specifica-
tion were tested to highlight place-specific responses of forest cover as the distance from
downtown Rome increases [48], as follows:

F = a + b(D) + c(D2) + d(D3) + e (3)

where F is the percent share of forest cover in the total landscape, D is the distance of each
spatial unit from downtown Rome (km, log-transformed), a, b, c, and d are the regression
coefficients, and e is the regression error. Significant specifications were assessed using
standard diagnostics, namely the adjusted R2.

2.4.2. Local Approaches

We adopted a spatially explicit approach referring to the Geographically Weighted
Regression (GWR) introduced by Fotheringham et al. (2002) to interpret complex spa-
tial patterns of environmental and socioeconomic processes along a given geographical
gradient. A refined understanding of the spatial variability related to the mono-centric
expansion of metropolitan regions contributes to identify significant, local deviations from
global patterns [48], informing spatial policies better adapted to specific territorial condi-
tions. The use of administrative districts, such as municipalities, taken as policy-relevant
spatial domains, allows a comprehensive investigation of context-based interactions that
are frequently demised in ‘centralized’ (spatially implicit) interpretative models [51]. Based
on these premises, GWRs estimate local regression models for each spatial domain in a
given area, accounting for spatial dependence and heterogeneity [38], i.e., controlling for
spatial structures that characterize the relationship between the dependent variable and the
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predictor (Ali et al., 2007). We adopted a standard GWR specification for a given location
s = 1 to n, as follows:

F(s) = B(s)D(s) + e(s) (4)

where F(s) and D(s) are, respectively, the dependent variable (percent forest cover) and
the predictor (distance from downtown Rome) illustrated in Equation (1) above, which
were both measured at each location s; B(s) means the column vector of the regression
coefficients at location s, and e(s) is the random error at location s. Regression parameters
were estimated separately for 1936 and 2018 at each location by weighted least squares
and are thus spatially explicit, i.e., a function of s. Spatial coordinates of each elementary
unit considered in this study were determined based on a shapefile map of administrative
boundaries (see Figure 2, left) managed in ArcGIS (ESRI Inc., Redwoods, CA, USA) envi-
ronment. A Kernel spline function was adopted to calculate weights for the estimation
of local regressions [38]. Limitations regarding the use of GWR only arise when drawing
conclusions based on a reduced number of sample observations, which is not the case
of this study. GWRs were run separately for each time interval. For each regression, the
model’s results included (i) a global measure of goodness-of-fit (adjusted R2) that was
compared with the same index obtained from the respective OLS regression (both weighted
and un-weighted for the surface area of each spatial partition, see above) and (ii) a spatial
distribution of local coefficients (R2, slope coefficient) illustrated through maps (Salvati et al.
2016). The GWR results clarify the role of spatial heterogeneity as a novel contribution to
the empirical test of the mono-centric model [33].

The intrinsic shift from a classical ‘mono-centric’ model of forest expansion toward a
more ‘poly-centric’ structure was reflected in a different spatial distribution of both slope
and R2 regression coefficients [16]. In fact, we expect (i) a more fragmented/heterogeneous
distribution of R2 coefficients (possibly indicating the increase in sparse nuclei of forest
expansion) and (ii) an expansion of the spatial domains with high slope coefficients, reflect-
ing a latent, but generalized, increase in forest cover [35]. With this perspective in mind,
comparing the intensity and direction of the relationship between percent forest cover and
the distance from downtown Rome for different econometric models and specifications
(e.g., global vs. local, spatially implicit vs. spatially explicit) provides an intrinsic measure
of the role of territorial factors [48]. Such contextual aspects should be more explicitly
considered in any environmental policy targeting the mitigation of (and adaptation to)
urbanization processes [49].

3. Results

Forest cover in Rome increased from 18.3% in 1936 to 19.9% in 2018. The spatial
distribution of forest area (Figure 5) reflects the intense landscape transformations between
1936 and 2018, with forest expansion in relict croplands East of Rome and moderate
decline in flat districts surrounding the ‘Agro Romano’ and along the sea coast. These
districts included, up to now, the main remnants of the forest cover extending along the
Tyrrhenian Sea coast from Tuscany to Campania in ancient times. Accelerated rates of forest
recovery have been observed in rural, upland districts west and north of Rome, which
were originally devoted to shrublands and olive groves (e.g., ‘Sabina’ district). Forest cover
was relatively stable in the ‘Castelli Romani’ district, a peri-urban, upland area with high
human pressure (population density around 500 inhabitants/km2) and mostly devoted to
chestnut production.

3.1. Global Approaches

All statistical models testing changes in the spatial relationship between forest cover
and the distance from downtown Rome (Table 1) indicated how the correlation between the
two variables intensified over time. Non-parametric Spearman rank coefficients delineate a
positive and strong correlation between forest cover and distance from a central place in
Rome (rs = 0.76 and 0.86, respectively for 1936 and 2018). However, while the first-order
(linear) Ordinary Least Square (OLS) model performed rather low for 1936 and 2018, second-
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and third-order (i.e., squared and cubic) OLS regressions performed better for both years
(adjusted R2 = 0.58 for 2018). With global R2 coefficients increasing from 0.65 in 1936 to 0.75
in 2018, local regressions outperformed OLS (linear and non-linear) models, documenting
the importance of the spatial dimension in long-term forest transitions characteristic of the
study area. Moran’s spatial autocorrelation indexes demonstrate that the percent share of
forest cover in the total municipal/district area was not randomly distributed over space
(1936: I(z) = 4.29, p < 0.05; 2018: I(z) = 3.69, p < 0.05). Spatial autocorrelation justifies
the use of a local regression approach when assessing the relationship between percent
share of forest cover in the total municipal/district area as the dependent variable and the
distance from downtown Rome as an intrinsic test of the mono-centric (or poly-centric)
forest structure.

 

  

Figure 5. The spatial distribution of percent share of forest cover in the total municipal (or district)
area in Rome (left: 1936; right: 2018).

Table 1. Correlation coefficients and best-fit R2 of global econometric models (Ordinary Least
Squares (OLS) with linear and non-linear specifications; Geographically Weighted Regression (GWR)
estimating the percentage of forest area in each spatial domain (dependent variable) from the distance
to downtown Rome (predictor) by year.

Model/Specification 1936 2018

Pearson moment–product correlation 0.616 0.750
Non-parametric Spearman rs rank correlation 0.755 0.852

Un-weighted, linear Ordinary Least Square (OLS) 0.380 0.563
Weighted, linear OLS † 0.382 0.555

Square (second-order polynomial) OLS 0.402 0.573
Cubic (third-order polynomial) OLS 0.439 0.582

Un-weighted Geographically Weighted Regression (GWR) 0.643 0.769
Weighted GWR† 0.703 0.754

All models are significant at p < 0.05. † weighted by surface area of each spatial domain (i.e., municipali-
ties/urban districts).

3.2. Local Approaches

The satisfactory result of local regressions suggests how territorial contexts distinctive
of municipalities and urban districts in the study area shape forest dynamics at different
distances from downtown Rome. Local regressions modeled the spatial dimension of
both 1936 and 2018 data by incorporating a location distance matrix that allowed the local
estimation of both slope (measuring the predictor’s impact) and R2 (measuring the model’s
goodness-of-fit) regression coefficients for each spatial domain. Vector maps were used
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to illustrate the spatial distribution of local regression slope and local R2 coefficients. The
results of local regression models for forest cover as the dependent variable and the distance
from downtown Rome as the predictor were illustrated in maps considering separately the
spatial distribution of regression slopes and local R2 goodness-of-fit coefficients (Figure 6).
Slope coefficients depicted the (more or less intense) contribution of specific areas to a
mono-centric spatial structure.

 

  

Figure 6. Results of a Geographically Weighted Regression assessing the relationship between the
percent share of forest cover in total landscape and the distance from downtown Rome by year
(left: 1936; right: 2018; upper panel: local slope (regression) coefficients; lower panel: local R2

goodness-of-fit coefficients).

The empirical results of local regressions indicate a distinctive spatial distribution
of forest cover for 1936 and 2018, in turn reflecting a substantially different relationship
with the distance from a central place in Rome. Comparing the models’ goodness-of-fit,
the regression for the last observation year (2018) was performing slightly better than the
model for the first observation year (1936). Spatial units (municipalities/districts) with local
R2 > 0.5 (regarded as a satisfactory model’s fit at that spatial scale) increased during the
study period. The spatial distribution of local R2 coefficients in 1936 delineated particularly
high values in economically peripheral municipalities of the Apennine mountain districts
(‘Lucretili’ and ‘Lepini’ districts), as well as in rural, remote municipalities in the northwest
of Rome (‘Tolfa-Bracciano’ district). In 2018, the highest R2 coefficients were found either
in upland/mountainous municipalities East of Rome (‘Lucretili’, ‘Simbruini’ and ‘Lepini’
districts); the same pattern was observed in sparse coastal/lowland municipalities featuring
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human disturbance and low ecological quality (‘Anzio-Nettuno’ coastal district South of
Rome; ‘Bracciano Lake’ district). In both cases, spatial units with high R2 were found
closer to Rome in 2018 than in 1936. As far as the impact of the distance from downtown,
the highest regression slopes for 1936 were recorded in remote districts East of Rome
and in more sparse flat areas close to the city. High slopes were also recorded in a rural,
remote district West of Rome, and they decreased in intensity along the sea coast and
in flat districts around the city. Eighty years later, while peripheral municipalities in the
Apennine district still had the highest slope coefficients, more heterogeneous, peri-urban
districts both west and east of Rome displayed high (or very high) slope coefficients.
Taken together, local slope and R2 coefficients reflect the polarization in districts with
forest recovery and decline, which is likely because of wildfires, clearcutting, or other
human/ecological disturbances. The gradual disappearance of coastal woodlands because
of progressive clearcutting made the spatial distribution of forests more heterogeneous,
in turn contributing to a less polarized landscape in urban and rural areas. At the same
time, urban sprawl and the rising human pressure driven by sprawled urbanization has
consolidated some smaller nuclei of forest expansion, acting as an ‘endogenous source’ of
forest transitions (i.e., fueling the shift from net decline to net recovery) at the local scale.

4. Discussion

During the last century, a significant decrease in cropland and a contemporary increase
in residential settlements and forests has been observed in Italy [50] and, more generally,
in Southern Europe [23]. Land-use change was responsible for the expansion of ‘contact
areas’ between developed (i.e., residential and/or industrial settlements) and natural/semi-
natural landscapes in Mediterranean Europe [24,25,52,53]. By confirming the predictions
of the Forest Transition Theory, our study documents the relevance of a comprehensive
landscape analysis along urban–forest interfaces to inform policies containing urbanization
and mitigating the negative impact of human disturbance on the surrounding natural
habitats [7]. Barbati et al. (2013) found that the spatial distribution of natural landscapes in
recent times became more polarized along the metropolitan continuum [5]. A thorough
understanding of the intrinsic mechanisms of urban growth and the consequent dynamics
of natural landscapes—mainly forests—along this gradient provides an integral vision and
future perspective to landscape research [48]. From this perspective, our study contributes
to regional science suggesting how the notion of mono-centric (or poly-centric) urban
expansion can be (more or less directly) extended to dynamics related to other land use,
namely forests, underlying socioeconomic mechanisms and territorial processes that are
governed (and are in turn influenced by) the intrinsic linkage between humans and nature
at the base of regional landscape dynamics [8]. A global analysis failed in assessing
these complex dynamics, suggesting how spatially explicit approaches are appropriate
tools to investigate the importance of heterogeneous local contexts [33], especially when
they assume a stronger role than regional drivers of change and local socioeconomic
pressures [9].

The results of local regressions presented in our study provided evidence on the
importance of a mono-centric structure of urban growth in Rome, which is in line with the
empirical findings of earlier studies [5,16,42]—as plastically illustrated in Figure 2 earlier
in this paper with the parallel consolidation of a moderately polycentric model of forest
expansion [35]. This complex spatial pattern is assumed to be the joint impact of two
processes: (i) intense (natural) forestation in mountainous and economically depressed
areas and (ii) moderate (and mostly human-induced) forest recovery in flat and coastal
areas, depending on the intensity of conflicts over alternative land-use, i.e., on the basis of
the ‘economic strength’ of the agricultural sector [31,38,45,47]. As a matter of fact, cropland
abandonment typical of economically marginal districts was observed also in some peri-
urban areas originally devoted to agriculture because of particularly fertile soils [51]. In
such areas, forest expansion occurred more likely than in other socioeconomic contexts of
the same geographical region [5,39,48].
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Being representative of more general dynamics at the regional scale, distinctive trans-
formations of peri-urban landscapes were described in the study area considering together
the empirical results of this study and earlier literature: (i) economic decline of remote
districts resulting in re-forestation [28,50,54], (ii) crop intensification in more accessible
rural districts [5,29,34], and (iii) urban sprawl, agricultural land consumption, and forest
fragmentation in flat districts [35,55,56]. As a counter-intuitive result, forest increase was
intrinsically associated with reduced proximity between settlements and natural land [51],
as a result of forestation of abandoned cropland in accessible districts indirectly fueled by
urban expansion [37–39]. From a socioeconomic standpoint, such transformations fueled
the heterogeneous expansion of forest land cover [25], with ecosystem dynamics remaining
essentially under-investigated [30].

From the spatial planning perspective, the results of our study highlight the need
to adopt a multi-target strategy for the conservation of natural and semi-natural areas in
peri-urban contexts [35]. This strategy should recognize forest expansion in peri-urban
areas together as a positive process of greening [31] and a potentially negative phenomenon,
as the increase in forest cover as well as in the length of the margin directly in contact with
residential settlements causes an increased risk of wildfires in already vulnerable areas [47].
Future studies should better interpret long-term changes in metropolitan landscapes [37],
clearly distinguishing the impact of socioeconomic drivers and planning/biophysical
constraints to building, in turn clarifying the possible role of different forest and agro-
forest types in that change [5,45,48]. More generally, the analysis of changes in the forest
landscape in peri-urban areas [46] cannot be separated from an accurate investigation of
the causes of expansion and decline of agriculture in the facing rural contexts.

5. Conclusions

The present study refers to long-term changes in forest area that encompass a suffi-
ciently long time period covering the productive cycle of a high forest. Long-term changes
in forest cover include both natural and human-induced transformations and may account
for a truly comprehensive picture of landscape changes. In this perspective, we tried
to estimate the synergic impact of both drivers. The complex results of this study (i.e.,
the emergence of a polycentric model of forest expansion in a context of mono-centric
expansion of urban settlements) outlines the urgent need for policy strategies managing
urban–forest interactions along the fringe. Effective strategies governing peri-urban land-
scape dynamics should include (i) urban containment policies reducing the environmental
impact of sprawl on fringe land and (ii) measures controlling the unwanted expansion of
peri-urban woodlands (starting from the multiplication of a sort of ‘hotspots’ indirectly
acting as nuclei of forest spread) at the expense of abandoned cropland.

Based on the empirical findings of this study and a pertinent review of the recent
literature, these actions should target the integral preservation of the traditional diver-
sity of agro-forest mosaics in Southern European fringe lands. Our study highlights the
importance of monitoring techniques for the quantification of urban–forest ecosystem
services, starting from a recent field experience in the Mediterranean context. New logical
approaches and information technologies for the ‘holistic’ study of peri-urban forests are
requested to integrate operational tools, methodologies, and analysis’ techniques, with
increasing, comparative evidence from case studies. Assessing the quality and health of
peri-urban forests implies a reduction of monitoring costs, the improvement of sampling
efficiency and accuracy, and a more effective integration of the existing measurement
networks in a long-term vision that refers to the paradigms of ecological resilience and
socioeconomic sustainability.
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Abstract: This article aims to promote the high-quality development of the Great Changsha-Zhuzhou-
Xiangtan City Group and improve the green innovation efficiency of urban agglomeration. This article
takes green innovation in networked urban agglomerations as its research subject. Furthermore, it
analyzes the impact of network structure characteristics such as network scale and network structure
hole on green innovation in urban agglomerations. Moreover, this study uses the unexpected output
SBM model to measure green innovation efficiency of the eight prefecture-level cities in the Great
Changsha-Zhuzhou-Xiangtan City Group from 2012 to 2018 and analyzes its influencing factors
using the panel Tobit model. The results show that the overall green innovation efficiency of the
Great Changsha-Zhuzhou-Xiangtan City Group is stable. The distribution of urban green innovation
efficiency in the region is characterized by urban gradient and mid-stream drive. In the process of
networked innovation, economic development, which has a positive impact on green innovation,
promotes the overall effectiveness of the network structure. The low efficiency of urban educational
resources, which has a negative impact on green innovation, leads to the redundancy of a network
scale. The unapparent advantage of industrial structures, which have a negative impact on the
development of green innovation, leads to the insufficient depth and breadth of network openness.
Lastly, government support and the level of infrastructure have no impact on green innovation.

Keywords: Great Changsha-Zhuzhou-Xiangtan City Group; green innovation; network structure;
unexpected output SBM model

1. Introduction

The Fifth Plenary Session of the 19th Central Committee of the Communist Party
of China put forward a new goal of promoting green development and the harmonious
coexistence between humans and nature. To launch the new development policy, the power
institution proposed that the regional economic development takes green innovation as the
new driving force, protects the environment, and considers the overall economic devel-
opment situation to achieve sustainable economic growth. Due to the economic growth
resulting from the traditional extensive economic development model, China is facing
problems related to resource shortage, environmental pollution, and ecological destruction.
The realization of sustainable economic and social development has become the focus of
scholars. In the traditional economic and social development model, the model of high
energy consumption and high pollution in exchange for economic benefits has caused
damage to the ecological environment. Ignoring the environmental benefits generated
by innovation behavior is not conducive to sustainable development. It is important to
overcome the barriers of the traditional development model, take green innovation as
the core driving force, and realize the leap of economic development and innovation.
Green innovation is also known as environmental innovation, ecological innovation, or
sustainable innovation. Compared with traditional innovation, green innovation aims at
reducing environmental impact, achieving economic development while reducing resource
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consumption and environmental costs, which is beneficial to building an efficient and
green economic and social development environment.

Urban agglomerations are the main form of the global division of labor, new urbaniza-
tion, and rural revitalization. In the context of China entering a new era, urban agglom-
erations face problems such as the continued expansion of population and infrastructure
construction scale, prominent contradictions in the economy, resources, environment, and
increased pressure on urban bearing. To fully implement the Outline of Changsha-Zhuzhou-
Xiangtan Regional Integrated Development Planning, we argue for providing full play to
the driving role of Changsha-Zhuzhou-Xiangtan in implementing the strategy of “Three
High and Four New”, improving the speed of urban development, and striving to build a
modern city with harmonious coexistence between humans and nature. At the same time,
we should improve the linkage mechanism of ecological environment co-protection, jointly
solve environmental pollution problems, jointly protect the Changsha-Zhuzhou-Xiangtan
ecology, and strive for the Changsha-Zhuzhou-Xiangtan national ecological civilization
pilot zone. The construction of the Changsha-Zhuzhou-Xiangtan metropolitan area is a
significant achievement contributing to the rise of central China and the development of
the Yangtze River Economic Belt. In September 2020, General Secretary Xi Jinping visited
Hunan and emphasized that the integrated development of Changsha, Zhuzhou, and
Xiangtan should continue achieving exceptional results and insisted on leading innovation
and green growth. Thus, we intend to research green innovation and its influencing factors
in the Great Changsha-Zhuzhou-Xiangtan City Group.

The article is arranged as follows: Section 2 presents the literature review; Section 3
introduces the theoretical mechanism, including the effect of network structure character-
istics on green innovation in the urban agglomeration, and the influencing mechanism
of green innovation in the Great Changsha-Zhuzhou-Xiangtan City Group based on a
network of green innovation in the urban agglomeration. Section 4 introduces the model
methodology and variable selection, including the index system and the selection of the
index. Section 5 uses the unexpected output SBM model to measure the efficiency of
green innovation. Section 6 uses data from the Great Changsha-Zhuzhou-Xiangtan City
Group (from 2012 to 2018) to empirically analyze the impact of network structure on green
innovation, and test its theoretical mechanism. Section 7 summarizes the conclusions and
makes recommendations, and proposes future research directions.

2. Literature Review

An urban agglomeration is a vital innovation space and carrier. Some scholars have
constructed the innovation cooperation network model among urban agglomerations to op-
timize the innovation strategy of urban agglomerations [1–3]. At present, many scholars are
investigating the relationship between urban agglomeration and innovation performance
of the network structure. For example, Sheng Yanwen et al. [4] used social network analy-
sis and the DEA model to analyze the impact of central position, intermediary position,
and structural holes of urban agglomeration innovation network on innovation efficiency.
Ren [5] constructed a regional innovation network system to explore the impact of network
size, network openness, structural holes, strong ties, and weak ties on innovation capability.
Other scholars, based on stochastic frontier analysis [6], data envelopment analysis [7], or
canonical correlation analysis [8], analyzed the impact of network size, network openness,
network structure holes, and network density on regional innovation.

Research on green innovation primarily includes the concept definition, index mea-
surement, and driving factors. So far, scholars in various countries have gained a profound
understanding of the concept of green innovation [9,10]. For example, Kemp [11] argued
that green innovation is an activity directed toward reducing environmental pollution and
resource waste. The methods commonly used for green innovation efficiency are generally
divided into parametric methods and non-parametric methods, such as stochastic frontier
analysis and data envelopment analysis (DEA) [12,13]. Meanwhile, there are two standard
methods for green innovation evaluation: One is to construct the evaluation index of green
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innovation [14] and the other is to use data envelopment analysis (DEA). For example,
Tone [15] proposed the non-angle and non-radial DEA-SBM model, which solves the slack
variables problem that the traditional model does not consider. Teng [16] verified the
spatial correlation of green innovation development among cities in the Yangtze River
Delta by combining the Super-SBM model with the GML index. The drivers of green
innovation are mainly economic development [17], government support [18], and policy
system considerations [19].

Green innovation research of the Changsha-Zhuzhou-Xiangtan urban agglomera-
tion is mainly from green ecology and development, including: to evaluate the safety of
the ecosystem of Changsha-Zhuzhou-Xiangtan urban agglomeration [20], to protect and
construct green heart ecology [21], and to research the relationship between the construc-
tion of a two-oriented society ‘ comprehensive reform area and promote regional green
development [22].

Compared with simply studying the green innovation of urban agglomerations, it is
more appropriate to study the green innovation effect of the Changsha-Zhuzhou-Xiangtan
City Group. In general, most of the existing literature suggests that green innovation
can influence regional innovation development; however, conclusions based on the green
innovation effect are not uniform. Moreover, the literature ignores the internal mechanism
of the green innovation effect of urban agglomerations from the perspective of the network
and the mechanism of the effect of other economic and social factors on the network
structure in the process of green innovation. In terms of research samples, most of the
literature is limited to provincial or national data, with macro sample size and coverage
of the survey area or relatively mature urban agglomerations area, which has certain
geographical achievements that ignore the micro aspects. Compared with the previous
literature, the main contributions of this article are as follows: First, the Great Changsha-
Zhuzhou-Xiangtan City Group is a micro-level region with vast space for innovation
and progress regarding the economic development period, innovation period, and green
environment construction period. In this regard, this article uses data from the Great
Changsha-Zhuzhou-Xiangtan City Group from 2012 to 2018. The research selected eight
prefecture-level cities in the Great Changsha-Zhuzhou-Xiangtan City Group specific to a
certain degree of representativeness. Second, this article investigates the impact of network
structure on green innovation using the unexpected output SBM model to measure the
green innovation efficiency and the panel Tobit regression method of the re-centered
influence function, which directly examines the marginal impact from the perspective of
the network.

3. Theoretical Mechanism Analysis
3.1. Analysis of the Effect of Network Structure Characteristics on Green Innovation in
Urban Agglomeration

The urban agglomeration network is the main form of urban spatial structure. For
the development of urban agglomeration, the region is necessary to establish a network
structure system. The network development of urban agglomeration is not only determined
by internal attributes but also dominated by external dynamic factors. The dynamic
mechanism of urban agglomeration network development focuses on green innovation.
The key to researching networked green innovation rests within the high frequency of
learning and communication between regional innovation subjects to promote the free flow
of knowledge, technology, talents, and other innovation resources. By placing focus on the
synergistic effect among innovation subjects in the urban agglomeration, this effect can
improve the service of scientific and technological innovation and the level of achievement
transformation to reduce the negative impacts on the environment and achieve green
innovation. On the measurement of network characteristics for further characterization,
domestic and foreign research mainly selects network scale, network openness, network
structure hole, network density (network connection strength) [23]. Hence, the structural
characteristics will be analyzed from four aspects: network scale, network openness,
network structure hole, and network density. Its functions are as follows.
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3.1.1. Network Scale

Network scale in the network is the number of innovation subjects in urban agglom-
eration. The larger the number of creative subjects, the larger the network scale. The
more substantial the heterogeneity between subjects, the richer the innovation resources.
Heterogeneous network members have a high degree of complementary knowledge, which
is conducive to reducing transaction costs and achieving results pertaining to the transfor-
mation of innovation.

3.1.2. Network Openness

Network openness is the capacity of network entities to absorb external information,
related technologies, and other innovative resources. The higher the degree of openness,
the stronger the ability to acquire external information, knowledge, technology, and other
creative resources conducive to innovation.

3.1.3. Network Structure Hole

The more structural holes, the more social relations carry resources, providing op-
portunities for different innovation subjects to communicate and interact. The junction
in the hub position occupies a structural hole and connects the creative subjects that lack
direct contact to build a bridge of communication and cooperation, reduce information
asymmetry effectively, and stimulate the realization of innovative achievements.

3.1.4. Network Density

Network density reflects the connection degree of innovation nodes. The closer is
the connection between nodes in the network, the stronger the intention of innovation
subjects to carry out innovation cooperation, and the more conducive to exchange and
collaboration. High network density provides an effective platform for building and
maintaining trust and cooperation among innovation subjects, conducive to obtaining
external innovation resources within the innovation network, realizing the transformation
of innovation achievements.

3.2. Influencing Mechanism of Green Innovation in the Great Changsha-Zhuzhou-Xiangtan City
Group Based on Network

Regional knowledge production and technology transformation achieve development
through innovation networks. Typically, innovation motivation stems from the connection
between innovation subjects. Economic development provides a conducive environment
for the flow of regional knowledge, technology, and other elements; government funding
significantly contributes to the smooth running of innovative activities; improving the
information infrastructure is a prerequisite for the flow of innovative talents among regions;
the tertiary industry enables innovation subjects to have a competitive advantage, expand-
ing the scale of innovation; urban education to promote regional innovation activities to
carry out the study provides a platform for exchange. Hence, based on network structure
characteristics, this paper arranges the influencing mechanisms of green innovation in the
Great Changzhou-Zhuzhou-Xiangtan area, as shown in Figure 1.

3.2.1. Economic Development Level

Economic development is the strategic basis for building an innovative city and
carrying out creative activities. Usually, the size of the regional economy and resources
constrain innovation elements and innovation activities, and innovation communities
are jointly built by innovation subjects and governments within the region, creating an
implementable innovation network structure [24].

3.2.2. Government Support

The results of government support for innovation activities are affected by the inten-
sity of investment. The reasons are as follows: First, the increase in government input
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stimulates enterprises and other innovation subjects to carry out scientific and technological
innovation collaborations; second, the tendency of government investment, which crowds
out private investment, leads to the crowding-out effect caused by the excessive accumu-
lation of social capital. The government provides fiscal and tax subsidies for enterprises
to build innovation network platforms. Enterprises in the innovation network rely on
the support of the government to integrate innovation resources effectively and promote
the development of innovative networks to enhance competitive advantages for regional
innovation cooperation. Excessive capital tilt, which is not conducive to the transformation
of research results, triggers inefficient capital utilization, inhibits the effect of large-scale
innovation, imbalances the distribution of innovation elements, and hinders the flow of
talents, knowledge, technology, and other elements in the innovation network.

Figure 1. Influencing mechanisms of green innovation.

3.2.3. Information Infrastructure

Well-developed infrastructure is the primary condition for a region to attract inno-
vative talent. A well-developed information network promotes knowledge flow and
technology diffusion among innovation subjects. Moreover, convenient transportation
and information networks provide essential conditions for expanding the scale of regional
networks and enabling enterprises to engage in innovative activities.

3.2.4. Industry Structure

The industrial structure embedded in the innovation network is the reintegration and
redistribution of resources. Innovative enterprises use innovation networks to enhance
their competitiveness and optimize the structures of emerging industries. Based on under-
taking traditional industries, urban agglomerations integrate into innovation networks,
thus forming professional industrial layouts. The long-term, knowledge spillover in the in-
novation network leads to a nonlinear process from inferiority to continuous optimization
of the industrial structure in innovation activities. Furthermore, with the improvement of
resource utilization, innovation achievements are successfully transformed.

3.2.5. Urban Education Level

Urban education aims at cultivating high-quality and heterogeneous innovative talent.
Importantly, only in the innovation network can heterogeneous talent realize resource
complementarity and technology sharing, thus generating a synergistic effect among
innovation subjects [25]. The embeddedness of network structure has an essential impact on
innovation activities. Heterogeneous human capital, which is located in the hole of network
structure, can obtain information resources by building relations with key innovation
subjects and occupying information advantages. The more educated network members,
the larger the network scale. Meanwhile, the more information resources embedded in the
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network, the more frequent communication and interaction conducive to constructing a
complete network system.

4. Model Methodology and Variable Selection
4.1. Research Methodology
4.1.1. SBM Model with Non-Expected Output

Scholars mainly used the non-parametric DEA method in early studies on the mea-
surement of green innovation efficiency. Since the traditional DEA model assumes that
the output is the desired output, ignoring the influence of slack variables will significantly
increase the measured efficiency values. At the same time, the indicators used in the
experimental production process will produce lower efficiency. Therefore, the SBM model
proposed by Tone [15] can effectively avoid the measurement bias caused by traditional
DEA and measure the green innovation efficiency of the cities within the Great Changsha-
Zhuzhou-Xiangtan City Group. The following is the constructed evaluation model of green
innovation efficiency.

Minρ =
1− 1

m

m
∑

i=1

s−i
xik

1− 1
q1+q2

( q1
∑

r=rk

s+r
yrk

+
q2
∑

t=1

s−t
zrk

)

s.t.















































































n
∑

j = 1
j 6= k

xijλj − s−i ≤ x ik

n
∑

j = 1
j 6= k

yijλj − s+i ≤ y ik

n
∑

j = 1
j 6= k

zijλj − sz−
i ≤ z rk

λ, s−, s+ ≥ 0

(1)

In the formula, there are n decision units (DUM), which include the input, expected
output, and unexpected output. The number of types is represented by m, q1, q2, re-
spectively. The slack variables of input, expected output, and unexpected output are
represented by s−, s+, sz− , respectively. In general, λ is the weight of the decision unit and
ρ is the efficiency value of DMU. As known, the value range is between 0 and 1. Therefore,
effective DUM is obtained through the SBM model of unexpected output.

4.1.2. Panel Tobit Model

The Tobit regression model, also known as a truncated model, was proposed by
Tobit. The limited Tobit regression model can avoid the deviation of ordinary least square
estimation results. The Tobit regression model is used to ensure unbiased and valid
estimation results. After the measurement of green innovation efficiency is completed, the
value range of GIE is between 0 and 1, and the basic model is as follows:















Y∗
it = α0 + Xitβ + εi

Yit = Y∗
it i f 1 ≥ Y∗

it ≥ 0
Yit = 0 i f Y∗

it ≤ 0
Yit = 1 i f Y∗

it ≥ 1

(2)

In the formula, Y∗
it the explanatory variable vector, Yi is the value of the observed

dependent variable, β is the regression parameter vector, and εi represents the stochastic

210



Land 2021, 10, 1198

perturbation term. The panel Tobit regression model constructed based on influencing
factors is as follows.

GIE = α0 + β1 ln GDPit + β2 ln GOVit + β3 ln INFit + β4 ln INSit + β5 ln EDUit + εit (3)

4.2. Variables and Data
4.2.1. Variable Selection
Input Variables

Green innovation efficiency is a complex system with multiple inputs and outputs.
The Great Changsha-Zhuzhou-Xiangtan City Group constitutes a networked innovation
system. Selecting corresponding indicators is based on green innovation input and green
innovation output to estimate the green innovation efficiency of eight cities in the Great
Changsha-Zhuzhou-Xiangtan City Group. According to the status quo of green innovation
in the Great Changsha-Zhuzhou-Xiangtan City Group and the data availability, we con-
structed the evaluation index system of green innovation efficiency. The measurement of
green innovation efficiency of cities in the Great Changsha-Zhuzhou-Xiangtan City Group
should reflect the theme “Green” and the network effect of urban agglomeration innova-
tion. Therefore, this paper integrates the green concept into the input-output factors and
comprehensively considers the environmental pollution situation. Based on the network
characteristics of urban agglomeration, the input indexes mainly include: First, using the
number of universities, research institutions, and enterprises to represent network scale;
second, network openness measures the ability of urban agglomeration to absorb external
knowledge and information by foreign direct investment; third, the network structure hole
selects the technology market transaction amount as the bridge of knowledge flow and
technical cooperation among innovation subjects in the innovation network; fourth, the
network density is represented by the external expenditure of Research and Development
(R&D) expenditure in universities [23].

Output Variables

Output can be divided into expected output and unexpected output. Expected outputs
mainly include patent applications and per capita GDP. Patent data can reflect the results
of urban innovation output comprehensively; therefore, the number of patent applications
is selected to represent. Per capita GDP demonstrates the level of regional economic
growth. Generally, as unexpected outputs, the comprehensive environmental index is
used to represent the environmental benefit output of the undesired output, and the
environmental pollution comprehensive index is calculated by the entropy weight method
of the three industrial wastes, which are the industrial wastewater discharge, the industrial
sulfur dioxide discharge, and the industrial smoke emission respect, respectively. Specific
indicators are shown in Table 1 below.

Table 1. Evaluation index system of green innovation efficiency.

Indicators Categories Composition Specific Contents

Input Network Structure
Characteristics

Network Scale The Number of Universities, Research
Institutions, and Enterprises

Network Openness Foreign Direct Investment
Network Structure Hole Technology Market Transaction Amount

Network Density External R&D Expenditure of Universities

Output Economic Benefits Output Technology Number of Technical Patent Applications
Economic Per Capita GDP

Environmental Benefit Output Environment Environmental Pollution Index

Theoretically, in urban innovation activities, any factors related to innovation activi-
ties will impact innovation efficiency. According to the current situation of urban green
development, economic development requires a high level of technical innovation. On
the contrary, the economic development level is also bound to increase innovation input,
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forming a positive feedback effect. Therefore, the influencing factors of green innovation
efficiency should include the level of economic development (GDP), which is represented
by per capita GDP. Since communication infrastructure plays the most important role in
innovation among the four infrastructures of the highway, railway, communication, and en-
ergy, it is expressed as the proportion of regional postal and telecommunication services in
GDP (INF) [26]. Government support (GOV) is represented by the proportion of regional
science and technology financial expenditure in local financial expenditure. Industrial
structure (INS) uses the proportion of the added value of the tertiary industry in the gross
regional product, which reflects the ratio of the tertiary industry in the national economy
to measure. Urban education can provide high-quality human capital for innovation and
become a significant factor influencing the regional innovation system. Therefore, this
study selected urban education level (EDU) as the influencing factor and represented by
the number of university students [27] (see Table 2 for details).

Table 2. Influencing factors and variables of green innovation efficiency.

Influencing Factors Variable Abbreviation Variable Definition

Economic Development Level GDP Per Capita GDP

Government Support GOV Regional Science and Technology Expenditure Accounted for the
Proportion of Local Fiscal Expenditure

Information Infrastructure INF Regional Posts and Telecommunications Accounted for the
Proportion of GDP

Industry Structure INS The Proportion of The Added Value of
The Tertiary Industry in GDP

Urban Education Level EDU University Students

4.3. Data Sources

We included eight prefecture-level cities in the Great Changsha-Zhuzhou-Xiangtan
City Group from 2012 to 2018 as the research objects, namely, Changsha, Zhuzhou,
Xiangtan, Hengyang, Yueyang, Changde, Yiyang, and Loudi. The original data of the
indicators in this paper came predominantly from the statistical bulletins of the correspond-
ing prefecture-level cities in Hunan Statistical Yearbook, Hunan Science and Technology
Statistical Yearbook, and China Urban Statistical Yearbook (2012–2018). Some missing
values are complemented by linear interpolation.

5. Measurement and Characteristics of Green Innovation Efficiency of Great
Changsha-Zhuzhou-Xiangtan City Group Based on Network
5.1. Measurement Results of Green Innovation Efficiency of the Great
Changsha-Zhuzhou-Xiangtan City Group Based on Network

Using the constructed SBM model of unexpected output to calculate the green innovation
efficiency of cities in the Great Changsha-Zhuzhou-Xiangtan City Group from 2012 to 2018,
the results are shown in Table 3. Meanwhile, cloud model and system cluster analysis
were used to analyze the normal distribution and segmentation of green innovation effi-
ciency in the Great Changsha-Zhuzhou-Xiangtan City Group. The results are shown in
Figures 2 and 3, respectively.

Table 3. Green innovation efficiency of urban agglomeration.

Region 2012 2013 2014 2015 2016 2017 2018 Mean Ranking

Changsha 0.8153 1 1 1 1 1 0.8325 0.9497 1
Zhuzhou 1 0.7121 0.7709 0.8196 0.7895 0.9407 1 0.8864 3
Xiangtan 0.6488 0.6891 0.6624 0.7185 0.7687 0.7898 0.7953 0.7247 5

Hengyang 0.2335 0.4882 1 0.597 0.8911 1 0.5197 0.6756 6
Yueyang 1 1 1 1 1 0.5614 1 0.9373 2
Changde 0.4312 0.7856 0.8108 0.5851 0.6938 0.6854 0.6589 0.6644 7
Yiyang 0.4948 0.4064 0.3032 0.6408 1 0.4474 1 0.6132 8
Loudi 1 0.6047 1 1 1 1 0.3769 0.8545 4
Mean 0.7030 0.7108 0.8184 0.7951 0.8929 0.8031 0.7729
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Figure 2. Distribution trend map of green innovation efficiency in the urban agglomeration.

Figure 3. Normal cloud-membership degree distribution of green innovation efficiency in the Great
Changsha-Zhuzhou-Xiangtan City Group.

5.2. Characteristics Analysis of Green Innovation Efficiency of the Great
Changsha-Zhuzhou-Xiangtan City Group Based on Network

The green innovation efficiency of the Great Changsha-Zhuzhou-Xiangtan City Group
was generally stable. In terms of the overall time series, the mean green innovation
efficiency values of the Great Changsha-Zhuzhou-Xiangtan City Group from 2012 to 2018
were 0.7030, 0.7108, 0.8184, 0.7951, 0.8929, 0.8031, and 0.7729, respectively. The overall mean
values of green innovation efficiency fluctuated at a medium level and showed a stable
trend. This may be because Hunan province has focused on constructing a two-oriented
society in the core area of urban agglomeration, improving the overall green development
of the Great Changsha-Zhuzhou-Xiangtan City Group to a certain extent in recent years.
At the same time, influenced by the international environment, China’s economy has
slowed down; with tremendous downward pressure, the transformation of technological
innovation achievements into practical productivity in the Great Changsha-Zhuzhou-
Xiangtan City Group is insufficient. In the meantime, rational allocation and utilization
of innovative resources are hindered, so the overall efficiency is low. The distribution
trend of green efficiency in urban agglomeration is shown in Figure 2. Therefore, the green
innovation development of urban agglomeration cannot be achieved without a favorable
innovation environment.

The green innovation efficiency of the Great Changsha-Zhuzhou-Xiangtan City Group
presents the characteristics of “urban gradient” development. As shown in Figure 3, Chang-
sha and Yueyang rank high in green innovation efficiency and have a maximum advantage
for green innovation development. On the one hand, Changsha has an extensive network
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scale and high network openness. As a provincial capital city, Changsha is inextricably
linked to its position in the network structure hole in the innovation system. As a network
structure hole for strengthening regional cooperation, Yueyang is the “main battlefield”
of Hunan’s growth pole construction and an essential fulcrum for docking the Yangtze
River Economic Belt construction. Other cities in the urban agglomeration—Zhuzhou
and Xiangtan—have dominant industries concentrated in secondary industries, such as
iron and steel industries. Therefore, extensive development may cause environmental
pollution; their green innovation efficiency, therefore, is slightly behind Changsha. Yiyang
has continuously lagged with its green innovation efficiency, which has restricted the
balanced development of green innovation in the Great Changsha-Zhuzhou-Xiangtan City
Group. According to the echo theory, the development of green innovation is limited by
its economic scale, resulting in a lack of endogenous motivation and issues with green
development [28]. Therefore, we can conclude that it can be divided into three gradients:
(1) Changsha and Yueyang, (2) Yiyang, and (3) other cities.

The “mid-stream drive” difference of green innovation efficiency in the Great
Changsha-Zhuzhou-Xiangtan City Group is noticeable. Figure 3 shows the apparent
differences between cities such as Changsha and Yiyang and other cities in the urban ag-
glomeration; however, other cities need further analysis based on Figures 4 and 5. We can
see from Figure 4 that Xiangtan, Changde, and Hengyang are classified into one category,
and the green innovation efficiency value is between 0.6 and 0.7. Combined with Figure 5,
Xiangtan moves up by one place, Changde moves up by one place, and Hengyang moves
up by two. The reasons are as follows. First, Xiangtan encourages independent innova-
tion and strengthens R&D and project promotion by the government bonus policy. For
example, the Implementation Measures for Encouraging Scientific and Technological Innovation
in Xiangtan High-tech Zone, issued in 2016, enhanced the guiding role of government
expenditure on green innovation and promoted the innovation efficiency of the region to
maintain an excellent level. The Changde Office of Science and Technology issued some
awards in Changde Science and Technology Awards in 2017 to stimulate the initiative of inno-
vation subjects, accelerate the transformation of innovation achievements, and improve
the innovation system. Hengyang proposed Measures for The Administration of Subsidies
for Science and Technology Services (trial) for innovative services subsidies, enhancing the
innovation capacity of relevant enterprises. Second, Zhuzhou and Loudi are the second
types, with a green innovation efficiency ranging from 0.85 to 0.90. Zhuzhou moves up by
one place, while Loudi moves down by four places. The reason may be that the limited
economic scale is the main factor in developing green innovation. The small scale of a
regional innovation network and insufficient innovation investment seriously hinder the
improvement of innovation efficiency.

Figure 4. Cluster tree of green innovation efficiency in the Great Changsha-Zhuzhou-Xiangtan
City Group.
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Figure 5. Trend of green innovation efficiency in the Great Changsha-Zhuzhou-Xiangtan City Group.

6. Research on The Influencing Factors of Green Innovation in the Great
Changsha-Zhuzhou-Xiangtan City Group Based on Network

Based on the theoretical mechanism of the network and the green innovation efficiency
measured by the unexpected output SBM model, the empirical analysis of influencing
factors is conducted. Unit root tests were carried out prior to regression result analysis to
ensure the rigor and correctness of regression results.

6.1. Unit Root Test

Combined with the SBM model of unexpected output, this paper calculates the
green innovation efficiency data of the Great Changsha-Zhuzhou-Xiangtan City Group
from 2012 to 2018. It conducts regression analysis with green innovation efficiency as the
dependent variable. Firstly, the unit root test of panel data is carried out to enable a more
rigorous and reliable empirical process and avoid the pseudo-regression caused by the
non-stationary variables to ensure the effectiveness of the estimation results. The stationary
unit root test mainly uses LLC, IPS, ADF-Fisher, and PP-Fisher methods to test the variables.
The formula of the unit root test is as follows:

χit = ρiχi,t−1 + εit (4)

The unit root test can be divided into two categories: one category is the LLC test,
which is the same regression coefficient. Additionally, it changes according to different
cross-sections, namely, IPS test, ADF-Fisher test and PP-Fisher test. The first test results
show that the sequence of a variable is unstable, so take the logarithm to carry on the
stability test. As shown in Table 4, the results obtain the overall rejection of the original
hypothesis of ‘existence of unit root’, and then carry out the panel Tobit random effect
regression; the results are shown in Table 5.

6.2. Analysis of Regression Results of Influencing Factors

According to the regression results, the relevant influencing factors are as follows:
First: the economic development level. The economic development level regression

results show a significantly positive impact on green innovation efficiency, and the impact
coefficient is 0.9745. The level of regional economic development promotes the improve-
ment of green innovation efficiency. A higher GDP encourages individuals to pursue
green and low-carbon products and facilitates the optimal allocation of green innovation
resources [29]. Moreover, it effectively avoids the redundancy of network scale, enables
the effectiveness of the network structure as a whole, and improves the conversion rate of
innovation achievements.
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Table 4. Unit root test results.

Variable
Unite Root Tests

LLC Test IPS Test Fisher-ADF Test Fisher-PP Test

GDP −4.4708 ***
(0.0000)

1.1959
(08841)

32.4882 ***
(0.0086)

25.7640 **
(0.0574)

INF −6.5998 ***
(0.0000)

−0.6477
(0.2586)

17.3999
(0.3602)

8.7567
(0.9231)

GOV −3.9148 ***
(0.0000)

2.1166
(0.9829)

225.9521 ***
(0.0000)

6.9460
(0.9743)

INS −1.1409
(0.0574)

(0.8945)
(0.1269)

0.3698
(1.0000)

1.1016
(1.0000)

EDU −25.6417 ***
(0.0000)

0.2159
(0.5855)

0.8512
(1.00000

0.3842
(1.0000)

lnGDP −1.7013 ***
(0.0444)

0.5643
(0.7137)

85.0089 ***
(0.0000)

105.4833 ***
(0.0000)

lnINF −4.0939 ***
(0.0000)

0.5711
0.7160

176.0313 ***
(0.0000)

27.6454 ***
(0.0348)

lnGOV −7.2467 ***
(0.0000)

−1.1113
(0.1332)

155.8811 ***
(0.0000)

7.5889
(0.9602)

lnINS −16.3869 ***
(0.0000)

0.7972
(0.7873)

0.6236
(1.0000)

3.5595
(0.9995)

lnEDU −6.2933 ***
(0.0000)

−0.3458
(0.3647)

1.9785
(1.0000)

1.119
(1.0000)

Note: ** represents significance at the 5% level, and *** represents significance at the 1% level.

Table 5. Regression results of influencing factors of green innovation in the Great Changsha-Zhuzhou-
Xiangtan City Group based on network.

Variable
Panel Tobit Random Effect Model

Coefficient Standard Error Z Value p-Value

lnGDP 0.9745 *** 0.213 4.57 0.000
lnGOV 0.0147 0.061 0.24 0.809
lnINF 0.0083 0.085 0.10 0.922
lnINS −0.6619 *** 0.189 −3.51 0.000
lnEDU −0.1358 *** 0.055 −2.48 0.013

Constant −0.9210 *** 2.310 −4.01 0.000
Wald chi2(5) 31.08

Note: *** represents significance at the 1% level.

Second: government support. The regression results show that the efficiency of
green innovation has a negative impact and is not statistically significant. The reasons
are as follows. First, in government support for green innovation investment, excessive
government involvement has caused innovation resource wastage. Second, excessive
government expenditure leads to the crowding-out effect in the innovation activities of
enterprises and scientific research institutions. Therefore, the government should invest a
reasonable range of fiscal expenditure and rationalize innovation resources.

Third: the level of information infrastructure. Regression results show that the ef-
ficiency of green innovation has a positive impact, but not through the significance test.
Results show that the current level of information infrastructure of the Great Changsha-
Zhuzhou-Xiangtan City Group shows an Internet trend, which has a ‘crowding out effect’
on postal and telecommunication services. The Internet is introduced into the innovation
network as a carrier to enable the innovation synergy relationship informatization and
reduce information transaction costs. Therefore, the level of networked information in-
frastructure has higher innovation efficiency. This conclusion is similar to the research in
Zhongchao Wu [23].

Fourth: industrial structure. The empirical results show that industrial institutions
have a negative impact on green innovation and pass the significance test. Possible reasons
are as follows: first, in the process of embedding the tertiary industry into the innovation
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network, enterprises and other innovation subjects fail to make full use of innovation
resources, impeding the process of knowledge spillover; the competitive advantage is
not apparent, leading to the failure of the tertiary industry to significantly promote the
improvement of green innovation efficiency [30]. Second, the depth and breadth of net-
work openness are inadequate, which is not conducive to the flow and reorganization of
industrial elements. Therefore, penetrating the barriers of the closed innovation system,
building a high-level open innovation platform, and optimizing resource allocation are the
keys to the development of green innovation.

Fifth: the urban education level. The regression results of the urban education level
show that it negatively influences green innovation efficiency, and the influence coefficient
is 0.1358. This indicates that the current education level has no significant promoting effect
on improving green innovation efficiency in the Changsha-Zhuzhou-Xiangtan City Group.
Possible reasons are as follows: school education fails to achieve innovation-driven teach-
ing, and innovative education resources in universities fail to achieve innovation integration
with scientific research institutions and related enterprises. Moreover, low-efficiency al-
location of innovation resources leads to redundancy of network scale; heterogeneous
human capital located in the hole of network structure cannot obtain relevant informa-
tion resources through connecting innovation subjects. Therefore, there is no significant
improvement in innovation efficiency, similar to the research result of Yuwen Peng [31].

7. Conclusions and Recommendations

Urban agglomeration can be regarded as a network innovation system with ‘input–
output.’ Based on a heterogeneous network perspective, this paper constructs an unex-
pected SBM model including R&D investment and analyzes the green innovation efficiency
of eight cities in the Great Changsha-Zhuzhou-Xiangtan City Group from 2012 to 2018. On
this basis, the panel Tobit model is used to analyze the influencing factors of green innova-
tion efficiency to provide feasible suggestions for accelerating the innovation development
of the Great Changsha-Zhuzhou-Xiangtan City Group and realizing energy conservation
and emission reduction. The following conclusions are drawn:

First, the overall mean value of green innovation efficiency in the Great Changsha-
Zhuzhou-Xiangtan City Group fluctuates between 0.70 and 0.85. The overall efficiency
value is at the medium level, showing a stable trend. The green innovation efficiency has
particular room for improvement. Specifically for cities, the distribution of urban green
innovation efficiency within the region has the characteristics of gradient development and
mid-stream drive apparent differences.

Second, in the process of networked innovation, economic development to promote the
overall effectiveness of the network structure has a positive influence on green innovation.
The low efficiency of urban educational resources utilization and the weak advantage of
industrial structure renders the depth and breadth of network openness unsuitable for the
development of green innovation; the level of government support and infrastructure has
no significant effect on it.

Based on the empirical analysis, this paper proposes the following recommendations:
First, the high-quality development of Hunan province must promote regional collabo-

rative innovation and green development. Hunan province should implement the strategy
of “Three High and Four New”, giving full play to the radiation role of the core area of
the Great Changsha-Zhuzhou-Xiangtan City Group and linking the cities surrounding
the Great Changsha-Zhuzhou-Xiangtan City Group. The cities Changsha and Yueyang,
with improved green development, should set an example for the radiation range of green
innovation. We are encouraging enterprises to independently innovate and play leading
roles as enterprises, universities, and research institutions in innovation and create an
open and efficient platform for the transformation of innovation achievements. Zhuzhou,
Xiangtan, Hengyang, and Changde cities should continuously maintain their advantage
of being efficient cities—overcoming regional boundaries to achieve regional cooperation.
For cities with a small economic scale, such as Loudi, we should strengthen regional coop-
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eration development, draw lessons from the experience of efficient city development, build
an innovation cooperation center system, increase the scale of network construction, and
gradually realize the transformation of innovation achievements. For cities with insufficient
green innovation and development capacity in Yiyang, we should actively learn from the
green development experience of Changsha, improve the construction of collaborative
mechanisms for urban green innovation, and encourage technological innovation to benefit
innovative development.

Second, it is essential to form an innovation network system with enterprises at its
core, including higher-education institutions, research institutions, and other innovation
subjects; expand the scale of the innovation network, strengthen the innovation links
between subjects, further enhance the enthusiasm and initiative of independent innovation,
and effectively improve the efficiency of green innovation.

Third, economic development mainly depends on technological innovation, accel-
erating technological innovation research and development. The transformation of the
economic development model is essential in order to save resources, protect the envi-
ronment, focus efforts on green innovation efficiency, actively learn from the developed
areas of green innovation development, optimal green innovation resources allocation, and
enhance the efficiency of green innovation.

Fourth, it is vital to vigorously improve the construction of education service systems
and invest reasonably in education resources. We will foster outstanding innovative
talent, guide creative and talented university graduates to form enterprises and realize the
diffusion of technological knowledge. The purpose is to ensure the rational utilization of
regional innovation resources, promote the upgrading of industrial institutions, and realize
the development of green innovation.
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B.; Deluka-Tibljaš, A.; Šurdonja, S.;
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Abstract: Spatial and traffic planning is important in order to achieve a quality, safe, functional, and
integrated urban environment. Different tools and expert models were developed that are aimed at a
more objective view of the consequences of reconstruction in different spatial and temporal ranges
while respecting selection criteria. In this paper we analyze the application of the multi-criteria
analysis method when choosing sustainable traffic solutions in the center of a small town, in this case
Belišće, Croatia. The goal of this paper is to examine the possibility of improving the methodology
for selecting an optimal spatial–traffic solution by combining the quantifiable results of the traffic
microsimulation and the method of multi-criteria optimization. Socially sensitive design should
include psychological and social evaluation criteria that are included in this paper as qualitative
spatial–urban criteria. In the optimization process, different stakeholder groups (experts, students,
and citizens) were actively involved in evaluating the importance of selected criteria. The analysis of
stakeholders’ survey results showed statistically significant differences in criteria preference among
three groups. The AHP (Analytic Hierarchy Process) multi-criteria analysis method was used; a
total of five criteria groups (functional, safety, economic, environmental, and spatial–urban) were
developed, which contain 21 criteria and 7 sub-criteria; and the weights of criteria groups were
varied based on stakeholders’ preferences. The application of the developed methodology enabled
the selection of an optimal solution for the improvement of traffic conditions in a small city with
the potential to also be applied to other types of traffic–spatial problems and assure sustainable
traffic planning.

Keywords: sustainable spatial–traffic planning; microsimulation traffic modeling; AHP; multi-criteria
analysis; sensitivity analysis; stakeholders’ preferences; public participation

1. Introduction

Reconstruction of segments of the existing traffic network according to the principles
of sustainable urban mobility includes multidisciplinarity and consideration of spatial
interventions through holistic criteria. Sustainable traffic and spatial planning should
equally meet urban mobility development goals and the needs of traffic users, as well as
understand and preserve the natural environment [1].

The European Commission has adopted a Sustainable Urban Mobility Plan (SUMP), a
document that sets the framework for planning and managing urban mobility with the goal
of improving the urban quality of life by creating a safe, reliable, integrated, multimodal,
efficient, and environmentally friendly traffic system [2].

In order to positively influence the choice of movement modalities and encourage
active and more environmentally friendly forms of urban mobility, it is necessary to
provide accessible, safe, comfortable, and attractive traffic areas intended for pedestrians
and cyclists, and various forms of micromobility and, at the same time, respect necessary
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requirements for motorized traffic. Planning and construction of traffic infrastructure
was traditionally aimed at meeting traffic demand, but the analyses clearly show that the
planning approach is changing and that the design of traffic infrastructure is effectively
used to generate the desired forms of mobility [3]. The central parts of cities were spatially
defined in the distant past, and the continuous increase of the degree of motorization and
of the size of the population impose the need to meet numerous and often conflicting
objectives during reconstruction, and the choice of an optimal solution becomes a question
of multidisciplinary cooperation and the application of a multi-criteria optimization [4].

Microsimulations are a frequently used tool in assessing the functional (traffic) charac-
teristics of alternative transport infrastructure solutions [5,6]. The assessment of alternative
solutions based on traffic and cost criteria does not provide a sufficiently broad approach
for sustainable and socially sensitive spatial planning, so it is necessary to include other
aspects of potential solutions.

The aim of this paper is to give a methodological contribution to the evaluation
of alternative solutions of transport infrastructure, including cost, microsimulations as
quantitative indicators of traffic conditions, and spatial–urban criteria as qualitative criteria
in a broader context that allows for the application of multi-criteria analysis methods. The
methodology for evaluating alternative solutions applied in this research is to combine the
multi-criteria analysis methods, traffic micro-simulations, and a socially sensitive spatial
planning approach to develop a model that unites a conventional approach to traffic
planning based on traffic demand of all modes of traffic and a sustainable approach in
planning based on ensuring accessibility of space with active public participation in the
assessment of alternative solutions and selection of the optimal solution.

In this paper, the Analytic Hierarchy Process (AHP) [7] multi-criteria analysis method
is applied to a case study, selecting the optimal solution for the reconstruction of traffic
areas at the level of a conceptual solution for part of the traffic network in the center
of the town of Belišće in Croatia. The local inhabitants, as well as the professional and
non-professional public, were involved in the process of choosing the optimal solution
through several steps in the procedure, and the traffic microsimulation technique was used
to verify future traffic needs.

After the introduction, the Section 2 of this paper provides an overview of the literature
from the research topic. Section 3, entitled “Study Area,” describes the spatial and traffic
characteristics of the selected case study, the central zone of the town of Belišće in Croatia.
Section 4 explains in detail the methodological steps and their application in the selected
case study—a combination of traffic microsimulation modeling and MCA. In the Section 5,
the results of the application of the analyzed methodology are presented and discussed. The
results of quantitative and qualitative criteria are analyzed, as well as different stakeholder
preferences. Section 6 presents the concluding considerations arising from the application
of the proposed innovative methodology for the assessment of alternative solutions for the
reconstruction of transport infrastructure and selection of the optimal solution.

2. Literature Review

The reconstruction of traffic infrastructure in built and spatially defined urban zones
according to the principles of sustainable urban mobility is a complex task. On the one hand,
we have different transport users who have different mobility needs and modalities that
include vehicle traffic demand, and on the other hand, there are traffic safety requirements,
socially sensitive spatial design, environmental impact, and users and community costs
that need to be reconciled in the limited available space. Active forms of mobility that
are environmentally friendly have additional positive effects because they take up less
space and are economically acceptable, so they are often the focus of designers when the
reconstruction of transport infrastructure is planned in city centers.

Urban planners and analysts draw particular attention to the concept of urban “walk-
ability”, which connects urban design and traffic infrastructure with wider objectives such
as public health, ecological and economic objectives, and social equality. The very notion of
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walkability is complex and is used to describe quite different kinds of phenomena. Pikora
et al. [8] presented the development of a framework of potential environmental influences
on walking and cycling. The framework includes four features: functional, safety, aesthetic,
and destination. Ewing and Handy [9] highlighted the five criteria for the evaluation of
traffic infrastructure intended for pedestrian movement: imageability, enclosure, human
scale, transparency, and complexity. Forsyth [10] analyzed walkability from three different
points of view: conditions (walkable environments, infrastructure, quality, safety), out-
comes (making places lively and sociable), and better urban places (walkability provides a
holistic solution to a variety of urban problems). According to Ruiz-Padillo et al. [11], the
concept of walkability refers to the extent to which a neighborhood is walking-friendly and
defines three key influential factors: public security, traffic safety, and pavement quality.

The traffic safety of pedestrians is an important influential factor in selecting the
modality of movement, and numerous studies have focused on the analysis of pedestrian
behavior, particularly in the risky segments of the traffic network, such as zones of potential
conflict between pedestrians and vehicle–pedestrian crossings. Various studies have been
performed and models developed for predicting the behavior of pedestrians [12–14] and
vulnerable groups such as children [15] and the elderly [16], with the aim of identifying
the influential parameters on pedestrian behavior in the traffic safety analysis. The results
of different studies show that pedestrian movement is under significant influence of the
cultural heritage of a specific environment and traffic and spatial conditions; therefore,
such models are not universally applicable [14,17].

The presence and optimal placement of functionally mixed urban contents in walking
distance are the prerequisite for the choice of the pedestrian movement modality. Dovey
and Pafka [18] analyzed density, functional mix, and access networks as key factors of
urban pedestrian mobility, but highlighted a key distinction between walkability and
walking. These factors ensure spatial prerequisites that can be motivating or demotivating,
but do not directly cause walking.

Su et al. [19] identified the most common indicators in existing indicator classification
frameworks—connectivity, accessibility, suitability, serviceability, and perceptibility—and
established an indicator classification system through expert panel evaluation for auditing
street walkability in China. Blečić et al. [20] presented a survey of operational methods for
walkability analysis and evaluation that are potentially useful as tools for sustainability-
oriented urban design.

Zuniga-Teran et al. [21] identified gaps and strengths in the Leadership in Energy and
Environmental Design for Neighborhood Development (LEED-ND) certification system,
through the lens of the nine categories of walkability—connectivity, land use, density, traffic
safety, surveillance, parking, experience, greenspace, and community. Within this evalu-
ation system, parking is mentioned as an important element in the evaluation of spatial
potentials and shows a clear link between parking and pedestrian infrastructure planning.

A personal car spends around 5% of the total time in movement [22], so the planning
approach to stationary traffic for personal vehicles, which adapts to the needs of users,
was proven to be ineffective in the time perspective. Traffic infrastructure intended for
stationary traffic is efficiently used as an influential factor when choosing movement
modalities [23], and in the lack of space in urban-defined central parts of cities, urban areas
should be ceded to more efficient traffic modalities.

Zahabi et al. [24] analyzed the impact of surface purpose, public urban transport
offers, parking capacities, and parking prices on the choice of urban mobility modalities.
The results of the study showed that a USD 1 increase in the hourly parking price would
imply an increase of 5% in the probability of using public transport and a 10% increase in
the public transport fare would represent a 10% average reduction in the probability of
using public transport.

Available and quality transport infrastructure is a prerequisite, but not necessarily a
decisive factor in choosing the modality of urban mobility, as shown by the comparison be-
tween mobility habits in different cities [25]. Motivational factors for the choice of mobility
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modalities include environmental [1], economic level, climate, available public transport
services [24], etc. A deeper analysis of the complex psychological and sociological factors
influencing mobility motivation is explored within the sociology of mobility [26]. Mobility
can be analyzed as capital that has significant social implications. The mobility capital
(motility) affects social integration and can be considered an analytical tool that allows the
analysis of the relationship between the dynamics of spatial and social mobility [27].

In small towns (up to 10,000 inhabitants) [28], active traffic is traditionally present;
however, the construction of traffic areas intended for motor traffic, particularly for fast
traffic, jeopardizes the safety of such a manner of movement while the areas intended for
stationary traffic are often organized in very attractive urban locations. During spatial and
traffic planning and reconstruction, small towns should be observed through spatial partic-
ularities of such urban spaces [29]; however, the potential for preserving and revitalizing
healthy and environmentally friendly movement lies exactly in the smaller urban areas.

The first step of analysis when planning road infrastructure reconstruction is to iden-
tify existing traffic demand; however, it is mandatory to look at the reconstruction solutions
through the criteria of future traffic demand. The application of microsimulation traffic
modeling enables the analysis of alternative reconstruction solutions in different time and
space ranges [30], simulating the behavior of all traffic participants. The advantage of mi-
crosimulation modeling is that it enables the analysis of a significant number of traffic and
spatial indicators of alternative solutions in the planning phase, as well as the possibility to
analyze the reconstruction impacts on a wider network coverage and with future traffic
demand [31]. Microsimulations allow for the comparison of variable solutions through
numerically expressed functional parameters—driving time, delays, queue parameters,
etc., and dynamic parameters—speed of each individual vehicle, average speed, and other
indicators related to traffic flow. Microsimulations have proven to be a valuable tool in
traffic infrastructure analysis [5,6], but their potential has not been sufficiently exploited in
a broader spatial–traffic analysis, as enabled by multi-criteria analysis methods.

Considering the numerous criteria based on which an optimal spatial and traffic
solution should be selected, in this paper we analyze the possibility of using multi-criteria
analysis combined with the use of VISSIM for traffic microsimulations in the procedure of
preliminary analysis of possible developments of the traffic system. Multi-criteria analysis
was applied to select the best alternative for the restoration of areas and the reconstruction
of systems.

During spatial planning and design, the multi-criteria analysis method is used to
optimize the selection of a solution for different types of problems, and the application
to big-scale problems has shown its effectiveness [32,33]. Although a significant aspect of
scientific interest is developing in the direction of selecting the appropriate optimization
method for a particular observed problem, taking into account different MCA methods
(including the fuzzy approach), and comparing their adequacy regarding the specifics of the
problem analyzed (as suggested by [34,35]), when it comes to planning and designing traffic
infrastructure in urban areas, the most commonly used procedure is the Analytic Hierarchy
Process (AHP) multi-criteria analysis method [4,36]. Based on the review of multi-criteria
analysis method applications in decision-making about transport infrastructure from 2003
to 2012 done by Deluka-Tibljaš et al. [4], in 70% of analyzed scientific papers the AHP
method was applied. Other applied methods, in a much lower percentage, were ELECTRE
(Elimination and (Et) Choice Translating Reality), PROMETHEE (Preference Ranking
Organization Method for Enrichment Evaluations), SAW (Simple Additive Weighting),
TOPSIS (Technique for Order Preference by Similarity to Ideal Solution), etc.

Broniewicz and Ogrodnik [37], in their review of global literature from 2010 to 2019
conducted on the subject of MCDM/MCDA (Multi-Criteria Decision Making/Multi-
Criteria Decision Analysis) methods used in transportation infrastructure, proved that
the most popular method used to solve multi-criteria decision problems in the field of
transport is the AHP method, followed by TOPSIS, DEMATEL (Decision Making Trial and
Evaluation Laboratory), and PROMETHEE and ELECTRE.
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The AHP method enables the optimization of solutions already in the planning phase
when alternative solutions, in general, are not elaborated in detail, because besides the
usual multi-criteria assessment of every alternative regarding each criterion separately, it
also provides the possibility of pair-wise comparison of alternatives in relation to a specific
criterion [38].

Alemdar et al. [39] used microsimulation and MCA (AHP and TOPSIS) to select the
optimal corridor design and analyzed different solutions for three intersections on the
Vatan Street corridor in İstanbul, Turkey. The evaluation criteria in the study were vehicle
delay, queue length, stopped delay, stops, travel time, vehicle safety, CO emission, fuel
consumption, and construction cost. In the study done by Bayrak and Bayata [40], three
intersection types were modeled and tested using VISSIM software in line with parameters:
capacity and level of service, travel time, average delay, queue length, fuel consumption,
and vehicle exhaust emissions. Safety and construction costs were added. A new model
was then generated using the VISSIM results and the AHP results. Du et al. [41] used a
combination of VISSIM microsimulation and AHP methods to create a model to evaluate
access management. Alemdar et al. [42] applied AHP and VIKOR methods to optimize the
position of pedestrian crossings on the road corridor in a case study in Erzurum, Turkey.
Microsimulations in VISSIM were applied in the assessment of the impact of individual
scenarios of pedestrian movements on the traffic conditions of the observed coverage.

A review of the literature shows that in recent times the results of microsimulations have
been used as input data of MCA methods (most often AHP methods). In doing so, functional
indicators are predominantly used, with the addition of cost and safety parameters.

Functional indicators obtained by applying microsimulations represent one of the five
groups of criteria on the basis of which alternative solutions are evaluated in this paper.
Each group of criteria brings one specific aspect of the evaluation of the solution, and
their importance was analyzed by different stakeholders. The addition of spatial–urban
criteria introduces a set of qualitative parameters that are psychologically and socially
oriented and focused on the subjective experience of different stakeholders. Involving
stakeholders in the evaluation of alternative solutions is not a completely new approach,
but, like the application of microsimulations, it is insufficiently used in the broader context
of the evaluation of alternative solutions. In this paper, the MCA (AHP method) and
microsimulation methods are combined in order to achieve sustainable traffic goals in
making decisions for a small city area, respecting relevant criteria for socially sensitive
design but also local conditions by including local inhabitants as relevant stakeholders.

3. Study Area

The town of Belišće is an industrial town with around 10,000 inhabitants, is one
of seven towns in Osijek-Baranja County, and covers a surface area of 68.75 km2. The
geographical and traffic position of Belišće makes this town the intersection of important
regional road corridors.

The town of Belišće is associated with a 130-year-long industrial tradition of the pro-
duction and processing of packaging paper, which plays an important role in the economic
development of the region. Since 1998, a hydraulic press factory for the production of car
tires has been operating in the inner city center of Belišće. The factory is predominantly
export oriented and represents an important social and traffic pull factor. Industrial zones
located near the town center (Figure 1) generate several major problems in the urban traffic
network of the town of Belišće. The insufficient hierarchical structure of the urban network
brings freight traffic to the very periphery of the secondary network, which is a significant
functional and traffic safety problem.

In addition, increased traffic of trucks and heavy freight vehicles cause economic
problems by means of accelerated deterioration of the pavement structure and environ-
mental problems such as noise and air pollution. The observed problem should be seen
in the context that Belišće does not offer public city passenger transport, except for a taxi
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service, and the choice of modalities is reduced to a private car or taxi car and active forms
of mobility.

Figure 1. Area use layout—industrial zones (blue) and town center (green) [43].

The reconstruction zone is a central city zone, which, with 86 existing parking spaces
in the observed coverage, cannot meet the requirements of stationary traffic. The city center
is an administrative center with a number of public facilities (post office, police, health
center, pharmacy, museum) that generate the need for a greater dynamic of stationary traffic
(stopping and short-term parking). Within the considered segment of the traffic network,
there is also a residential zone with long-term parking requirements. The vicinity of the
industrial zones puts an additional pressure to the infrastructure intended for stationary
traffic and a large number of workers who come to work cannot park their cars near the
factories (Figure 2).

Figure 2. Stationary traffic problems in Belišće town center.

The wider analyzed coverage of the secondary network is shown in Figure 3 (left).
The subject of reconstruction are the traffic areas of the secondary network, parking lots,
and pedestrian paths shown in Figure 3 (right). The intersection on the access road marked
in red is, according to the traffic count results, a critical point of the narrower secondary
network reconstruction area, which is included in the model and analysis of functional
characteristics of the alternative solutions.
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Figure 3. Observed secondary network coverage (left) and narrower area of reconstruction (right).

Traffic was recorded and counted several times in May 2019 under standard conditions—
Tuesdays and Wednesdays at peak hour, from 2 to 3 pm, and the mean value of the total
monitored motor traffic network coverage expressed in the equivalent units of a personal
car (PCU) distributed on the traffic routes is shown in Table 1. The access points (A1–A4)
for both intersections are marked in Figure 3 for the intersection located at the periphery of
the reconstruction zone (I1) and for the intersection within the reconstruction zone (I2). In
the mixed flow with motor vehicles, there were cyclists who were not counted in equivalent
units, to highlight the frequency of this form of mobility (Table 1). The same table contains
the existing traffic demand for pedestrian movements.

Table 1. Traffic count results.

PCU/h Cyclist/h Ped/h

Straight Right Left Straight Right Left Route 1 Route 2

I1

Access 1 59 4 17 8 1 7 17 22
Access 2 69 16 6 13 1 4 22 17
Access 3 12 22 15 10 5 3 15 12
Access 4 12 12 8 20 8 2 19 23

I2

Access 1 40 10 12 23 3 3 18 22
Access 2 18 22 14 11 4 5 24 20
Access 3 25 20 6 3 5 2 12 15
Access 4 5 25 5 7 5 4 18 14

4. Materials and Methods

To select the optimal traffic solution for Belišće town center, the multi-criteria analysis
(MCA) method was used in combination with the traffic micro-simulation method for
preliminary screening of traffic development alternatives based on the expected traffic
demand in the project period.

The MCA is applicable if a choice must be made between several solutions based on a
larger number of criteria and different, both quantitative and qualitative, measures [44,45].
Although the problem of decision-making related to different infrastructure in urban areas
is based largely on common principles, there are certain specifics for different types of
infrastructure planning, so for a more detailed analysis, each infrastructure should be
observed separately with the definition of specific criteria.
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The selection of criteria in the multi-criteria analysis is a sensitive step in particular
when quantitative and qualitative indicators are combined. A large number of criteria
can be confusing for decision-makers and a small number of criteria does not provide
an analysis of all relevant information [46]. The application of quantitative indicators
contributes to the objectification of multi-criteria analysis, but the problem is that the
selection of the optimal solution is done at the early project stages, when there is not
enough detailed data, so the quantification of indicators is a challenging task. The criteria
groups, criteria, and sub-criteria for the subject case study are explained in more detail in
Section 4.1.

Significant support for decision-makers is provided by the tools of traffic modeling—
traffic micro-simulations, which are used to analyze and compare alternative reconstruction
solutions. Modeling results are functional traffic indicators such as travel time, delays,
length of the vehicle queue, number of stops, delays related to stopping, level of service,
dynamic characteristics, etc. Within the modeling results, it is possible to obtain envi-
ronmental indicators (emissions of harmful gases, etc.), as well as economic indicators
expressed through fuel consumption. Keeping in mind that this is a microsimulation
model, said traffic indicators can be obtained for each specific entity within the simulation
(personal vehicle, public transport vehicle, truck, cyclist, pedestrian) and also as mean val-
ues of indicators for individual traffic flows or in total for the observed network coverage.
At each second of the simulation, the model calculates the spatial positions and dynamic
characteristics of each entity and their interactions defined through the input parameters
of traffic regulation, priority rules, and characteristics of the behavior of traffic participants.
The modeling results are quantitative indicators, and the advantage of the model lies in its
high-quality graphic interpretation, so it is possible to make a movie in 3D mode on the
operationalization of the observed spatial solution, which enables a realistic insight of the
spatial solution for decision-makers and the general public.

Due to the requirements of the analysis of alternative solutions (alternatives), the mean
values of traffic indicators were analyzed, which provided a sufficiently realistic insight
into the quality of the alternatives for the purposes of their comparison and evaluation. The
calibration of the VISSIM model was not done specifically for Belišće, but the application of
the VISSIM model on roundabouts in the city of Osijek, Croatia, made a difference between
modeled and measured data in situ: around 10% for the uncalibrated and less than 5%
for the calibrated model [47]. The town of Belišće is in the immediate vicinity of the city
of Osijek, so the input parameters of the VISSIM model associated with driver behavior
were shown to be applicable. The selected functional indicators for this analysis level were
total delays, maximum queue length, number of stops, delays caused by stopping, and
level of service (LOS). Functional indicators were analyzed for the existing traffic demand
(determined by the traffic counting) and for the various scenarios of future (presumed)
traffic demand, which includes an increase in the traffic load of vehicles, cyclists, and
pedestrians. A larger offer of parking spaces, cycling paths, and a well-maintained pedes-
trian promenade are the pull-factors of the traffic load that were taken into account when
evaluating the alternatives of reconstruction.

Traffic is stochastic by nature, so in order to get the modeling results to be as realistic as
possible, 10 different driving scenarios of vehicle arrivals were analyzed, and the considered
traffic indicators are the average values of functional indicators of each analyzed traffic
scenario. The initial value of the random number generator (random seed) was a default
value and the set increment was 10. The same 10 traffic scenarios were analyzed for
the current state and for each alternative solution of reconstruction in order to ensure
comparable simulation results.

Within this study, the microsimulation traffic models for the secondary road network
for the existing situation (solution zero—A0) and for alternative reconstruction solutions
(A1, A2, A3) were developed in VISSIM. The aim of the application of the microsimulation
traffic models was to analyze alternative reconstruction solutions and to evaluate them
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based on the available simulation results according to the selected functional criteria, which
were incorporated into the procedure of the multi-criteria analysis of alternatives.

In addition to functional indicators, the simulation results provided information
regarding an environmental criterion—the emissions of harmful gases, and an economic
criterion—user costs through fuel consumption, which was included in the evaluation
through the defined criteria. The results of the microsimulation were sufficiently accurate
as relative indicators for the purpose of comparing alternatives, but we could not use them
as absolute values, so more sensitive models with more spatial input data [48] should be
used to model air pollution.

Multi-criteria optimization methods are applied to ill-structured problems, including
those related to planning and designing traffic infrastructure. Ill-structured problems are
those with very complex objectives, often vaguely formulated, with many uncertainties,
and the nature of the observed problem gradually changes during the process of problem
solving [49]. The results of ill-structured problems are different dimensions’ criteria for the
evaluation of solutions and variable constraints.

The alternative solutions in the case study were analyzed using the AHP multi-criteria
analysis methodology [7,44,46,49].

AHP is a priority method applicable to problems that can be represented by a hierar-
chical structure [7]. The top of the hierarchy is represented with the goal, one level lower
are criteria, with more levels of (sub)criteria possible, while the lowest level is represented
by alternatives.

The basic methodological steps applied in this research are shown in Figure 4.
The AHP method is based on estimating relative priorities (weights) of criteria and

alternatives on which a pair-wise comparison matrix for criteria and pair-wise comparison
matrices for alternatives (one matrix for each criterion) are generated. The pair-wise
comparison of alternatives regarding their importance with respect to each criterion or
pair-wise comparison of criteria respect to the goal is done using the pair-wise comparison
scale shown in Table 2.

Table 2. AHP pair-wise comparison scale [7].

Intensity of Weight, Importance, Preference Definition

1
3
5
7
9

Equal importance (no preference)
Moderate importance (moderate preference)
Strong importance (strong preference)
Very strong importance (very
strong preference)
Extreme importance (extreme preference)

2, 4, 6, 8 Intermediate values

The result of the AHP method is the overall priority vector that defines the prior-
ity (weight/importance) of each alternative with respect to the goal so the ranking of
alternatives can be made.

The advantage of this multi-criteria method is that it can be used when just the pair-
wise comparison of alternatives according to each criterion and the pair-wise comparison
of criteria towards the goal are known, but also when the alternatives are exactly valued in
regard to each criterion separately—that is, if the importance of every single criterion is
exactly defined, but it also gives the possibility to combine these two approaches in the
same analysis. This was applied in our research.

In this case study, the application of the AHP methodology was based on a total of
5 criteria groups: functional criteria, traffic safety criteria, economic criteria, environmental
criteria, and spatial–urban criteria. Each alternative was evaluated according to each
criterion and sub-criterion defined within the specified criterion group. Within each of
these groups, part of the (sub)criteria were defined by measurable values except in a
group of spatial–urban criteria assessed based on the collected subjective evaluations
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of criteria given by different categories of stakeholders—local population, experts, and
students—whereas economic criteria of construction and maintenance costs were analyzed
by alternative pair-wise comparison.

Figure 4. The flow diagram of the basic methodology steps.

4.1. Problem Definition

In the process of spatial and traffic planning, the definition of solutions starts with a
clear identification and definition of the problem by defining the basic elements needed
for the implementation of the procedure: expected outputs—goals, required input data,
definition of expected limitations, and criteria according to which the alternative solutions
will be evaluated.

The goal of the project was to meet the traffic demand of different traffic users in
Belišće town center, according to the principles of sustainable urban mobility. The data
collected from field research and from the existing documentation related to the coverage
area served as a basis for the development of alternative solutions [50].

The selected criteria for the assessment of the alternatives using MCA are briefly
explained below:
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4.1.1. Functional Criteria—F

The functional criteria were used to evaluate the extent to which a particular alterna-
tive solution meets the traffic multimodal requirements of certain categories of users, as
visible from the selected criteria and sub-criteria. The requirements and quality of traffic
flow needed to be analyzed for the current and future traffic load, which, by analyzing
different scenarios for increasing traffic load, would be evaluated as critical. Traffic require-
ments of cycling and pedestrian traffic as well as of stationary traffic were analyzed. The
traffic conditions and the interaction of multimodal traffic in conflict zones was evaluated
through five of the functional criteria for future traffic demand.

F1—functional traffic criteria of motor vehicles and integrated flows and traffic interactions
for a critical traffic scenario of future traffic demand, obtained as a result of the application
of traffic microsimulations in VISSIM.

F11—the maximum queue length (m) is the longest line that appears within the traffic
simulation and the traffic conditions of the peak load are simulated for 3600 s, i.e., 1 h.
F12—total mean delays per vehicle (sec/veh) are time losses caused by all influential
parameters, such as traffic load, traffic structure, type of conflict flows, traffic regula-
tion, reaction time of traffic participants, dynamic conditions of each entity (driving
speed, acceleration, deceleration, pedestrian speed), safety clearance, the influence of
infrastructure elements, etc.
F13—the average number of stops of each vehicle (number) in the traffic flow caused
by traffic conditions, traffic regulation, conflict flows, parking/unparking, etc.
F14—the average delays caused by stopping per vehicle (sec/veh) are a measure of
the complexity of individual traffic situations and interactions, because there may be
traffic scenarios in which there are more short stops, or traffic scenarios in which there
are fewer stops, but traffic circumstances are complex and stops last longer.
F15—the level of service (LOS) demonstrated categorically from A to F is a qualitative
indicator of traffic conditions and is ranked in six levels, where the conditions of traffic
flow of level A are the best and consistent with the movement of vehicles in free flow,
and level F practically means standing or very slow forced movement in a line of
vehicles. The basis for evaluation of the level of service is the user-oriented parameter
expressed through the mean delays, unlike the previously used theoretical criteria of
reserve capacity.

F2—functional traffic criterion of bicycle traffic expressed through the length of bicycle
paths (m).
F3—functional traffic criterion of pedestrian traffic expressed through the length of pedes-
trian infrastructure (m).
F4—functional traffic criterion for stationary traffic expressed through the number of
parking spaces.

F2, F3, and F4 are defined in the project for alternative solutions (Section 4.2).

4.1.2. Safety Criteria—S

Direct traffic safety indicators such as the number of traffic accidents and the number
of severe traffic accidents (with a dead or seriously injured person) could be analyzed
only for the existing traffic solution (A0), so the safety criteria were analyzed through
indirect indicators.

S1—speed (km/h) is correlated with the number of traffic accidents and is highly correlated
with outcomes, i.e., the severity of traffic accidents, especially in the vehicle–pedestrian
interaction. The increase in speed from 30 km/h to 50 km/h increases the likelihood of fatal
and severe outcomes for pedestrians from the range of 5–22% to the range of 45–85% [51].
The mean speed is obtained by applying the traffic microsimulations in VISSIM.
S2—the degree of segregation (expressed through the number of separated traffic flows) is
an indicator of how many traffic flows have separate areas for movement. The pedestrian
flows are the last to be integrated into the common traffic area, and this must be hierarchi-
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cally (secondary network, access street), safety-wise (vehicle speeds adjusted to pedestrian
walking speed), and functionally (low traffic load) justified.
S3—the number of potential conflict points (number) of opposing vehicle–vehicle traf-
fic flows.
S4—the number of potential conflict points (number) of opposing vehicle–pedestrian
traffic flows.

S2, S3, and S4 are assessed from the project for alternative solutions (Section 4.2).

4.1.3. Economic Criteria—EC

The economic criteria are usually assessed through the cost of construction, main-
tenance, the value of the facility at the beginning and at the end of the planned period,
the direct and indirect costs of users, etc. Due to the level of project documentation, the
cost of construction and maintenance costs could not be expressed in numerical terms, but
were analyzed by comparing the solution pairs as one of the options, i.e., benefits of the
AHP methodology.

EC1—construction cost–pair-wise comparison.

EC11—reconstructed area in m2.
EC12—use of modern technologies (camera/displays with data about the number of
available parking spaces)

EC2—maintenance cost–pair-wise comparison.
EC3—fuel consumption (US gal lqd) for a critical traffic scenario of future demand, obtained
as a result of micro-simulations in VISSIM.

4.1.4. Environmental Criteria—EN

Environmental criteria were assessed through the quantity of exhaust gases in grams
for a critical scenario of future traffic demand, and were derived from the results of micro-
simulations in VISSIM. The reported numerical indicators could not be used as an absolute,
but rather as relative indicators for analysis and comparison of alternative solutions.

EN1—carbon monoxide (CO) emission in grams.
EN2—nitrogen oxide emission (NOx) in grams.
EN3—volatile organic compounds (VOC) in grams.

4.1.5. Spatial–Urban Criteria—SU

The spatial–urban criteria are qualitative indicators expressed through the selected
criteria describing the attractiveness of the solution and the spatial potential. These qualita-
tive indicators include a subjective experience, and in this study, we analyzed subjective
evaluations of performance of alternative solutions according to the criteria expressed in
surveys by different target groups.

SU1—walkability potential and spatial motivation for pedestrian movement.
SU2—potential and spatial motivation for cycling.
SU3—attractiveness.
SU4—potential for social interactions.
SU5—assessment of a sense of comfort.
SU6—assessment of a sense of safety for the most vulnerable traffic groups.
SU7—parking policy—adequate attitude toward a stationary traffic solution (how much
space we agree to spend on parking lots).

The importance of the criteria for evaluation of alternative solutions, i.e., the weight
coefficients of individual criteria, reflect the preferences of the decision-makers and have
an impact on the optimization process and on the final outcome of the alternative solution
selection. Within this study, three groups of stakeholders were involved in the survey.
They analyzed the relevance of criteria and gave their evaluation of alternative solutions in
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relation to qualitative criteria (SU). The similarities and differences of the relevance of the
criteria between different stakeholder groups were statistically analyzed.

4.2. Case Study Description—Alternative Reconstruction Solutions/Alternatives

As input parameters for the design of a possible manner of reconstruction of the traffic
network, data on movement for all types of traffic and data on existing traffic infrastructure
as well as on all land uses in the wider coverage zone (Section 3) were collected.

Three alternative solutions (A1, A2, A3) for the reconstruction of traffic areas in the
center of Belišće were developed and further analyzed, and were conceptually different
according to the solution of all relevant elements of traffic demand—pedestrian traffic,
cycling traffic, motor vehicle traffic, and stationary traffic. All three alternatives were
designed to preserve the three large chestnut trees that are a symbol of the town and are
within the reconstruction coverage. The comparison of alternatives [50] is given in Table 3.

Table 3. Comparison of proposed alternatives.

Alternative A1: PEDESTRIAN STREET

Construction of a parking lot and of a pedestrian promenade and repurposing of the road into
access to the parking lot using modern technological solutions—cameras in parking lots and a
display with the number of free parking spaces on each access road in the wider coverage of the
secondary network. Cycling traffic is in the mixed flow together with vehicles, but due to low
speeds and elimination of the vehicles that are entering the parking zone inefficiently, the traffic
conditions are better.

Reconstructed area: 1630 m2

Parking places: 109 (20 new)
New pedestrian paths: 130 m
New bicycle paths: 0 m
Intersection: three-leg

Alternative A2: SHARED SPACE

Concept with full integration of traffic flows on a common surface designed to meet the needs of
pedestrian and cycling movements, with fewer parking spaces than the existing solution, in order
to influence the selection of active modalities of urban mobility and demotivate the choice of
personal cars as the primary modality. An addition to the solution is the construction of a
network of bicycle paths in the coverage area that provides greater safety to bicycle flows.
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Table 3. Cont.

Reconstructed area: 3880 m2

Parking places: 48 (38 fewer)
New pedestrian paths: 160 m
New bicycle paths: 535 m
Intersection: four-leg

Alternative A3: TRAFFIC-CALMING ZONE

Reconstruction of the existing collector road leading to the inner city center, in a reduced speed
zone (“30 zone”), with 31 new longitudinal parking spaces. The existing traffic areas for
pedestrians and cyclists, along with the areas intended for stationary traffic (82 parking spaces),
remain the same.

Reconstructed area: 1150 m2

Parking places: 116 (31 new)
New pedestrian paths: 145 m
New bicycle paths: 210 m
Intersection: four-leg

4.3. Formation of Traffic Models

For the analysis of functional indicators, microsimulation traffic models for the existing
situation (A0) and for the considered alternative solutions (A1, A2, A3) were formed.
Traffic load and traffic distribution data for existing traffic demand were entered into the
models, after which a number of what-if scenarios of traffic load increase were analyzed
in order to verify whether alternative reconstruction solutions could meet functional
traffic demand requirements in the future. The input data of the model are the dynamic
characteristics of the vehicles, speed, acceleration, deceleration, type, and engine power
of the individual vehicles, as well as characteristics associated with driver behavior, such
as reaction time, frequency, and length of scanning traffic situations, etc. The model
approaches the stochastic nature of the traffic flow by using a random number generator
and distributions, and the entered data, for example for the speed of individual vehicle
categories, are used in the model as the median of the speed distribution. Of the 10 different
traffic scenarios of the arrival of vehicles within the same traffic load, the mean values of
functional and other traffic indicators were analyzed.
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5. Results and Discussion
5.1. Microsimulation Results

The formed microsimulation traffic models for the existing traffic solution and all
alternative reconstruction solutions enabled the analysis of different traffic loads and traffic
structures. The existing traffic requirements were the first scenario analyzed, but the future
traffic requirements were adopted as a relevant traffic load. The projection of the future
traffic load is based on economic growth and development of industrial production, for
which there is a significant market demand and which would also generate an increase in
traffic demand. Scenarios for increasing traffic demand of 50, 75, and 100% for all modes of
traffic and in combination were analyzed and a critical scenario was found to be a 100%
increase in motor vehicle traffic, without a significant impact on functional indicators of
different increases in other modes of traffic. A comparison of functional indicators for a
critical traffic scenario for the future traffic load is shown in the diagram in Figure 5. The
maximum queue length is expressed in meters; the total delays of vehicles are reported as
the mean value in seconds per vehicle. The average number of stops is expressed as the
number of stops per vehicle and the delays caused by the stops are expressed in seconds
per vehicle. Level of service is a qualitative indicator of the operating conditions of the
traffic that is user-oriented and related to delays.

Figure 5. Comparison of functional indicators for critical traffic load. A0—existing solution, A1–A3—
alternative reconstruction solutions.

The simulation results show that all alternative solutions could meet the presumed
increase in traffic with a satisfactory level 3 (or C) of service, with the exception of A3, which
showed a greater sensitivity to traffic increase due to frequent parking and unparking
maneuvers causing higher time losses and level 4 (or D) of service). Service level D is
considered an acceptable level in the conditions of the secondary urban traffic network.
The alternative solution with shared space (A2) proved to be sensitive to an increase in
traffic according to the criterion of the maximum queue, but this solution is designed to
demotivate the use of personal vehicles as the primary form of mobility, as per the spatial
concept and the number of available parking spaces. However, in order for the alternative
solution to be comparable, it was analyzed for the same increase in traffic and pointless
entry into the share-space zone, without the possibility of parking the vehicle.

Figure 6 shows the simulation results of carbon monoxide (CO), nitrogen oxides
(NOx), and volatile organic compounds (VOC) for the existing traffic load Figure 6a and
for future traffic demand in a critical scenario Figure 6b.
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Figure 6. Comparison of gas emissions and fuel consumption for the existing traffic load (a) and for future traffic demand (b).

The results clearly show the difference between the alternative reconstruction solutions
in conditions of future demand, which justifies the use of microsimulation traffic modeling
in the evaluation of alternative solutions.

5.2. Results of the Analysis of Qualitative Spatial–Urban Criteria

An online survey involving 120 participants formed of different groups of stakeholders
was used to assess the quantitative spatial–urban criteria. They were presented with the
current condition of the traffic areas of the town of Belišće in the coverage area of a
secondary traffic network and three alternative reconstruction solutions. Three groups
of 40 participants were surveyed, including experts, students, and citizens. The experts
were mostly members of the academic community, and the students included in the survey
were equally divided among students in their final years of study in civil engineering and
architecture and urbanism. Citizens who participated in the survey were selected by a
random sample of residents of Belišće. All respondents were over 20 years of age, and all
surveyed students were between 20 and 30 years of age. The gender and age structure of
the respondents is shown in Table 4.

Table 4. Gender and age structure of respondents.

Distribution by Gender (%) Distribution by Age (%)

Respondents Female Male <40 40–60 >60

Experts 48 52 35 57 8
Citizens 50 50 45 45 10
Students 38 62

Seven spatial–urban criteria were selected that are applicable to a specific problem
and arose from the analysis of research and urban studies [8,9,20].

Respondents subjectively evaluated the existing situation and each reconstruction
solution with scores from 1 to 5 according to seven spatial–urban criteria (Table 5). Score
1means that the solution does not meet the spatial criteria at all, and score 5 means that the
solution fully meets the spatial criteria.

The subjective evaluation of all groups of respondents was that according to the spatial–
urban criterion, the existing solution is the worst, and the best solution is the alternative
with a pedestrian promenade and separate parking (A1) according to all criteria except
the cycling potential. The shared space alternative (A2) received high scores for cycling
potential, walkability, attractiveness, and social interactions, but experts and students gave
it a poor score for parking policy. What is interesting is that the citizens gave this solution a
good score for the parking policy and recognized the potential of this solution in promoting
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active forms of mobility while limiting parking in the zone. Experts were skeptical about
this solution, because the successful application of such a solution is related to a shift in
the paradigm of personal mobility in people’s minds, and the experience shows that it
is a longer process than the implementation of the solution. Ultimately, it often happens
that such solutions in the local environment do not contribute to the motivation of active
forms of mobility to the expected extent, but to the relocation of stationary traffic problems
to another, close location. It is interesting that the solution of longitudinal parking in the
collector street (A3), which offers the largest increase in the number of parking spaces,
was not the best rated solution according to the criteria of parking policy in any group of
respondents. The fact that alternative A3 was the worst rated solution according to the
criterion of feeling of traffic safety in all three groups of respondents speaks in favor of
the fact that respondents rated longitudinal parking in the road profile as a functionally
and safety-wise worse solution than the others. Alternative solution A3 was also rated the
worst by the criterion of social interactions, because it does not enrich the space with areas
that people would use for mutual encounters, although it effectively increases the number
of parking spaces in the coverage area.

Table 5. Subjective evaluation of the alternative solution according to spatial–urban criteria.

Evaluation
Criteria

A0 A1 A2 A3

Experts

Walkability 2.2 4.3 3.9 3.1
Cycling 1.9 3.4 4.0 3.4

Attractiveness 1.9 4.1 3.9 2.9
Social interactions 2.1 4.2 4.1 3.1

Pleasure 2.0 4.3 3.9 2.8
Sense of safety 2.2 4.2 3.7 3.3
Parking policy 2.2 4.3 2.8 3.6

MEAN SCORE 2.1 4.1 3.8 3.2

Students

Walkability 2.4 4.6 3.9 3.3
Cycling 2.0 3.5 4.5 3.8

Attractiveness 2.0 4.5 4.0 3.2
Social interactions 2.2 4.7 4.2 3.2

Pleasure 2.2 4.6 3.8 3.3
Sense of safety 2.1 4.5 3.4 3.2
Parking policy 2.2 4.5 2.9 4.0

MEAN SCORE 2.1 4.1 3.8 3.2

Citizens

Walkability 2.2 4.5 4.0 3.4
Cycling 2.1 3.8 4.2 3.9

Attractiveness 2.1 4.5 4.0 3.5
Social interactions 2.2 4.6 4.0 3.7

Pleasure 2.3 4.4 4.0 3.5
Sense of safety 2.0 4.0 3.7 3.4
Parking policy 1.8 4.2 3.6 3.8

MEAN SCORE 2.1 4.3 3.9 3.6
MEAN OVERALL SCORE 2.1 4.3 3.8 3.4

5.3. Application of the AHP Method

Table 6 shows criteria groups, criteria, and sub-criteria (explained in detail in Section 4.1)
with numerical values derived from design solutions or obtained as a result of microsimu-
lation traffic modeling, and for spatial–urban criteria they are obtained as a result of the
subjective evaluation of respondents, with scores from 1 to 5.
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Table 6. Criteria and sub-criteria.

Criterion Sub-Criterion Target Units A0 A1 A2 A3

F—FUNCTIONAL CRITERIA

F1—Functional
indicators/critical
scenario

F11—Queuemax min m 18.8 20.9 73.8 41.4
F12—Delays veh(all) min sec/veh 20.9 20.1 20.8 30.9
F13—Stops min number/veh 2.1 0.2 3.3 3.5
F14—Delaysstops min sec/veh 2.6 1.4 6.3 7.9
F15—Level of service min rating C(3) C(3) C(3) D(4)

F2—Parking—number of spaces max number 86 109 48 116
F3—Cyclists—length of bike paths max m - - 535 210
F4—Pedestrians-length of pedestrian paths max m 570 700 730 715
S—SAFETY CRITERIA
S1—Speed min km/h 40 40 20 30
S2—Segregation of traffic flows max number 2 2 0 3
S3—Number of conflict points veh/veh min number 75 25 42 105
S4—Number of conflicting points pedes/veh min number 16 14 30 16
EC—ECONOMIC CRITERIA
EC1—
Construction

EC11—Reconstruction
of the area Pair-wise comparison

EC12—Advanced
technology Pair-wise comparison

EC2—
Maintenance Pair-wise comparison

EC3—Fuel consumption min US gal lqd 0.90 0.77 2.08 1.08
EN—ENVIRONMENTAL CRITERIA—EXHAUST GASES
EN1—CO
EN2—NOx
EN3—VOC

min grams 69.6 53.5 145.1 75.6
min grams 13.5 10.4 28.2 14.7
min grams 13.2 12.4 33.6 17.5

SU—SPATIAL–URBAN CRITERIA
SU1—Walkability 1 max score 2.3 4.5 3.9 3.3
SU2—Cycling 2 max score 2.0 3.6 4.2 3.7
Su3—Attractiveness of the solution max score 2.0 4.4 4.0 3.2
SU4—Social interaction max score 2.2 4.5 4.1 3.3
SU5—Comfort score max score 2.2 4.4 3.9 3.2
Su6—Safety score max score 2.1 4.2 3.6 3.3
SU7—Parking policy 3 max score 2.1 4.3 3.1 3.8

A0—existing solution, A1–A3—alternative reconstruction solutions. 1 Potential and motivation for walking. 2 Potential and motivation for
cycling. 3 Does not apply to the number of parking spaces, but rather to adequate/efficient planning of space intended for stationary traffic.

Economic criteria, construction, and maintenance costs due to the level of project docu-
mentation were analyzed by alternatives pair-wise comparison based on the reconstruction
area and the application of advanced technological solutions according to the data from
Table 6.

The pair-wise comparison of alternative solutions in regard to economic criteria, con-
struction, and maintenance cost is shown in Table 7 using the AHP pair-wise comparison
scale shown in Table 2.

Table 7. Pair-wise comparison for construction and maintenance costs.

EC11—Construction
(Area)

EC12—Construction
(Technology)

EC2—Maintenance

A0 A1 A2 A3 A0 A1 A2 A3 A0 A1 A2 A3

A0 5 9 3 9 1 1 3 6 2
A1 3 −2 −9 −9 3 −2
A2 −4 1 −4
A3 In= 0.01 In= 0.0 In= 0.01
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The consistency of pair-wise comparison matrices of alternatives, criteria, and also
of overall priority matrix should be analyzed by calculating the inconsistency index. The
inconsistency index should be lower than 0.1, in which case the evaluations are consis-
tent [7]. This was the case of pair-wise comparison of alternatives for EC11, EC12, and EC2
(Table 7).

The hierarchy of criteria groups, criteria, and sub-criteria is shown in Figure 7.

Figure 7. The AHP hierarchy of the problem (top left is the goal; on the bottom right are the alternatives).

The Analysis of Preferences

The evaluation of the importance of five selected criteria groups applied in the AHP
method was included in a survey in which three groups of respondents participated
(experts, students, citizens), and the total database contains the results of the evaluation of
120 respondents. Table 8 shows the criteria scores as evaluated by individual groups of
respondents, but also the scores obtained on the entire database. Criteria scores ranked from
1 to 10, with score 1 meaning the criteria are not at all relevant, score 5 meaning the criteria
are neither relevant nor irrelevant, and score 10 meaning the criteria are very relevant.

Table 8. Mean values of marks and rank of criteria (criteria groups).

N
Functional

Criteria
Safety

Criteria
Economic
Criteria

Ecological
Criteria

Spatial
Urban

Experts 40 9.55 9.53 7.20 8.13 8.08
Students 40 9.63 9.58 7.68 8.55 8.43
Citizens 40 8.65 9.33 6.80 8.45 9.05

Total 120 9.28 9.48 7.23 8.38 8.58
Rank 2 1 5 4 3

Table 8 shows that none of the criteria were evaluated as irrelevant, and all mean
scores of criteria groups had values greater than 7. By analyzing the mean values of each
criteria group, the highest mean score is assigned to the safety criteria in total and by the
citizens. Experts and students gave a slightly higher score to the functional criteria, but the
citizens put the functional criteria in third place. Economic criteria were assigned with the
lowest scores by all groups, and the lowest mean score was assigned to them by the citizens.
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The environmental criteria were evaluated by experts and students as third by relevance of
the criteria, but citizens thought they were in fourth place. Spatial–urban criteria were the
second most important to citizens, after the safety criteria, and other groups rated these
criteria as the fourth most relevant.

The basic statistical indicators of the database for each group of respondents are shown
in Table 9.

Table 9. Basic statistical indicators.

Criteria Group
Groups of

Respondents
N Mean StDev Median Min Max

Functional criteria
Experts 40 9.55 0.71 10 8 10

Students 40 9.63 0.67 10 7 10
Citizens 40 8.65 1.25 9 6 10

Safety criteria
Experts 40 9.53 0.70 10 7 10

Students 40 9.58 0.93 10 6 10
Citizens 40 9.33 1.05 10 6 10

Economic criteria
Experts 40 7.20 1.51 7 4 10

Students 40 7.68 0.89 8 5 9
Citizens 40 6.80 1.86 7 1 10

Ecological criteria
Experts 40 8.13 1.73 8.5 3 10

Students 40 8.55 1.20 9 5 10
Citizens 40 8.45 1.72 9 1 10

Spatial urban criteria
Experts 40 8.25 1.55 8 4 10

Students 40 8.43 1.24 8.5 5 10
Citizens 40 9.05 0.876 9 7 10

According to the results from Table 9, the evaluations of economic and environmental
criteria had the largest standard deviations and the largest range.

According to the Anderson–Darling test for all groups of respondents and all evalu-
ation criteria, the data did not follow a normal distribution. Non-parametric Bonett and
Levene tests were used to evaluate the preferences of individual groups of respondents
and to analyze the relationship between variance and standard deviations [52,53]. The
null hypothesis is that there is no statistically significant difference between groups of
respondents (σ(G1)/σ(G2) = 1) and set significance level α = 0.05. The results are shown in
Table 10.

Table 10. Comparison of preferences of individual groups of respondents—statistical analysis.

Criteria Group Test
Experts/Students Experts/Citizens Students/Citizens

Statist. Test p-Value Statist. Test p-Value Statist. Test p-Value

Functional criteria
Bonett 0.07 0.795 15.43 0.00 14.48 0.00
Levene 0.24 0.625 17.58 0.00 23.44 0.00

Safety
criteria

Bonett 0.64 0.425 1.63 0.202 0.14 0.706
Levene 0.17 0.685 2.66 0.107 1.27 0.263

Economic criteria
Bonett 9.18 0.002 1.14 0.286 8.38 0.004
Levene 5.77 0.019 0.93 0.338 9.94 0.002

Ecological criteria Bonett 2.71 0.099 0.00 0.994 1.04 0.307
Levene 2.75 0.101 0.20 0.656 0.99 0.322

Spatial–urban
criteria

Bonett 1.32 0.250 7.13 0.008 3.32 0.068
Levene 1.31 0.256 7.99 0.006 3.64 0.060

Statistically significant differences between the preferences of individual groups of
respondents are given in Table 10 (bold). There were statistically significant differences
in preferences for functional criteria group between experts and citizens and students
and citizens, but there was no statistically significant difference in evaluations between
experts and students, which was the expected result. The result clearly shows that experts
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considered functional criteria to be as equally important as safety criteria, whereas citi-
zens assigned them a slightly lower score. The economic criteria were best evaluated by
students and their score was statistically significantly different from the other groups of
respondents. There was no statistically significant difference between experts and citizens
in the ranking of the economic criteria group. All groups of respondents gave high scores
to the safety criteria. There was no statistically significant difference in preferences between
individual groups of respondents for safety and environmental criteria. For spatial–urban
criteria, there was a statistically significant difference among preferences between experts
and citizens, and a comparison of evaluations of other groups did not show statistical
significance in the difference in scores. This result clearly shows that the spatial potential
of the solution that contains social and psychological components of the evaluation was
important to the citizens and that they gave it more importance than the profession that
preferred functional criteria.

The inclusion of preferences in the AHP method was done through the analysis of
five different scenarios with different weighting coefficients, thus leading to a sensitivity
analysis. The weights were assigned only to criteria groups, not to lower levels of criteria.
A description of individual scenarios is shown in Table 11.

Table 11. Assignment of different preferences—analysis of 5 scenarios.

Scenario 1 All criteria groups’ weights are equal.

Scenario 2 Weights are assigned to criteria groups according to the ranking of all respondents
(the entire database).

Scenario 3 Weights are assigned to criteria groups according to the experts’ ranking.
Scenario 4 Weights are assigned to criteria groups according to the students’ ranking.
Scenario 5 Weights are assigned to criteria groups according to the citizens’ ranking.

The ranking results according to the above scenarios are shown in Table 12.

Table 12. The results of ranking according to the analyzed scenarios.

Rank Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

1 A1 (0.325) A1 (0.327) A1 (0.326) A1 (0.326) A1 (0.330)
2 A3 (0.273) A3 (0.273) A3 (0.273) A3 (0.273) A3 (0.273)
3 A0 (0.227) A0 (0.220) A0 (0.221) A0 (0.222) A0 (0.217)
4 A2 (0.125) A2 (0.180) A2 (0.180) A2 (0.179) A2 (0.181)

Inconst: 0.03 0.06 0.06 0.06 0.06

Results of the AHP analysis for Scenarios 1 and 2 are shown in Figures 8 and 9.

Figure 8. The AHP analysis for Scenario 1.
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Figure 9. The AHP analysis for Scenario 2.

The results of the AHP analysis for the preferences of individual groups of respondents
are shown in Figure 10a for experts, Figure 10b for students, and Figure 10c for citizens
of Belišće.

Figure 10. The AHP analysis for Scenarios 3 (a), Scenarios 4 (b) and Scenarios 5 (c).

Regardless of the selected scenario and preferences, A1 stands out as the best alter-
native solution for reconstruction, followed by A3, A0, and A2 as the worst. The overall
priority vector values for alternatives and selected scenarios ranged for A1 from 0.325 to
0.330, for A0 from 0.217 to 0.227, and for A2 from 0.125 to 0.181, while for A3 the value was
the same at 0.273. It can be noticed that the introduction of preferences (weights of criteria
groups) in Scenario 2 resulted in minor changes in the overall priority vector values for
A0 and A2, whereas for A1 this difference was extremely small. The difference between
Scenarios 2, 3, and 4 was also negligible, whereas for Scenario 5 A1 had the highest overall
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priority vector values, and the difference between the overall priority vector values for A0
and A2 was the lowest.

In order to avoid the rank reversal phenomenon, the “ideal mode” AHP was used to
rank alternatives according to all scenarios [54]. Then the ranking results were tested by
decomposing the initial problem into sub-problems. First the alternatives were compared
two at a time and then based on removing one alternative at a time from the whole
group [55,56]. The results show that in all cases the ranking remained the same.

All groups pointed out functional criteria (experts, students) or traffic safety criteria
(citizens) as the most important two groups of criteria, which, taking into account different
scenarios, is best reconciled by alternative A1. Alternative A1 is based on the well-known
concept of the pedestrian zone, which contributes to the quality of pedestrian traffic and
space in general. At the same time, the solution for motor traffic (including stationary) does
not jeopardize the standard of motor traffic because it offers even more parking spaces
than those that already exist. A more innovative concept of the A2 alternative—shared
space, is, perhaps as expected, a less desirable solution because it raises the issue of traffic
safety in the area shared by all road users, and also significantly reduces the number of
parking spaces in the zone. This is something to which the tenants living in this zone were
particularly sensitive. Alternative A3—calm traffic, as estimated, does not make visible
improvements to existing spatial–traffic conditions, as it continues to favor motor traffic by
increasing the total number of parking spaces in the road profile. Longitudinal parking in
the road profile was rated by all groups of respondents as worse in terms of the feeling of
safety, and even worse than the shared space (A2) alternative solution.

6. Conclusions

Key decisions about traffic infrastructure reconstruction, such as choosing an alter-
native solution that has direct implications on the quality of the planned reconstruction,
are made in the early design stages when the level of project detail is such that decisions
are traditionally based on the evaluation and experience of the designers. In order to
prevent subjectivity in selecting the optimal solution, the application of microsimulation
traffic modeling is a logical choice, as it allows a numerically based analysis of traffic
conditions for planned alternative reconstruction solutions for different spatial and time-
related ranges. The traditional approach of selecting the best solution, along with the
analysis of traffic conditions, is based on the cost estimation of solution implementation.
This approach is especially present when it comes to spatial and traffic interventions in
smaller urban environments. On the other hand, sustainable and socially sensitive traffic
planning must take into account a wider range of criteria as well as the subjective criteria
of different stakeholders involved in the planning process, and equally important of future
users—citizens—so this pointed in the direction of MCA application.

In this paper, we presented the results of the application of the AHP multi-criteria
analysis method, which is the most common method in traffic analysis, to the selection of
the optimal solution for the reconstruction of a segment of the secondary traffic network in
the center of the small town of Belišće in Croatia.

Traffic microsimulations were used to define a critical scenario for future traffic de-
mand before applying the MCA. However, in order to choose among three alternative
solutions, other than functional, we defined four more criteria groups with a greater num-
ber of criteria on lower levels. The AHP methodology use enabled us to combine different
manners of assessing the criteria in the next step: numerically expressed sub-criteria ob-
tained from microsimulation; pair-wise comparison of alternatives in relation to a specific
criterion, which was used to evaluate economic criteria, since at this stage it was not
possible to exactly define the costs of construction and maintenance; and assessment of
preferences of the criteria of the various stakeholders involved in the process, which was
used to evaluate the spatial–urban criteria.

The AHP analysis was performed according to the preferences of each of the groups
involved—experts, citizens, and students. The sensitivity analysis for selecting the optimal
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reconstruction solution for all combinations of the weight coefficients of the criteria groups
ultimately gave the same ranking order of alternative reconstruction solutions, although
statistically significant differences were shown for the relevance of the evaluation criteria
themselves for different groups of respondents. The ranking was also analyzed for the
rank reversal phenomenon, which did not occur in this case.

Experts and students highlighted functional criteria as the most important criteria,
and citizens highlighted traffic safety criteria as most important, which was expected. The
next most important criteria for citizens were spatial–urban criteria, which they ranked
with a very high weight, which indicates their interest in the manner in which they will
use their everyday space in the future and the justification for their active involvement in
this analysis with the aim of information and education.

Compared to existing studies, this research brings a methodological contribution
through a holistic approach to the evaluation of alternative solutions, which in addition to
quantitative introduces socially oriented qualitative parameters and involves stakeholders
in the decision-making process.

The described methodology of the application of MCA in combination with traffic
micro-simulations in spatial–traffic planning, although applied to problems of larger spatial
coverage, proved to be justified when applied in a smaller urban settlement. Alternative
A1, which was chosen as optimal, best reconciles the requirements of future traffic demand
with environmental impacts and the expectations of future users related to traffic safety
and the quality of space.

The methodology for selecting the optimal reconstruction solution presented in this
paper is applicable to different segments of the urban traffic network of larger and smaller
cities and should be validated in future research.

A potential challenge for the future is the application of the developed methodology
to a wider urban area with more complex traffic and spatial situations. A potential issue is
whether the large area should be analyzed as one zone or divided into smaller network
segments. As for the traffic microsimulation, one larger zone would give a better under-
standing of the future functionality of the network and the implication of the reconstruction
to the whole area. The partialization of large spatial coverage is justified in terms of traffic,
due to the temporary regulation of traffic, and also in terms of construction, due to the
dynamic plan of reconstruction work.

In larger urban areas, real potential users should be taken into account and a represen-
tative sample of citizens should be included in the evaluation of alternative solutions. In
the continuation of this research, the influence of different weight factors on the lower-level
criteria on the final result of the selection of the optimal alternative should be analyzed, and
the needs of vulnerable traffic users, such as children and the elderly and people with dis-
abilities, should be analyzed in the evaluation of alternative reconstruction solutions, too.

The selected MCA that was applied in this research was AHP, so further research
should take into account other MCA methods, including the fuzzy approach, and compare
their adequacy regarding the specifics of the problem analyzed.
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45. Triantaphyllou, E. Multi-Criteria Decision Making Methods: A Comparative Study; Springer: Boston, MA, USA, 2000. [CrossRef]
46. Morales, F., Jr.; de Vries, W.T. Establishment of land use suitability mapping criteria using analytic hierarchy process (AHP) with

practitioners and beneficiaries. Land 2021, 10, 235. [CrossRef]
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Abstract: The development of real estate markets in the vicinity of cities is linked with suburban-
ization processes. The migration of the population to suburban areas contributes to the growth of
the residential property market (houses, apartments and construction plots). To minimize commut-
ing costs, property buyers opt for locations that are situated close to the urban core. This article
analyzes construction plots on the local real estate market in the Olsztyn Functional Urban Area,
in terms of their temporal accessibility and demographic changes. Spatial variations in population
distribution were analyzed with the use of the Gini index and geostatistical interpolation techniques.
Spearman’s rank correlation coefficient was calculated to determine the relationships between the
analyzed variables. The study revealed differences in the spatial distribution of the population and
real estate transactions as well as strong correlations between average transaction price, number of
transactions, commuting time and population. The highest number of transactions were observed in
cadastral districts situated in the direct vicinity of Olsztyn’s administrative boundaries and the major
transportation routes due to their high temporal accessibility.

Keywords: transport accessibility; real estate market; population; concentration

1. Introduction

Suburbanization leads to the sprawl of residential areas in the vicinity of an urban core.
This process affects the morphology of suburban areas, their functions and the development of
suburban infrastructure. The migration of the population to suburban areas contributes to the
formation of settlement subsystems around the city center. This process stimulates the growth
of local real estate markets, in particular, the number of transactions involving construction
plots. City residents migrating to suburbs base their purchasing decisions on a property’s
location relative to the urban core. Real estate in the city is swapped for much cheaper and more
attractively located properties in a suburban zone. Lower prices and a cleaner environment are
the main reasons why city dwellers seek property in suburban areas.

Commuting time strongly influences the decisions made by the buyers of suburban
property [1,2]. In suburban areas, the share of space intended for residential, commercial
and industrial purposes are increasing [3]. The urbanization of rural areas surrounding the
city is closely linked with distance to the functional urban core [3] and the availability of
transport infrastructure [4–7]. Feedback mechanisms between accessibility, land-use and
travel behavior were observed [8]. Buyers search for property in areas with well-developed
road networks. Dwellers who migrate to suburbs continue to maintain close links with the
city, and commuting entails high costs [9,10]. The cost and time of travel to work [11,12],
school or commercial outlets is lower in suburban areas that are easily accessed from the
urban core [13,14]. Daily commuting is the consequence of population shift from cities
to suburban areas, which increases the demand for locations [15,16] with well-developed
transport infrastructure [17–19]. Property buyers hope to maximize benefits and minimize
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costs by searching for a compromise between the price and quality of property and its
distance from the urban core. They strive to minimize both the physical and temporal
distance between the place of residence and the city. The above increases the demand for
locations characterized by shorter commuting time and lower transportation costs [20–22].

Commuting increases road traffic because passenger vehicles are the main mode of trans-
port for suburban residents [23] since public transport options are limited and do not always
cover local transport needs. Daily commuting costs are a significant item in household budgets,
but they are compensated by lower property prices in suburban areas. It has been said that
the expenditures associated with daily travel are a different form of mortgage carrying costs.
Time is also a factor that has specific economic value because it is a limited resource; therefore,
commuting time, rather than distance, is the key determinant of transport accessibility [24].
Research studies conducted at various levels have also demonstrated that transport accessibility
can influence property prices [25–27]. The balance between transport accessibility and the
remaining attributes of real estate in rural areas (specific locations) have also been examined
in suburban areas in Poland [28,29]. Therefore, the intensity and the spatial extent of subur-
banization are inversely proportional to the demand for real estate, and the demand for and
supply of construction plots influences real estate prices and the development of real estate
markets in the suburban zone [30]. The demand for construction plots shifts the boundaries
of the urban real estate market outwards [31–33]. The intensity and trends of suburbanization
are reflected on the suburban real estate market and the accompanying changes in land use,
population structure and investments. These processes are mutually interdependent, and they
contribute to the formation of the urbanization cycle (Figure 1).

Figure 1. The urbanization cycle. Source: [34].

The suburban real estate market is characterized by a high and growing number
of transactions involving vacant land. The supply of and the demand for construction
plots continues to increase, which increases property prices. The prices of residential
property are influenced by numerous factors, but the prices of suburban property are
determined mainly by the size of the town or village and its distance from the urban core.
Land prices generally decrease with an increase in distance from the city [35–37], and the
development of transport infrastructure drives urbanization and home prices [36,38–40].
This observation is consistent with the new urban economics concept, which postulates
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that the prices of residential property are influenced by distance from the city core (land
prices decrease as the distance from the city increases).

Urban expansion is thus directly linked to the growth of the real estate market, and
real estate prices are determined by numerous factors. Deng et al. [41] proposed the
following formula to illustrate differences in urban expansion as a function of economic
and geophysical factors:

Urban land area = f (income growth, demographic shifts, agricultural land value, transportation costs,
changes in the structure of the economy, other location and geophysical variables)

(1)

These factors also influence the real estate market [42,43]. Transportation costs are one
of such factors, and the changes in and the reach of functional urban areas are linked with
the real estate market [41,44]. Therefore, temporal accessibility is one of the key factors that
influence the choice of location and, consequently, the real estate market. Transportation
costs, expressed both in time and money, significantly influence property value, and buyers
strive to maximize benefits in the process of selecting the optimal location.

Similar processes and interactions are observed in the former Soviet bloc countries
of Central-Eastern Europe. In the socialist era, cities were relatively homogeneous func-
tional urban areas with clearly delimited centers, whereas suburban zones were not well
developed. The political transformations of 1989 led to changes inside urban areas and
their surroundings. Central planning was abandoned, and free market principles were
introduced. These changes affected the housing market and introduced a new urban order,
which gave rise to capitalist-type cities and urban sprawl. Growing levels of social and
economic inequality induced new types of migration, including urban to suburban migra-
tion. Rural areas surrounding cities developed rapidly, and suburbanization became one of
the most spectacular phenomena in the former Soviet bloc countries [45,46]: Estonia [47],
Slovakia [48], Bulgaria [49], Romania [50] and the Czech Republic [51].

The introduction of ground rents and property rights as a result of political and
economic transformations also triggered suburbanization processes in Poland [52–55], and
real estate purchases in suburban areas increased due to growing affluence. The growth
of real estate markets in suburban areas accelerated after the political transformations of
1989 [56,57], especially around big cities [58–60]. Since 1990, spatial planning policies and
progressing suburbanization have led to significant changes in land-use structure (increase
in residential area), infrastructure development, population and the number of transactions
involving residential property. The type and scope of these changes have varied intensity
and territorial scope, and they are largely determined by an urban area’s status in the
hierarchy of cities. The migration of the urban population to suburbia proceeded most
rapidly in the largest cities, followed by medium-sized towns.

Suburbanization is a relatively new phenomenon in Poland, and it largely follows the
trends observed in other countries. However, this process has certain unique characteristics
in Poland [53,61]:

- it proceeds far more rapidly than in Western Europe,
- it is not effectively controlled by planning authorities,
- technical and social infrastructure in suburban areas are extremely inadequate,
- rural municipalities in suburban areas are formally independent of cities and are not

a part of their administrative structure,
- the distance from the urban core plays a key role in property purchase decisions, and

buyers tend to opt for larger construction plots,
- new homes are built along the existing transport routes,
- the original structure of suburban villages is completely transformed by new develop-

ment, mostly single-family homes with typical urban design,
- large-scale residential developers have a limited interest in suburban areas, and
- suburban development is homogeneous and linked with the family life cycle.
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In Poland, most suburbanization processes are uncontrolled due to the passive stance
of urban planning authorities and the relaxation of planning regulations. The above leads
to spatial chaos, low economic effectiveness of new settlements and a shortage of vital
services. The low spatial accessibility of suburban settlements increases development
costs and public expenditures, including transport costs and the time needed to introduce
complementary services that are essential for the functioning of territorial and social
systems [62–64]. Transport accessibility to the urban core is determined by the daily
demand for commuter services, and accessibility tends to decrease over distance from the
city [65–67]. Transport accessibility significantly impacts purchase decisions and consumer
behavior on property markets. The choices made by real estate buyers can be analyzed
based on the information about the location and prices of traded property.

Olsztyn, the city in north-eastern Poland, has a rapidly developing suburban zone.
This medium-sized city is the capital of the Warmińsko-Mazurskie Voivodeship, and it
occupies a high rank in the hierarchy of Polish cities. The following research hypotheses
were tested in the study:

- Suburbanization processes affect the local real estate market. Analyses of local prop-
erty markets can generate valuable information about the territorial reach and dynam-
ics of suburbanization.

- Distinctive features of Polish suburbanization processes are observed in the vicinity of
Olsztyn. Distance from the urban core and commuting time play a key role in property
purchase decisions; new homes are built along transport routes, which influences the
prices of construction plots; single-family homes are the predominant type of new
construction in suburban areas, which affects the prices and availability of land sold
for residential development.

The aim of the study was to determine whether suburbanization processes in the
vicinity of Olsztyn conform to trends that are characteristic of Poland, and to define the
territorial reach and dynamics of suburbanization based on local market data. The areas
most affected by suburbanization were identified, and the demand for and supply of
construction plots were analyzed. In this article, the number of transactions involving
construction plots on the suburban real estate market was analyzed based on commuting
time and distance from the city core. The observed processes were linked with demographic
changes, which are the key determinant of suburbanization. The links between temporal
accessibility expressed by commuting time, the prices on the local real estate market and
demographic processes were identified, and their spatial distribution was described based
on data for 2007–2018.

2. Materials and Methods
2.1. Study Area

The studied area was the Olsztyn Functional Urban Area (FUA) composed of six
municipalities that are directly adjacent to the city: Barczewo, Dywity, Gietrzwałd, Jonkowo,
Purda and Stawiguda (Figure 2). Olsztyn is the capital city of the Warmińsko-Mazurskie
Voivodeship in north-eastern Poland and is an important regional hub. Olsztyn had a
population of around 170,000 in 2018. The population of the suburban zone was estimated
at 44,000.

The residents of the Olsztyn FUA were surveyed in 2014, and the results were pub-
lished in a report entitled “Spatial relations in public and private transport in the Olsztyn
Functional Urban Area in the context of urban mobility” [68]. The study revealed that
private cars were the preferred mode of transportation for suburban residents commuting
to the city. Passenger cars are widely available [69,70], and they are the main means of
transport [71] between suburban zones and the urban core. The surveyed respondents
relied on private means of transport to commute to work, school and commercial outlets,
and the choice of private cars was dictated mainly by shorter commuting time. As a result,
the number of passenger cars registered in the county of Olsztyn increased from 48,013 in
2009 to 71,549 in 2018 (data from the Central Statistical Office). The study also revealed
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considerable differences in access to residential areas in the Olsztyn FUA, and temporal
accessibility was highest in towns and villages located along the main transportation routes.
Nearly a third of the towns and villages in the Olsztyn FUA were characterized by low
transport accessibility.

Figure 2. Study area. Source: own elaboration.

Public transport services include bus lines operated by the municipalities (public bus
lines reach only 11 out of 138 towns and villages, some of them only on a seasonal basis)
and, to a limited extent, by railway lines. Bus lines are also operated by commercial carriers,
but they only target the most highly populated towns and villages. The vast majority of
suburban settlements have to rely on private means of transport which are characterized
by the shortest commuting time and the highest travel comfort [72–74].

Integrated Territorial Projects (ITP) are one of the priority goals of the Strategy of the
Olsztyn FUA, and they were initiated to improve the quality of transportation in that area.
This development tool was introduced to implement territorial strategies in an integrated
manner. The initiative enables local authorities to launch joint projects that are co-financed
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by the European Regional Development Fund and the Social Fund as part of the European
Union’s Regional Operational Programs.

2.2. Methods

Temporal accessibility is evaluated based on physical distance as well as travel time.
Travel time in the existing road network of the Olsztyn FUA was determined with the
use of the Google Maps application. Travel time was measured from the administrative
center of Olsztyn (City Hall) to different locations (cadastral districts) in the suburban zone.
The analysis was carried out for travel by passenger car on the same date and at the same
time (Wednesday, averaged result for 5 and 19 September 2018, 6 p.m.). Commuting times
were interpolated for the entire studied area. The spatial distribution of the unit prices of
construction plots in 2007 and 2018 were interpolated in the next stage of the analysis.

The information about the prices of construction plots (Register of Real Estate Prices
and Values) and their location (base maps in the Land and Building Register, data in dxf for-
mat for cadastral plots in Barczewo, Dywity, Gietrzwałd, Jonkowo, Purda and Stawiguda)
were obtained from the County Center for Geodetic and Cartographic Documentation in
Olsztyn.

In both cases (temporal accessibility and prices of construction plots), data were inter-
polated by kriging. This method is widely applied to interpolate the spatial distribution of
data, in particular, prices [75–81]. Kriging is the main method for estimating continuous
surfaces based on the measured points. The estimated value is calculated as the weighted
average of n measured points surrounding the estimated location. The kriging estimate
(Formula (2)) is a realization of the random function Z(si):

Z∗(So) = ∑
n
i=1 wiZ(si), (2)

where wi denotes kriging weights, Z∗(So) is the value at the interpolated point and Z(So)
is the value at the measured point.

Kriging is used to define the range and anisotropy of spatial correlations and to
identify directional changes in spatial phenomena. Data were interpolated in ArcGIS
software.

Spearman’s rank correlation coefficient was calculated (Formula (3)) to describe the
relationships between the number of transactions, average unit price, population and
temporal accessibility. This ranking method is not highly sensitive to outliers.

rs =
1
6
(

n3 − n
)

− (∑n
i=1 d2

i )− Tz − Ty
√

(

1
6 (n

3 − n)− 2Tz

)(

1
6 (n

3 − n)− 2Ty

)

, (3)

where rs is Spearman’s rank correlation coefficient, di = Rxi − Ryi is the difference between
the ith rank of variable x and the ith rank of variable y, Tz and Ty are the coefficients of tied
ranks expressed as T = 1

12 ∑j(t
3
j − tj) and tj is the number of observations with the jth

rank in the analyzed dataset.
Spearman’s rank correlation coefficient was calculated, and scatter plots were gener-

ated in the Statistica program.
The Gini index, which measures concentration relative to uniform distribution in the

overall set of values of the analyzed variable, was calculated to determine the inequality in
the spatial distribution of the analyzed variables (Formula (4)).

Gi =
∑

n
i=1(2i − n − 1)yi

n2y
, (4)

where Gi is the Gini index, yi is the value of the ith observation, y is the average value of all
observations and n is the total number of observations.

The Gini index was computed with the use of an online calculator available at [82].
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3. Results

The construction of the Olsztyn ring road commenced during the analyzed period.
Planning and design work began in 2005. The contracts for the construction of the first
and second segment of the ring road were signed in 2015 and 2016, and the first segment
was commissioned for use in December 2018. The construction of the Olsztyn–Olsztynek
express road intersecting Stawiguda municipality took place in the same period, and it
improved transport accessibility in Stawiguda which already had the most highly de-
veloped road infrastructure in the Olsztyn suburban zone. The ring road considerably
improved transport conditions, in particular, by diverting heavy transit traffic away from
downtown Olsztyn. Despite the above, the ring road had only a minor impact on the
temporal accessibility of suburban settlements.

The travel time for the entire studied area (between downtown Olsztyn and all set-
tlements in the Olsztyn urban functional area) was interpolated based on the calculated
commuting times (Figure 3). The location of the construction plots sold between 2007 and
2018 were marked on the temporal accessibility map.

Figure 3. Temporal accessibility and spatial distribution of transactions in the suburban zone of Olsztyn in 2007–2018.
Source: own elaboration.

The spatial distribution of temporal accessibility revealed local variations, mostly in
the southern and south-western parts of the Olsztyn FUA. These areas are intersected by
major roads, including the road linking Olsztyn with the Polish capital of Warsaw. The
number of transactions change with an increase in travel time. These results indicate that
the density of settlements decreased exponentially with an increase in distance from the
urban core, which is consistent with urban development theories [83]. The map in Figure 2
also illustrates the extent to which the quality of transportation routes influences temporal
accessibility. The number of transactions concluded in the cadastral districts of the Olsztyn
FUA are presented in Figure 4.
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Figure 4. Number of transactions concluded in the cadastral districts of the Olsztyn FUA between 2007 and 2018.

The distance to the urban core and the number of real estate transactions are bound
by an inversely proportional relationship. The number of transactions decreases with
an increase in distance from Olsztyn’s administrative boundaries (Figures 2 and 3). The
highest number of transactions were concluded in cadastral districts situated in the direct
proximity of Olsztyn and along the express road to Warsaw (south-west of Olsztyn). The
outlier in the north-eastern part of the studied area is a cadastral district which remains
under the influence of another city, Mrągowo.

The distribution of the unit prices of construction plots was also analyzed to determine
the spatial pattern of real estate transactions on the local market. This is an important
consideration because the choice of location is linked with prices, and prices influence
decision-making [84]. The spatial distribution of the unit prices of construction plots was
interpolated (Figure 5a,b) to identify trends in the development of the suburban zone and
prime locations (based on prices).

The results of the interpolation point to an increase in the prices of construction plots
between 2007 and 2018 and reveals prime locations with the highest temporal accessibility.
The prices of construction plots were highest along the administrative boundaries of
Olsztyn and in Stawiguda municipality, followed by the municipality of Gietrzwałd. These
areas were characterized by the highest temporal accessibility.

The choices made by real estate buyers influence land use. New residential areas
are created, which leads to changes in population [85]. Temporal accessibility induces
demographic changes, and differences in commuting time influence population density.
In the studied area, changes in population were strongly linked with access to transport
infrastructure. As demonstrated in Figure 6, population decreased with an increase in
commuting time. More people settle in areas with better accessibility.
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Figure 5. Interpolation of the unit prices of construction plots in the Olsztyn FUA in 2007 (a) and
2018 (b). Source: Own elaboration based on the Register of Real Estate Prices and Values kept by the
County Center for Geodetic Documentation and Maps in Olsztyn.

Figure 6. Relationship between population and commuting time in 2018. Source: own elaboration.

Similar population trends were noted in cadastral districts. Relative population
growth was highest in the vicinity of Olsztyn and in districts with the highest temporal
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accessibility (Figure 7). At the same time, the population of the city of Olsztyn decreased
by about 2%.

Figure 7. Relative population growth in the Olsztyn FUA in 2007–2018. Source: own elaboration.

The distribution of transactions, population and unit prices determines the homo-
geneity of the processes observed in the suburban zone. Therefore, the Gini index was
calculated for the above variables (Table 1).

Table 1. Gini index of variables in the suburban zone of Olsztyn.

Gini
Index

Population
Population
Growth

Average Price
Number of

Transactions
Number of

Transactions
Number of

Transactions
Commuting

Time

2007 2018 2017–2018 2007 2018 2007 2018 2007–2018 2018

Olsztyn
FUA 0.4934 0.5372 0.8233 0.4298 0.4364 0.5853 0.6110 0.6274 0.4584

Source: own elaboration.

The calculated values of the Gini index revealed growing inequality in population
distribution in the Olsztyn FUA (decrease in population uniformity). The number of
transactions and the average unit prices in cadastral districts were also characterized by
high values of the Gini index, which points to variations in the spatial distribution of
these variables. The values of the Gini index also revealed considerable differences in the
temporal accessibility of the analyzed districts, which suggests strong links between these
variables.

The relationships between the analyzed variables were evaluated by calculating
Spearman’s rank correlation coefficients (Table 2).
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Table 2. Spearman’s rank correlation coefficients for the analyzed variables.

Variable

Spearman’s Rank Correlation Coefficients, p < 0.05

Travel Time
2018

Population Growth
2007–2018

Population
2007

Population
2018

Number of
Transactions

2007–2018

Number of
Transactions

2007

Number of
Transactions

2018

Average Price
2007

Average Price
2018

Travel time 2018 1.0000 –0.6683 x –0.5230 –0.5388 x –0.3851 x –0.5799

Population growth
2007–2018

x 1.0000 0.3553 0.5950 0.5897 0.6117 0.2574 0.2842 0.5616

Population 2007 x x 1.0000 0.8860 0,6468 0.5650 0.3687 0.1706 0.1411

Population 2018 x x x 1.0000 0.7236 0.6663 0.3961 0.2425 0.3118

Number of
transactions
2007–2018

x x x x 1.0000 0.2825 0.2575 0.2496 0.3750

Number of
transactions 2007

x x x x x 1.0000 0.4435 0.2241 0.3157

Number of
transactions 2018

x x x x x x 1.0000 0.1412 0.1714

Average price 2007 x x x x x x x 1.0000 0.7015

Average price 2018 x x x x x x x x 1.0000

Source: own elaboration.
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The calculated values of the Spearman’s rank correlation coefficient point to moderate
and strong correlations between the analyzed variables (>0.5000). The strongest relation-
ships were noted between the number of transactions and population, between travel
time and population growth, and between travel time and average price. Travel time was
negatively correlated with the remaining variables.

The results validate the assumption that the local real estate market was directly linked
to urbanization processes expressed by demographic data. The analyses also confirmed
the presence of cause-and-effect relationships between the evaluated variables.

The correlations between commuting time vs. the number of transactions and average
unit prices were illustrated in scatter plots (Figure 8a,b). The scatter plots also present the
influence of temporal accessibility on the local real estate market.

Figure 8. Correlations between (a) commuting time and the number of transactions, (b) commuting time and average unit
prices. Source: own elaboration.

4. Discussion

The study demonstrated that suburbanization proceeds rapidly in the areas sur-
rounding Olsztyn, but the spatial distribution of suburban settlements is irregular and
characterized by significant local variations. The present findings validate the hypothesis
that suburbanization influences the number of transactions on local real estate markets,
and that transaction volumes reflect the dynamics and territorial reach of suburbanization.
The results of this study also indicate that access to the transportation network significantly
influences local real estate markets in suburban areas. Similar observations were made
by other authors, who demonstrated that transport accessibility influences prices and
transactions on the real estate market [86,87]. The correlations noted in this and other
studies were similar, regardless of the size of the urban core [88,89].

Transport accessibility also influences the choice of locations on the real estate market
and, consequently, population growth [90]. This feedback mechanism stimulates the growth of
the real estate market. Buyers have a greater interest in residential areas with well-developed
technical infrastructure and public facilities. Most areas that meet the above requirements
are located in the direct vicinity of cities, and their greatest advantage is the proximity of the
urban core. However, suburban areas are often deficient in social infrastructure, and many of
them feature only basic retail outlets. Local residents have to commute to Olsztyn to satisfy
other life needs. In contrast, rural municipalities situated further away from Olsztyn rely on
local potential and attributes to develop local infrastructure. These municipalities have schools,
healthcare facilities, local government offices and shops. As a result, basic life needs are met
locally, and the residents do not have to travel to Olsztyn.

Herding behavior can also play an important role in real estate choices. Herding
behaviors disrupt rational decision making because individuals follow other people and
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imitate group behaviors. Buyers who search for suburban property often follow trends
without realizing that the most popular locations are characterized by high levels of
urbanization and do not differ considerably from cities (in particular, locations adjacent
to city limits). In an attempt to escape the hustle and bustle of urban life, many buyers
ultimately pay a high price for locations that resemble the city.

The above factors lead to spatial disruptions. The analyzed variables were not evenly
distributed and contributed to disproportions between the evaluated cadastral districts.
A comparison of the Gini index for the first and last year of the analyzed period revealed
growing differences in population distribution, the number of transactions and average
prices, which contributed to disproportions between cadastral districts. Due to similar
transport accessibility, cadastral districts adjacent to Olsztyn are characterized by the
highest population, the highest number of property transactions and the highest prices of
construction plots. However, an analysis of the areas located south-east of Olsztyn revealed
considerable deficiencies in transport planning policies both at the local (municipal) and
supralocal level. These observations are validated by the spatial distribution of the analyzed
variables in the maps presented in Section 3. High values of the Gini index point to
uneven distribution, which suggests that the Olsztyn FUA is characterized by considerable
fragmentation of the analyzed phenomena. The above generates spatial chaos, and it
compromises effective land management. The intensity and spatial concentration of the
investigated processes were determined by distance from the city core and the proximity
of the main transportation routes, which influences transport accessibility of the studied
cadastral districts. Land prices, the number of real estate transactions and changes in the
population growth rate decrease with an increase in distance from the urban core. Similar
trends were reported by other authors [83,91].

5. Conclusions

Olsztyn is an example of a city where transport accessibility has an influence on the
development of the suburban area and the local real estate market. Similar processes
are observed in all large cities in Poland, particularly in areas situated in the vicinity of
regional capitals and along the main transport corridors, for example, Białystok [31], Toruń-
Bydgoszcz [92,93], Kraków [94] and Gdańsk-Gdynia-Sopot [95], because suburban dwellers
rely mainly on private transport, whereas other forms of transport play a secondary
role [63,96]. The results of this study validate the observations made by Śleszyński [97], who
noted that accessibility expressed in monetary terms does not discount the improvement
in temporal accessibility resulting from the construction of new roads.

This article presents the results of the first stage of research. The eastern, southern
and western fragments of the Olsztyn ring road were commissioned for use in July 2019.
The ring road and the accompanying access roads will considerably improve transport
accessibility in the Olsztyn FUA. Faster travel and the higher throughput of traffic entering
the city will increase temporal accessibility between cadastral districts in the evaluated
suburban zone. The new road system will facilitate transport between the urban core
and suburban districts, and it will provide suburban commuters with easier access to
the city. These changes could stimulate new residential development projects in the
suburban zone. Similar observations were made by other authors [98,99], including in
Polish cities [100,101].

The new ring road plays a very important role in the 2016 Strategy of the Olsztyn
Functional Urban Area. The new route will facilitate transit between Olsztyn and suburban
districts, and the residents of the Olsztyn FUA will no longer have to cross the city center
when traveling between suburban municipalities. The ring road will eliminate traffic
bottlenecks, increase the throughput of the existing transportation routes and make travel
between Olsztyn and suburban municipalities more comfortable. These changes could
affect local real estate markets in the suburban zone. In the second stage of the research,
the real estate markets in the Olsztyn FUA will be evaluated two years after the launch of
the ring road.
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The added value of the present research is that data were analyzed at the level
of cadastral districts, whereas most studies of the type are conducted at the level of
municipalities. The adopted approach supports more accurate assessments of the observed
changes, which is particularly important in medium-sized (and smaller) cities and towns
that exert a weaker effect on the surrounding areas. In contrast, analyses conducted at the
level of municipalities produce generalized and less precise observations.
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poznańskiej). Stud. Mater. TNN 2012, 20, 47–57.
44. McGrath, D.T. More evidence on the spatial scale of cities. J. Urban Econ. 2005, 58, 1–10. [CrossRef]
45. Kovács, Z. Cities from state-socialism to global capitalism: An introduction. GeoJournal 1999, 49, 1–6. [CrossRef]
46. Stanilov, K.; Sýkora, L. Confronting Suburbanization; Wiley: Hoboken, NJ, USA, 2014; pp. 1–32.
47. Tammaru, T.; Kulu, H.; Kask, I. Urbanization, Suburbanization, and Counterurbanization in Estonia. Eurasian Geogr. Econ. 2004,

45, 212–229. [CrossRef]
48. Tóth, V. Urban development of Bratislava: Suburbanization in years 1995–2009. J. Geogr. 2012, 7, 115–126.
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56. Kałkowski, L. Polski rynek nieruchomościbilans otwarcia po wejściu Polski do Unii Europejskiej. Probl. Rozw. Miast 2007, 4,

12–45.
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65. Śleszyński, P. Metodyczne problemy wyznaczania obszarów urbanizacji. Prz. Urban. 2015, 9, 60–61.
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Abstract: In the urban landscape, footbridges appeared along with the development of urbanization
through the implementation of more complex spatial structures. The introduction of transport transit
to cities or sometimes urban gravity towards the important communication routes imposed their
construction in order to ensure pedestrians’ safety and smooth flow of traffic. The aim of the study is
to determine how an overpass in the city of Trabzon is used by people of different ages, the security
and motivation problem, the possibility of a footbridge, and how an overpass is perceived as a
crossing over a highway. The study addresses the problem of safety and motivation related to the
use of an overpass by people of different ages and is focused on the perception of an overpass as a
crossing over a highway. The overpass connects the northern part of the city with the parking lot
and the seaside boulevards in Trabzon. It has been constructed over the road no. D010, also known
as the Black Sea Coastal Highway. In total, 124 members of the urban population who used the
overpass participated in a questionnaire, which included multiple-choice and open-ended questions.
The ‘Semantic Differential Scale’ was also used to evaluate the results. The research revealed that
the respondents who chose the road through the overpass for safety in most cases used it relatively
rarely (59%). People who used the footbridge every day or frequently marked safety as the reason in
39% of cases only. This means that as pedestrians use the overpass more often, they begin to notice
other functional features of the footbridge. The results of the study showed that the overpass was
most frequently used for the purpose of going down to the coast (76.0%), although 51.2% reported
rarely using the overpass, which showed it was used very little by pedestrians.

Keywords: footbridge; urbanization; functions of pedestrian bridges; Trabzon

1. Introduction

An urban space as a whole consists of structures and open areas where all urban
activities are perceived by the inhabitants of the city. In other words, these spaces are where
the activities in the lives of the urban dwellers take place. They include places for housing,
working, entertainment, transportation and recreation [1].

According to Hasan and Napiah [2], for centuries, people have tried to walk over
environments that contained a variety of terrains such as mountains, hills, valleys and
rivers. With the advancement of civilization and urbanization of cities, which resulted in
more complexes and civilized environments of habitation, and also with the development
of cities having more complex communication systems, attempts were made to solve the
problem of pedestrians’ safety.
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A footbridge was one of the objects that appeared in space along with the development
of urbanization. The reason for implementing this type of solution was, firstly, ensuring the
safety of pedestrians and, secondly, maintaining uninterrupted vehicle traffic. Therefore,
the contemporary definition of a footbridge indicates that it is a vertical separation device
used to separate pedestrians from road traffic without risking an accident [3].

Urban inhabitants must use urban spaces in all aspects of their lives. However, only
the presence of appropriate and adequate technical, functional, aesthetic and behavioral
reinforcement elements can enable people to use urban spaces in the best possible way.
Reinforcing elements not only meet the needs of the people but also have psychological
effects on them [4].

The most active forms of transportation are walking and bicycling, which have the
lowest impact on the environment and improve the physical health of pedestrians and
bicyclists. The most common problem impeding the preference for walking and bicycling
is traffic safety [5–7].

Pedestrians are most at risk when they are crossing the road. This represents a
significant proportion of all fatalities among pedestrians, amounting to 50% in non-built-up
areas and 75% in built-up areas. The most frequent reason for this kind of accident is failure
to give way [8,9].

Pedestrians who are crossing are considered to be one source of congestion [10].
According to Binti Kadzim, a pedestrian bridge is the best solution for pedestrians to cross
the road. A pedestrian bridge is only one way to increase road network capacity [11].

Bridges connect destinations in communities and provide access to emergency and
essential services. Bridges that lack pedestrian and bicycle accommodations can force sub-
stantial detours or sever routes entirely, discouraging or eliminating the option to walk and
bike for transportation. Those who do travel on bridges without proper accommodations
may increase their risk of being involved in a crash [12,13].

Pedestrian and bicycle bridges will provide that pedestrian and bicycle users can cross
the road safely and go to school or businesses safely. Therefore, where it is needed, the
design and the material used in the design are very important. Pedestrian and bicycle
bridges should be both “functional” and “aesthetic” [14].

In both urban and landscape design studies, there is a need for a variety of structural
elements that meet the physical needs of the population and are necessary for their under-
standing, safety and comfort in terms of health and a clean environment. These elements
are defined as urban elements, and they should be compatible with other elements and
improve the visual quality of the landscape design as a whole when used correctly [15].
Among these elements are pedestrian overpasses that provide pedestrian access, i.e., pedes-
trian bridges. These overpasses or bridges have the especially important goal of providing
pedestrians with a means to travel within or between the areas that we call urban spaces.
Although the main purpose of pedestrian bridges is to facilitate transport and increase
pedestrian safety, this function alone is not enough for users. Bridges must also have an
aesthetic value. They should also accommodate different types of activities for pedestrians.
This condition determines the value of an urban pedestrian bridge [16–19].

Tunnels and pedestrian bridges should be used as collision-free crossings when [20]
pedestrian routes intersect with higher class roads, pedestrian routes intersect with the
roads of G (main road) or GP (major trunk road) class with heavy traffic, and the location
of an at-grade pedestrian crossing may pose a serious hazard to pedestrians or cause long
delays for vehicles and pedestrians.

According to studies conducted by Jamroz et al. [20], Ivan et al. [21], Congiu et al. [22]
and Arroya et al. [23], most pedestrians and bicyclists were at risk of accidents. In today’s
cities, pedestrian zones are being implemented to provide comfortable and safe passage
for pedestrians.

Pedestrian overpasses are structures that allow pedestrians to carry out their move-
ments easily and conveniently. For this reason, some of them are built over vehicle traffic
roads, some over parks and gardens and some over waterways. Their construction materi-
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als can be wood, stone, brick, reinforced concrete, steel or metal, and hybrid solutions are
also used, in which the structural elements are made of different materials working together.
They can be in the form of beam, arch, cantilever, suspension or truss bridges [24–28].

These structures pass over roads that are open to vehicle traffic and, in addition to
their functional purpose of facilitating and directing the continuous flow of uninterrupted
pedestrian movement and ensuring pedestrian safety, these passageways function as urban
reinforcement elements that, with their aesthetic aspects, can affect the city’s appearance.
Therefore, the design criteria used for features and fixtures in urban spaces should also be
applied to pedestrian overpasses.

Various examples of functional solutions for pedestrian bridges over roads can be
listed as well as the attempts of classifying such constructions can be taken up considering
their secondary function—apart from the basic one, i.e., ensuring safety for pedestrian,
pedestrians and cycling traffic in cities, or providing the possibility of reaching dangerous
and attractive landscape spots located in open spaces. In the urbanized area (city) the
following can be identified:

- pedestrian bridges over roads and among them very spectacular solutions such as,
e.g., “Ponte Segunda Circular Bridge” in Portugal, the “BP Pedestrian Bridge” in
Chicago (USA), the “Lunchtsingel Bridge” in Holland;

- pedestrian bridges with water elements and over wetlands, e.g., the “Media City
Footbridge’ in England, the “Cirkelbroen Bridge” in Denmark, the “Iceland Bicycle
Bridge” in Iceland, the “Golden Garland Bridge” and “Melkweg Bridge” in Holland
and the “Merchant Square Footbridge” and “Millennium Bridge” in London.

The efforts aimed at revitalizing railway bridges and road viaducts into overpasses
can be noticed both in cities and in open areas. The examples of using constructions that
previously performed different functions and created by conversion of remnants are the
“Promenade Plantee” in Paris and in the USA the “High Line Park”, “Walkway Over the
Hudson” in New York, the “Kinzua Bridge State Park” in Pennsylvania and the “Vance
Creek Bridge” in Washington State.

The overpasses built in open areas are often examples of architecturally outstanding
constructions, harmoniously integrated into the natural landscape. They frequently consti-
tute impressive structures offering complex architectural solutions, e.g., the “High Trestle
Trail Bridge” in Madrid, the “Moses Bridge” in Holland, the “Plitvice Lakes National Park
Bridge” in Croatia, the “Zhangjijie Grand Canyon Glass Bridge” in China, the “Langkawi
Sky Bridge” in Malaysia, the “Jasper National Park Glacier Skywalk” in Canada and the
“Tree Top Walkway” in London.

Pedestrian bridges, especially in heavy traffic areas, were designed as a solution in
the context of pedestrian safety and the continuity of the roadways. In addition to being
designed engineering structures, their aesthetic aspects can be evaluated as elements of
significant urban fixtures. Pedestrian overpasses are important elements that should be
considered not only for their functional requirements, but also as elements that can affect
the city image and aesthetics. Consequently, pedestrian bridges can be regarded as being
important to the city as creative elements that can attract attention due to their larger
scale [29,30]. It is worth noting two approaches in the architectural shaping of footbridges
(and bridges in general), this first aiming at creating a characteristic element, recognizable
and noticeable even from a distance, and the second assuming the maximum integration
(concealment) of a new object in the landscape [16,18,31].

The authors of the presented research focused on the problem of safety and motivation
for using an overpass by people representing different age groups and on the perception of
a footbridge as a crossing over a highway.

The authors noticed that the residents of Turkish cities are reluctant to use overpasses,
which results in numerous problems related to road safety (in the case of an overpass
construction, traffic lights and pedestrian crossing are not located in the same place, i.e.,
“a zebra crossing” through the road). There is evidence that some types of facilities are
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generally disliked by pedestrians, which leads to a high incidence of informal road crossing
behavior, away from crossing facilities [32–35].

The research addressing footbridges is focused on

- ensuring safety in crossing roads and passing over other obstacles in pedestrian
traffic [10–13,20–23,32–35];

- technology, building materials and durability of the constructed footbridges [24,28],
- user comfort (vibration frequency) [36–40];
- adapting architectural form and structure to the surrounding space [16–19,29–31].

There is a gap in analyzing opinions on the multifunctionality of buildings over
highways in cities in terms of assessing a viaduct in the category of an aesthetic, functional
and identity type of element, which was the basis for the conducted research. However, the
primary function of a footbridge (ensuring safety) cannot be neglected, which constitutes
the background of the conducted research.

The following research hypotheses were put forward in the article:

Hypothesis 1 (H1). Young people and students of different age groups Trabzon residents are more
likely to use overpass than older and working people.

Hypothesis 2 (H2). Young people pay attention to the advantages of a footbridge other than safety.

Hypothesis 3 (H3). The awareness of ensuring safety and motivation for oneself and family grows
with age.

The purpose of the research was to show the preferences of Trabzon residents and
visitors in terms of using the overpass built over the highway. The overpass connects
the northern part of the city with the parking lot and the seaside boulevards in Trabzon.
It has been constructed over the road no. D010, also known as the Black Sea Coastal
Highway. This road is the main west-east highway in Turkey, serving the Black Sea Coast.
In this part of the city, the road is a barrier to access the Black Sea shore. On the one hand,
the city’s spatial development and the density of buildings and, on the other hand, the
significant traffic of motor vehicles resulted in the need to search for solutions in the form
of safe access to coastal boulevards. There are seven footbridges along the section of the
route running through the city of Trabzon, whereas only a small part of the road runs
through an underground tunnel. The importance of this study is to reveal the design, safety,
comfort, aesthetics, symbolic element and importance for transportation of an overpass in
Trabzon city.

2. Materials and Methods

The Imperial Overpass, which is located within the boundaries of Ortahisar district of
Trabzon city, where area field studies were carried out in the study, constitutes the main
material of the study. Observations and questionnaire studies, photographs taken during
field studies, SPSS 16.0 statistical program were other materials used in the research.

Imperial Overpass, which connects Gazipasa Street in the city center of Trabzon to
the Black Sea Coastal Highway, has been chosen as the study area (Figure 1). The Black
Sea Coastal Highway is the main west–east highway in Turkey, serving the Black Sea
Coast. The reasons for choosing Imperial Overpass are as follows: it is very close to the city
center of Trabzon, it is used intensively by pedestrians, there are bus stops that provide
transportation to Trabzon city with other districts, it connects the city center with the
coastal area and it provides access to the parking lot of the Imperial Hospital.
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Figure 1. Satellite image showing the study area. Source: own study.

Steel was used in the construction of the footbridge, and the floor is of cast concrete.
One abutment is located over a section of road in a residential area, while the other is
connected to the hospital parking area (Figures 2 and 3).

 

Figure 2. The view of the overpass over the road no. D010, also known as the Black Sea Coastal
Highway, after construction of the roofing. Source: own study.
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Figure 3. The view of the overpass over the road no. D010, also known as the Black Sea Coastal
Highway, after construction of the roofing. Source: own study.

The presented research was carried out according to the following research scheme:

1. The identification of the research problem, the selection of the research area and the
formulation of the research purpose and the research questions;

2. Collecting information and developing database for the analyzed footbridge,
3. Developing a questionnaire (survey) and conducting a survey in the area of Trab-

zon (Turkey);
4. Analyzing findings using the descriptive method and statistical methods and seeking

correlations;
5. Valuation of preferences and expectations using the Semantic Differential Scale.
6. Verification of the research hypotheses, discussion and conclusion.

Some of the issues concerning the footbridge include:

• Technical problems: These include spills on the bridge caused by the steel material,
paint problems, lack of binding materials and damage caused by the users, as well as
whether the bridge is not convenient for everyone to use.

• Aesthetic problems: There were no design criteria for the bridge that could add value
to the space. It is simply an overpass made of a steel carriers and concrete labs.

Taking into account the overpass location along the frequently used pedestrian route
and also in an important cultural and landscape place, i.e., in the center of Trabzon city,
the research was carried out to identify the expectations and motives of those using the
aforementioned footbridge over the road. The popular and busy communication route
(highway no. D010) definitely cut off the coast and seaside boulevards from the city, and
the overpass under study allows reaching these places without collisions. However, does it
meet the residents’ expectations? Does its form correspond to the significance of the space
in which it is located? In order to obtain answers to a number of doubts and to find out the
preferences of the overpass users, the following research questions were formulated:
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• Are young people more likely to use the overpass than older and working people?
• Is the crossing over the highway considered safe for all users of the overpass?
• Does the awareness of ensuring safety for oneself and family grow with age?
• How do users rate the overpass in the categories of aesthetic, functional and identity-

oriented elements?

In the study, the quantitative research (questionnaire) method was applied to inhabi-
tants of Trabzon in order to determine the current usage status of the Imperial Overpass
and to determine the feasibility of pedestrian and bicycle bridges in the city. For the study,
a questionnaire-based field survey was administered and face-to-face interviews were
carried out to determine the reasons the people of Trabzon city used the overpass and
how frequently they visited it (Supplementary Material). The purpose of the quantita-
tive research method was to qualify the numerical information. Before the questionnaire
questions were prepared, on-site observations were made by going to the study area. The
studies of Arslan Selcuk and Er Akan [1], Hasan and Napiah [2], Kuşkun [4], Mumcu [41]
and Denli [42] were consulted during the preparation of the questionnaire. The urban
population of 2019 was taken into account when determining the number of people to
be surveyed. According to the data obtained from Turkish Statistical Institute, the pop-
ulation of Trabzon Central District in 2019 was 328,457. During the preparation of the
questionnaire, care was taken to ask clear and understandable questions that could be
answered, while still respecting people’s privacy. The questionnaires were designed for
individuals over the age of 18, with the idea that they would take a more conscientious
approach. The questionnaire was carried out between March and August 2019, with 124
people living in the city center of Trabzon. The random sampling method was used to
determine the sampling size for the questionnaire study. The inhabitants who participated
in the questionnaire were asked a total of 12 multiple-choice questions and also provided
information about their demographic characteristics. Each questionnaire took an average
of 20 min.

The results of the demographic composition of the 124 people who participated in the
survey were as follows:

Gender: 78 (60.5%) were female and 46 (35.7%) male.
Age: 45 (34.9%) were aged 18–23 years, 49 (38.0%) were aged 24–29 years and 30

(23.3%) were aged 30+ years. The average age of the respondents was 28.0 years of age,
with a standard deviation of 9.85 years. At least half of the respondents were not older
than 25. The youngest respondent was 18 years old, whereas the oldest one 63.

Educational status: 4 (3.1%) had completed primary school, 1 (0.8%) middle school,
18 (14.0%) high school, 84 (65.1%) university and 17 (13.2%) post-graduate education.

Occupational status: 27 (20.9%) were architects/engineers, 50 (38.8%) were students,
and 47 (36.4%) were in other occupations.

The survey was conducted with the participation of 124 individuals, of whom 50 were
randomly selected, 27 were architects/engineers and 47 were from other professions. In
addition, in order to determine the value of the overpass in terms of semantic aspects, the
contexts of using the overpass other than their preferences and expectations were detected
in accordance with adjective pairs using the Semantic Differential Scale. In this respect,
the participants were asked to evaluate the overpass using the adjectives “functional”,
“harmonious”, “aesthetic”, “attractive”, “special”, “memorable” and “safe” and their
paired counterparts using a 7-point scale. The scale given in Table 1 below was used for
scoring. The participants were people living in Trabzon who used the overpass. Therefore,
assessments were facilitated by reminder photographs used during the survey (Figure 4).
The data were analyzed using the SPSS 16.0 statistical program. In the study, correlation
analysis was performed with descriptive statistics.

271



Land 2021, 10, 340

Table 1. Evaluation system of the criteria used in the survey.

Criteria
Intensity of the scale:

Criteria
1 2 3 4 5 6 7

Dysfunctional 1 2 3 4 5 6 7 Functional
Irregular 1 2 3 4 5 6 7 Regular

Not aesthetic 1 2 3 4 5 6 7 Aesthetic
Not attractive 1 2 3 4 5 6 7 Attractive

Ordinary 1 2 3 4 5 6 7 Private
Forgettable 1 2 3 4 5 6 7 Unforgettable

Insecure 1 2 3 4 5 6 7 Secure
1: dysfunctional; 2: somewhat dysfunctional; 3: minimally dysfunctional, 4: average; 5: minimally functional; 6:
somewhat functional; 7: functional. Source: own study.

α
≤

 

Figure 4. Photographs used in the survey.

The significance of differences in the distribution of responses between nominal
variables was checked using the chi square test of independence. To calculate the chi-
square statistics, the following formula was used:

χ2 =
n

∑
i=1

(Oi − Ei)
2

Ei
(1)

where:
O—Observed value;
E—Expected value.
For all analyses, the maximum permissible error class I α = 0.05 was adopted, and

p ≤ 0.05 was considered statistically significant.

3. Results and Discussion

Beyond any doubt, the Black Sea route remains in conflict with the development of
the city tourist function. Urbanization processes resulted in the need to search for solutions
allowing the separation of pedestrians and vehicle traffic. Unfortunately, the analyzed
object differs from the contemporary design solutions, which often fit into the surrounding
landscape, and their implementation uses modern engineering techniques and construction
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materials. Frequently, such objects make the landscape more attractive, which cannot be
said about the analyzed footbridge.

When asked about the frequency of using the overpass, out of the total of 124 people,
51.2% answered “Rarely”, 14.0% “1–2 times per month”, 10.1% “Everyday” and “Fre-
quently”, 7.0% “1–2 times per week”, 3.9% “2–3 times per week”.

The overpass does not connect university buildings or any other buildings used
primarily by people under 25, it is generally accessible and apart from the car park and it
also provides access to the seaside boulevards. Hence, it was reasonable to analyze who
the main users of the overpass are and how frequently they use it.

Correlation analysis using Spearman’s rank correlation coefficient confirmed a statisti-
cally significant relationship between age and the frequency of using overpass (p = 0.005);
however, this relationship was different from that formulated in the hypothesis. Older
respondents used overpass more frequently; therefore, the discussed hypothesis should be
rejected (Table 2).

Table 2. The values of Spearman’s rank correlation coefficient. The relationship between age and the
frequency of using overpass.

Statistical Measures Frequency of Use

Correlation Coefficient 0.25
Sig. (2-tailed) 0.005

Source: own study.

A statistical analysis was also carried out using the chi square test of independence.
To this end, the respondents were divided into two groups, where the division point
was the median value for the age variable (25 years of age). Some categories related to
frequencies of using overpass were also combined, so that the smallest percentage of cells
in the developed cross-table had an expected number of less than 5. The respondents under
25 years of age rarely used the overpass (64%), and the percentage of such population aged
over 25 was smaller and amounted to 40%. The percentage of people using the overpass
often and daily in the group under or at the age of 25 was 12%, whereas among older
people it was 32%. The differences are statistically significant (p = 0.027) (Table 3).

Table 3. The distribution of responses broken down by age.

Frequency of Using Score
Age:

≤25 Years >25 Years

Rarely Count 43 23
% within Age 64.2% 40.4%

1–2 times per month Count 9 9
% within Age 13.4% 15.8%

Few times per week Count 7 7
% within Age 10.4% 12.3%

Frequently or every day Count 8 18
% within Age 11.9% 31.6%

Pearson Chi-Square χ2 = 9.16; Sig. = 0.027

Source: own study.

The statistical analysis using the chi square test of independence showed a statistically
significant relationship between social status and the frequency of using the overpass
(p = 0.018). The answer often or daily was indicated by 7% of the respondents from the
group of engineers, 16% by students, most often by other respondents—34% (Table 4).
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Table 4. The distribution of responses broken down by social status.

Frequency of Use Score
Social Status (Job):

Engineer-Architect Student Other

Rarely Count 12 31 23
% within Social status 44.4% 62.0% 48.9%

1–2 times per month Count 8 6 4
% within Social status 29.6% 12.0% 8.5%

Fewtimes per week Count 5 5 4
% within Social status 18.5% 10.0% 8.5%

Frequently or every day Count 2 8 16
% within Social status 7.4% 16.0% 34.0%

Pearson Chi-Square χ2 = 15.34; Sig. = 0.018

Source: own study.

When asked about the direction of moving through the overpass—in the first place,
76.0% of the respondents answered “To go to the coast”, followed by 9.3% in second place
with “To go to the city center”, 7.8% in the third place with “To go home”, 2.3% “To go to
the hospital” and, finally, 0.8% responded “To go to the university” (Figure 5).
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Figure 5. Reasons for overpass use.

The highway limits the possibility for taking advantage of using the coastal location
of the city in many respects. First of all, by cutting off the coast and the seaside boulevards
from the invested part of the city, it reduces opportunities for the development of recreation
and tourism in such a large city of 240,000 residents.

As has been confirmed by the conducted research, the primary purpose of using the
overpass is to ensure safety—out of the total number of 124 participants, 36.4% provided
the answer “For security”, 27.9% “There is no alternative”, 20.2% “It’s a convenient route”,
10.1% “It’s the way to the coast” and 1.6% “It’s the way to the parking lot” (Figure 6).

Ensuring safety on the one hand and smooth traffic flow of motor vehicles on the other
obviously remains the essential purpose of constructing overpasses. However, not all of
the respondents indicated safety as the reason for choosing the discussed footbridge, other
reasons were as follows: no alternative, convenience and the way to reach the destination
(coast, parking lot). Indeed, the traffic of motor vehicles on the highway no. D010 is so
intense that virtually all along its length in Trabzon, it is required to use either an overpass
or an underpass to get to the other side.
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Figure 6. Reasons for preferring the overpass.

It is important that such a possibility of reaching the sea is also attractive for the
pedestrians in every respect (apart from safety, the equally important factors are comfort,
harmony with the surroundings and an attractive architectural form of the facility).

The respondents who chose the way through an overpass for safety reasons generally
used it rarely (59%), and the percentage of such people among those selecting an overpass
for another reason was smaller and amounted to 31%. Such individuals often used an
overpass daily or often (39%). The analysis using the chi square test of independence
showed that the discussed differences are statistically significant (p = 0.019) (Table 5).

Table 5. Reasons for choosing vs. frequency of using an overpass.

Frequency of Use Score
Reasons

For Security For Security

Rarely Count 58 8
% within Reasons 59.20% 30.80%

1-2 times per month Count 12 6
% within Reasons 12.20% 23.10%

Few times per week Count 12 2
% within Reasons 12.20% 7.70%

Frequently Count 16 10
or every day % within Reasons 16.30% 38.50%

Pearson Chi-Square χ2 = 9.96; Sig. = 0.019

Source: own study.

The statistical analysis did not show any significant correlation between the respon-
dent’s age and the choice of safety as the reason for traveling through an overpass (Table 6).

Table 6. Reasons for the choice vs. age.

Reasons Score
Age

≤25 Years >25 Years

For security Count 54 44
% within Age 80.6% 77.2%

Other
Count 13 13

% within Age 19.4% 22.8%

Pearson Chi-Square χ2 = 0.22; Sig. = 0.643

Source: own study.
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The role of pedestrian bridges is not being fully implemented, because according to
Abojaradeh, in Jordan, over 60% of pedestrians choose not to use pedestrian bridges for
various reasons [36]. Females use them more than males and children more than adults. In
that case, such a correlation was not confirmed.

The main advantage of pedestrian footbridges is that they separate pedestrians from
road traffic. As a result, footbridges (and stopping pedestrians from crossing the roadway
at-grade) may reduce pedestrian accidents up to 90% [8]. It was concluded that pedestrian
bridges have a positive impact and have great potential to reduce the number of pedestrian
fatalities [42]. When asked the question, "Do you consider the footbridge over the road
no. D010 safe?”, as many as 35.5% of the respondents answered “No”, however, their vast
majority consider it safe (64.5%) (Figure 7).
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Figure 7. Reasons for preferring the overpass.

It is worth analyzing the reasons for the feeling of insecurity expressed by some of
the people participating in the study. The preference for particular facilities also depends
on their design and maintenance, which are associated with perceptions about crime and
concerns about aesthetics and hygiene [33,35,43,44]. After performing the survey research,
the overpass was covered with roofing, which definitely influenced the safety of using
it (Figure 8). Unfortunately, the crossing is still not accessible, e.g., for people moving
in wheelchairs, and causes many difficulties for those who have problems with mobility
in general.
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Figure 8. The overpass suspended over the highway no. D010 after constructing the roofing.

276



Land 2021, 10, 340

Taking an overpass to cross the road may be perceived as attractive or not, and
the footbridge itself, apart from ensuring a safe crossing over a communication artery,
can also be used as a viewing point for walking, cycling or observing the surroundings.
Building a pedestrian bridge over a highway allows for other activities. When asked, “How
would you like to spend time in an area without vehicle traffic?”, out of 124 participants,
34.9% responded “Walking”, 24.0% “I do not know”, 15.5% “Riding a bicycle” and 10.9%
“Sitting/Observing/Having Fun” (Figure 9).
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Figure 9. Activities that can be carried out on the overpass.

Taking into account the applied research methodology and the evaluation system
of criteria used in the survey, presented in Table 1, the following research results were
obtained. The average value of each criterion was calculated according to the results of
the survey. In order to determine whether there is a relationship between the criteria, the
average values given by the 124 people participating in the questionnaire for each criterion
are averaged and summarized in Table 7.

Table 7. Average values of survey criteria.

Criteria Min. Max. Average Std. Deviation

Functional 1.00 7.00 5.3387 1.50277
Regular 1.00 7.00 4.1774 1.93827

Aesthetic 1.00 7.00 3.1532 1.69190
Attractive 1.00 7.00 3.2339 1.59322

Private 1.00 7.00 3.1774 1.62825
Unforgettable 1.00 7.00 3.6210 1.76503

Secure 1.00 7.00 4.3065 2.02094

Source: own study.

The existence of a relationship among the criteria of “functional”, “harmonious”,
“aesthetic”, “attractive”, “special”, “memorable”, and “safe” was assessed by applying the
Spearman correlation test. According to the Spearman correlation, a significant positive
correlation was found among all the criteria (p < 0.01). Among the criteria, the highest cor-
relation coefficient values were found for “functional” with “harmonious”, “harmonious”
with “aesthetic”, “harmonious” with “safe”, “aesthetic” with “attractive”, “attractive” with
“special” and “special” with “memorable” (Table 8). The expected result was that all the
criteria were interdependent because they all supported each other.
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Table 8. Relationship values among the criteria.

Relationship Criteria Functional Regular Aesthetic Attractive Private Unforgettable Secure

Functional
Cor. coe. 1.000 0.569” 0.457” 0.403” 0.279” 0.303” 0.550”
Sig. level - 0.000 0.000 0.000 0.000 0.000 0.000

Regular Cor.coe. 0.569” 1.000 0.613” 0.502” 0.447” 0.324” 0.574”
Sig. level 0.000 - 0.000 0.000 0.000 0.000 0.000

Aesthetic
Cor.coe. 0.457” 0.613” 1.000 0.825” 0.633” 0.573” 0.522”
Sig. level 0.000 0.000 - 0.000 0.000 0.000 0.000

Attractive
Cor. coe. 0.403” 0.502” 0.825” 1.000 0.670” 0.576” 0.503”
Sig. level 0.000 0.000 0.000 - 0.000 0.000 0.000

Private
Cor. coe. 0.279” 0.447” 0.633” 0.670” 1.000 0.721” 0.424”
Sig. level 0.000 0.000 0.000 0.000 - 0.000 0.000

Unforgettable Cor.coe. 0.303” 0.324” 0.573” 0.576” 0.721 1.000 0.464”
Sig. level 0.000 0.000 0.000 0.000 0.000 - 0.000

Secure
Cor.coe. 0.550” 0.574” 0.522” 0.503” 0.424” 0.464” 1.000
Sig. level 0.000 0.000 0.000 0.000 0.000 0.000 -

Sig. level: Significance level; Cor. Coe.: Correlation coefficient; Source: own study.

The results of this study have emphasized that this overpass could carry a semantic
and symbolic element in addition to the binding element. In parallel with the positive
examples abroad, the overpass should be re-evaluated within a correct concept, format and
scenario for its environment.

The positive adjectives that we used are a powerful semantic, syntactic and pragmatic
fiction for the continuing research that needs to be done towards an overpass that can
serve as an aesthetic, functional and identity element. The overpass that is the subject of
this study must be recreated and, by using a correct design approach, a new pedestrian
bridge with an identity must be generated. From a study of pedestrian bridge crossing
conducted in Bangladesh (Dhaka), it was found that 71% of pedestrians prefer an underpass
rather than using foot over bridge. Research conducted in Poland also confirmed a greater
tendency to use underpasses by pedestrians compared to footbridges [9]. Always, however,
one should take into account local conditions, which impose the only correct solution
(in the presented case, the topography is decisive). The reasons pedestrians do not use
road crossing facilities are insufficient security, the fact that they are time-consuming, poor
entrances, hawker’s problem, discomfort, the long walk required, etc. [10].

First of all, a good spatial composition should be prepared, and spatial components
and items should be brought together in a harmonious way [41]. The composition of this
architecture is formed by bringing the elements together and deliberately arranging them
to create a semantically, functionally and visually satisfactory whole [45].

The space composition can be defined by the following semiotics to design a balanced
pedestrian bridge. These;

Semantictic                   

 

 

Concepts
Syntactictic                   

 

 

Shape
Pragmaticstic                   

 

 

Scenario
In order to design a balanced pedestrian bridge, the spatial composition can be defined

by following the semantics. Semantics is actually the science of meaning [30]. When we
consider it in a project, this term shows the semantic value, i.e., the concept, of the resulting
design. In a way, it contains the main idea of the project. A concept is determined in the
context of the semantic fiction, and the project is shaped by it.

Syntactic fiction contains a sense of meaning [46]. We can think of this form of syntax
in design. It can be used as a form in the concept, or it can be reflected in the appropriate
activities within the concept. Pragmatics is a meaningful phenomenon [46]. We can think
of pragmatic fiction in design as a set of activities and a scenario showing a sequence of
these activities. A space is not created solely by its existence. The activities within the space

278



Land 2021, 10, 340

and those who use it literally exist. For this reason, the more activities provided in a space,
the more open it is to use.

The research confirmed that the presented footbridge is absolutely necessary in access-
ing the Black Sea coast. In the near future, it is necessary to consider the construction of a
new footbridge having a modified architectural form, because apart from its basic function,
i.e., safety in pedestrian traffic, it should also meet an aesthetic function and confirm the
cultural identity of the city. It should be considered to construct a footbridge of the 21st
century using modern technologies and taking into account the tradition of the location.

4. Conclusions

The conducted research allowed answering the formulated research questions and
putting forward the following conclusions:

1. The research was carried out in the city of Trabzon (Turkey) and covered the facility
built in connection with the development of urbanization and as a result of more
intense traffic on the transit road running along the Black Sea. It is possible to reach
the seashore in the city mainly by crossing one of the seven footbridges over the
Black Sea route. The footbridge that was the research subject, like others in this
city, was built to ensure pedestrian safety and maintain the flow of transit traffic;
however, modern architectural solutions should also take into account other functions
of such construction, i.e., those expected by its users and also the ones discussed in
the presented research.

2. The research revealed that the respondents under 25 used the overpass rarely (64%);
the percentage of such population over 25 was lower and amounted to 40%. The
percentage of people who frequently and daily used the overpass in the group under
or 25 years of age was 12%, whereas among older adults, it was 32%. The differences
are statistically significant (p = 0.027).

3. The respondents who chose the overpass for safety reasons usually used it rarely
(59%). Only 39% of those who used the overpass every day or often selected safety
as the reason. This means that as a pedestrian uses the overpass more frequently, he
or she begins to notice other features of the overpass. The construction should also
constitute an interesting element in terms of aesthetics or architectural solutions and
harmonize with the environment.

4. Unfortunately, not all the respondents consider the pedestrian bridge over D010
safe. As many as 35.5% claimed it is not safe. It was therefore necessary to find
a way to increase its safety. Recently, roofing has been installed along the entire
length of the overpass, which has certainly increased its safety and protection against
adverse weather conditions and noise, while at the same time reducing the incidents
of throwing objects onto the highway.

5. Attracting public attention to the functionality and safety of using the overpass
contributed, to some extent, to its modernization (roofing). However, it still leaves
a lot to be desired in terms of limitations in pedestrian traffic (e.g., no elevator),
architectural form and other functions it could perform in this environment.

6. When the Semantic Differential Scale was applied, the overpass did not receive a
high positive score for the seven opposite adjectives. The overpass was found to be
moderately “harmonious” and “safe”, while very few found it “ugly”, “unattractive”,
“ordinary” or “memorable”. The “functional” score of 5.3 was considered as only
“minimally functional”. This situation shows that both the survey and the Semantic
Differential Scale revealed the fact that this structure held no meaning.

7. When we think about the pedestrian bridge we will design, we need to create an
activity sequence. First, the main task is the binding function, which must be provided
in the best and safest way. The bridge should then include seating and rest areas.
In addition, an area for observation and photography can be created on the bridge
to encourage people in these activities. Seating areas can also be provided in this
observation area. This makes it inviting to sit and gaze at the sea view and watch the
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movements of the sun. The semantic and functional aspects of Trabzon’s largest and
most crowded city square and Gazipaşa Avenue, an important street whose former
value has been lost, are connected to the coast by this overpass.

8. The authors believe that the city authorities should aim at constructing a represen-
tative overpass, connecting the old part of the city with the Black Sea coast, which
could also be a showcase of the city inhabited by 240,000 people and apart from the
issue of safety could become a permanent element of its landscape as an attractive
architectural object and a viewing point.

When the results of the study are evaluated in general, it is seen that the Imperial
Overpass is safe, aesthetic and functional for Trabzon city and is used by different age
groups to reach the coast. The results obtained through the questionnaires and observations
confirm the hypotheses of the study. New activities can be created, and a new function can
be given to the overpass in order to ensure that the footbridge can be used by everyone.
Thus, the overpass gains a symbolic meaning for Trabzon city.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/land10040340/s1, Questionnaire S1.
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