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Abstract: Quantitative, qualitative and structural changes in land use that occur in a given location
over time are a manifestation and a measure of urban development. Urbanisation is a process of
spatial diffusion that spreads from the urban core to peripheral areas. Urban development is linked
with human activities in a specific location and in a given period of time. In the context of spatial
management, urbanisation is a process where less intensive land-use types are replaced by more
intensive forms of land use. The demand for new land for residential development, the search for
alternative locations for housing construction and the development of sustainable land management
plans require new methods that support decision-making in the process of land conversion in
peri-urban areas. The aim of this study was to develop a methodology for identifying and localising
the boundaries of urban development with the use of the fuzzy set theory and to analyse the rate
of changes in land use based on data for 2005–2010–2017. The proposed method supports the
identification and localisation of urbanised areas and an evaluation of the degree of urbanisation in
the interval [0,1]. The case study was conducted in the Polish city of Olsztyn.

Keywords: urban analysis; spatial planning; spatiotemporal analysis; fuzzy set theory; changes in
land use and land cover

1. Introduction

Urbanisation is one of the most visible manifestations of global change processes [1]. In recent
decades, urbanisation has been progressing at an alarming rate, which could reach 70% by the end
of 2050 [2–4]. This highly complex and multi-faceted process can be analysed in several dimensions,
including demographic, social, economic, spatial, environmental and legal [5]. At present, urbanisation
is regarded as a multi-dimensional manifestation of processes and phenomena that accelerate urban
growth, increase the urban population, increase the concentration of the urban population in the largest
cities, contribute to urban land expansion and increase the significance of cities as hubs of business and
administration. These processes lead to the emergence of a new cultural identity associated with the
urban lifestyle, landscape and architecture [6].

Urbanisation induces profound changes in landscape, and it gradually modifies the spatial
structure of land use. This spatial diffusion process is driven by the interactions between numerous
factors, and it contributes to the development of new landscape patterns [7].
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Urbanisation is a process that occurs in the spatial dimension in both urban and rural areas.
In the past century, the rapid growth of cities exerted strong pressure on land, local resources and,
in particular, rural areas in the immediate vicinity of urban centres [8,9]. The concentration of human
activities in specific locations and regions promotes the development of large cities and other forms of
urban settlement [10]. The growth and transformation of cities are driven by the forces of attraction
between specific locations. These changes are accelerated by the development of transport networks as
well as the benefits that arise from the spatial agglomeration of resources, including human resources.
Urbanisation is perceived as an organic growth process that begins in the urban core and leads to the
spontaneous formation of mini urban areas, in particular along the transport network [11]. Most of
these processes are highly dynamic, and they induce rapid changes in the structure and organisation
of land use [7].

All cities continue to evolve. The underlying elements of a city and the relations between these
elements change. Urban development is a continuous process, and a single “ideal” level of development
does not exist. The attained level of development is only a transient state which constitutes the point
of venture for the next stage of growth. Suburbanisation, namely residential development in a city’s
peripheral zone, plays a very important role during the rapid growth of cities. Suburban areas
can be developed simultaneously with the existing urban structures, or they can form small and
dispersed residential estates in the fringe areas of a city. In the literature, areas that are directly affected
by urbanisation pressure are referred to as the rural-urban transition zone [12,13], the rural-urban
continuum [14–18] or the suburban zone [19–22]. Studies investigating suburbia focus not only on the
incorporation of new areas into the urban influence zone, but also on changes in land use, infrastructure
and the environmental impact of urbanisation [11]. Changes in land use are also analysed in the
rural-urban fringe [23–28], which constitutes a “green belt” around a city [29–31], as well as in areas
that are referred to as “urban villages” [32]. The areas experiencing suburbanisation pressure are also
analysed to determine their attractiveness to investors [33,34] and to evaluate the potential of local real
estate markets [35–38].

The urbanisation of peripheral areas is driven by urban development, and the associated processes
are collectively referred to as urban sprawl. Urban sprawl is regarded as a natural process which is
fuelled by the dynamic and chaotic growth of cities and the resulting socio-economic changes [39].
The directions, extent and rate of urbanisation have to be closely monitored. Urban sprawl is frequently
measured based on the population density gradient, namely changes in the spatial distribution of
population over distance from the urban core [39], or based on the size of an urban area [40]. The results
of these analyses indicate that the increase in the size of urbanised areas is not proportional to the
increase in the urban population [41].

Research on urbanisation generally relies on demographic data and statistical data on land use in
local administration units. These data provide valuable information about the extent of urbanisation,
but the direction, scope and range of spatial changes cannot be directly inferred from statistical
resources. Geographic information system (GIS) tools and databases, such as land cover databases, and
various data processing and modelling techniques are used by researchers to fill in these knowledge
gaps. GIS and remote sensing (RS) tools offer a useful platform for identifying changes in land use
in suburban zones [42]. These systems and tools provide accurate information about land use and
changes in land cover. At present, Copernicus and Landsat satellites are the main sources of data, and
the images captured by Copernicus satellites provide a higher level of detail for nearly the entire planet.
Remote sensing products are used to monitor urbanisation processes [43,44], generate high-resolution
images of land cover [45,46], identify changes in land use in urban and suburban areas [47–49], monitor
changes resulting from human activity [50,51], analyse the proportions of undeveloped land with
vegetation cover in urban areas (UELC) [52] and develop crisis management protocols (by supplying
valuable data for generating maps, monitoring the natural environment, managing natural disasters
and supporting the operations of military and civilian intelligence) [53]. The degree of urbanisation
is also determined based on synthetic-aperture radar (SAR) data [54], very high resolution (VHR)
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satellite imagery [55,56], night-time light (NTL) data [57–59], data on greenhouse gas emissions [60,61]
and changes in vegetation, including with the use of the normalised difference vegetation index
(NDVI) [62].

The rapid growth of cities and the resulting environmental challenges require accurate mapping
techniques to present complex land cover characteristics in sufficient detail [44]. The Urban Atlas and
the CORINE Land Cover (CLC) repository are widely used to identify and monitor anthropogenic and
natural changes in land use [63–69]. The applied methods and techniques differ in the availability of
data, ease of classification of selected land-use types, labour intensity, cost and spatial and temporal
continuity. They require specialist knowledge and dedicated data processing algorithms.

Analyses of urbanisation pressure are complex and laborious due to the large number of the
evaluated attributes and significant volumes of data. In such studies, the main limitations are associated
with the multidimensional and imprecise character of land-use data. Areas with complex land-use
structures could be effectively analysed with the use of fuzzy logic, which is applied to describe
complex phenomena and vague concepts that are difficult to define with the involvement of classical
models. According to the classical set theory, an element either belongs (true) or does not belong
(false) to a set—all sets have crisp boundaries, and there are no grey areas. In the fuzzy set theory,
intermediate values (half true and half false) represented by fractions are permitted in addition to
true (1) and false (0) values. An element can belong, not belong or half belong to a given set, and the
degree of membership in a set is expressed by a real number interval [0,1]. Based on the degree of
membership, every element in a fuzzy set is assigned a value in the range [0,1]. The real unit interval
denotes the degree to which a given element belongs to a fuzzy set [70]. Fuzzy logic is the main concept
in the fuzzy set theory, and it is applied to model and control systems characterised by incomplete or
imprecise data [71].

Land-use types can be defined as sets of attributes that are responsible for the multidimensional
character of space. Spatial information is often fuzzy and vague; therefore, every spatial event and
land cover status can be assigned a fuzzy measure to determine their membership in a given category.
The fuzzy set theory can be applied to assess the membership of different land-use types in a set
of specific functions in the interval [0,1]. The aim of this study was to develop a methodology for
identifying and localising the boundaries of urban development with the use of the fuzzy set theory
and to analyse the rate of changes in land use based on data for 2005, 2010 and 2017. The proposed
method supports the identification and localisation of urbanised areas and an evaluation of the degree
of urbanisation in the interval [0,1]. The case study was conducted in the Polish city of Olsztyn.

2. Materials and Methods

2.1. Study Area

The analysed area is the city of Olsztyn (Poland). The city is the capital of Warmińsko-Mazurskie
Voivodeship and a major urban centre in north-eastern Poland (Figure 1).

The studied area is characterised by a large number of lakes and smaller water bodies, as well as
an abundance of forests. There are 15 lakes within the administrative boundaries of Olsztyn, 13 of
which are larger than 1 ha. The lakes have a combined area of 725 ha, which accounts for more than
8% of the city’s area. Forests cover more than 21% of Olsztyn’s area, and the Municipal Forest is the
largest collection of trees in the city. Olsztyn is enclosed by natural barriers, including lakes, forests
and rivers, on all sides. In the past, these barriers played an important role as security perimeters, but
at present, they hinder the city’s development, excluding in the south-east part of the city.
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2.2. The Use of the Fuzzy Set Theory for the Identification of Urban Development Boundaries

The main aim of this study was to propose a methodology for identifying and localising the
boundaries of urban development with the use of the fuzzy set theory, determining the degree of
urbanisation in the interval [0,1] and describing the rate of changes in land use between 2005 and 2017.
The extent of urbanisation processes and the rural-urban transition zone were identified using the
fuzzy set theory [12,13]. The study was conducted on the assumption that different land-use types in
the city are associated with urban functions to a varied degree. The fuzzy set theory was applied to
propose fuzzy measures for different land-use types and to determine the degree of the analysed area’s
membership in a set of urban functions in the interval [0,1]. An analysis of urbanisation dynamics
with the use of the fuzzy set theory is conducted according to the procedure presented in Figure 2.Remote Sens. 2019, 11, x FOR PEER REVIEW 5 of 17 
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An element’s degree of membership in a set is difficult to define unambiguously. Such assessments
are usually subjective and context-dependent, and an exact degree of membership does not exist in
itself. The degree of membership reflects the extent to which the evaluated object can be associated
with a set of specific attributes [70]. This parameter can be defined based on the results of questionnaire
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surveys or expert interviews [72]. In this study, 24 land-use types were used to identify the boundaries
of urbanisation and determine the level and rate of urban development (Table 1). The degree of
membership in a set of urban functions was determined for each of the evaluated land-use types. The
analysis involved a questionnaire survey [13] during which the respondents were asked to indicate
which of the following land-use types were “more urban” than the others. The results of the survey
were used to develop a fuzzy model of the city. The questionnaire was composed of three diagrams (in
matrix form), and the respondents relied on a set of symbols (“←”, “O”, or “↑”, and the adopted range
of values: 2-1-0) to indicate (by direct comparison) which of the following were characterised by a
greater number of urban features:

1. The existing types of development, including single-family homes, multi-family housing,
residential and commercial services, commercial services, industrial plants and warehouses, technical
infrastructure, recreational areas and farmsteads;

2. Land use functions in zoning plans, including low-density residential development, high-density
residential development, residential and commercial services (city centre), commercial services,
commercial facilities with a sales area larger than 2000 m2, sports and recreational areas, industry and
business, special areas (military, police), parks and organised green spaces, unorganised and natural
green spaces, gardens, orchards and horticulture farms, cemeteries, forest parks, forests, arable land,
meadows and pastures, open waters, hydraulic structures, technical infrastructure, public roads and
mining areas;

3. Landscape types, including scenic and aesthetic landscapes (typically encountered in urban
areas) in the following areas: multi-family housing, single-family homes, commercial services,
industry and storage, technical infrastructure, farmsteads, recreational areas, organised green spaces,
unorganised and natural green spaces, forests, gardens, orchards and horticulture farms, arable land,
open waters and hydraulic structures.

The survey was conducted among the employees of the Faculty of Geodesy, Spatial Engineering
and Construction of the University of Warmia and Mazury in Olsztyn, the Municipal Office in Olsztyn,
as well as planning and real estate experts. To ensure that various urban land-use types were accurately
characterised, some land-use types were described based on data from three diagrams, whereas
others, such as inland surface waters, were described with the use of data from diagrams two and
three only. A fuzzy measure, i.e., the degree of membership of urban land-use types was developed
and normalised within the [0,1] interval to process the results of the questionnaire for each of the
24 analysed land-use types.

Table 1. Survey results.

No Land-Use Types Degree of Membership in a Set
of Urban Functions (MU)

1 Single-family homes 0.69
2 Multi-family housing 1.00
3 Services 0.92
4 Sports and recreational areas 0.66
5 Commercial facilities with a sales area larger than 2000 m2 0.90
6 Agricultural land 0.09
7 Orchards and horticulture farms 0.26

8 Auxiliary services for farms, breeding centres, horticulture
farms, forests and fish farms 0.10

9 Farmstead buildings in crop, livestock and horticulture farms 0.16
10 Industrial plants and warehouses 0.97
11 Mining areas 0.34
12 Forests 0.20
13 Organised green spaces 0.68
14 Natural (unorganised) green spaces 0.35
15 Gardens 0.45
16 Cemeteries 0.51
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Table 1. Cont.

No Land-Use Types Degree of Membership in a Set
of Urban Functions (MU)

17 Marine surface waters 0.20
18 Inland surface waters 0.20
19 Public roads 0.82
20 Internal roads 0.80
21 Water transport routes 0.52
22 Technical infrastructure 0.66
23 Special areas—military, police 0.76
24 Construction sites 0.64

The boundaries of urban development were determined in the city of Olsztyn and the rural-urban
fringe with a combined area of 202.4 km2. The study relied on the orthophotomaps for 2005, 2010 and
2017, which were acquired from the Olsztyn City Office. The studied area was divided into hexagonal
primary fields with an area of 200,000 m2 each (Figure 3).Remote Sens. 2019, 11, x FOR PEER REVIEW 7 of 17 
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Orthophotomaps were visually interpreted during expert interviews to identify and classify the
existing forms of land use in all 1012 fields in the analysed time periods. The inventory was performed
with the use of cartographic resources from national databases, including aerial photographs and data
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from the land and building register. Field surveys were conducted when land-use types were difficult
to identify. Datasets in geotiff format and data acquired from web services such as the Web Map Service
(WMS) were integrated and analysed in ArcGIS 10.7. The expert method of visual interpretation of the
orthophotomaps [7,73–75] and other sources of information were used to identify the existing forms
of land use in all 1012 primary fields. The identified land-use types were classified. The proportions
(percentage) of each of the 24 land-use types in every field were determined for 2005, 2010 and 2017
(the inventory for 2017 data is presented in Figure 4).Remote Sens. 2019, 11, x FOR PEER REVIEW 8 of 17 

 

 

Figure 4. Inventory of the existing land-use types based on 2017 data. 

The results of the inventory were used to generate a geospatial database containing vector data 
for each analysed year. 

3. Result 

The calculated degree of membership in a set of urban functions (Table 1) and the results of the 
land-use inventory for 2005, 2010 and 2017 were used to develop a fuzzy model of the analysed city. 
In each field, the degree of membership in a set of urban functions was calculated as the sum of 
products of the respective land-use types in the evaluated area and the degree of membership 
indicated in Table 1. 

The geostatistical methods available in ArcGIS software were used to model the spatial 
distribution of the degree of membership in each area based on the values assigned to each field. A 
preliminary analysis of data was performed with the use of simple cokriging. The selected 
interpolation method was deployed by assigning the value of a primary field to its geometric centre. 
An additional variable, namely the distance between the centre of the primary field and the city 
centre, was taken into account to ensure that the generated model fit the data as closely as possible. 
The adopted method was characterised by the lowest error values relative to the remaining 
geostatistical approaches. The analysis produced rasters with a resolution of 56.6 m/pix for each year. 
The developed model was used to identify the processes contributing to the formation of the rural-
urban transition zone. 

The degree of urbanisation in the studied area in 2005, 2010 and 2017, the administrative 
boundaries of Olsztyn, the road and railway network, forests and lakes are presented in Figure 5. 

Figure 4. Inventory of the existing land-use types based on 2017 data.

The results of the inventory were used to generate a geospatial database containing vector data
for each analysed year.

3. Result

The calculated degree of membership in a set of urban functions (Table 1) and the results of
the land-use inventory for 2005, 2010 and 2017 were used to develop a fuzzy model of the analysed
city. In each field, the degree of membership in a set of urban functions was calculated as the sum of
products of the respective land-use types in the evaluated area and the degree of membership indicated
in Table 1.

The geostatistical methods available in ArcGIS software were used to model the spatial distribution
of the degree of membership in each area based on the values assigned to each field. A preliminary
analysis of data was performed with the use of simple cokriging. The selected interpolation method
was deployed by assigning the value of a primary field to its geometric centre. An additional variable,
namely the distance between the centre of the primary field and the city centre, was taken into
account to ensure that the generated model fit the data as closely as possible. The adopted method was
characterised by the lowest error values relative to the remaining geostatistical approaches. The analysis
produced rasters with a resolution of 56.6 m/pix for each year. The developed model was used to
identify the processes contributing to the formation of the rural-urban transition zone.
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The degree of urbanisation in the studied area in 2005, 2010 and 2017, the administrative boundaries
of Olsztyn, the road and railway network, forests and lakes are presented in Figure 5.Remote Sens. 2019, 11, x FOR PEER REVIEW 9 of 17 
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Figure 5. Urban land-use functions in the studied area expressed by the degree of membership in the
interval [0.00–1.00]: (a) 2005; (b) 2010; (c) 2017.

The dynamics of city growth is determined mainly by the urban morphology (form of urban
development) and the extent to which it corresponds with the city’s size, functions as well as economic,
social, technical and environmental determinants of growth. Olsztyn features natural barriers, such as
forests and lakes, which cannot be physically overcome and which inhibit urban development. The
degree of membership in urban functions, which is equal to the sum of land-use type indicators in the
primary field (Table 1) and accounts for the proportions of each land-use type in the total area of the
primary field, was calculated for each of the 1012 fields with the use of Formula (1):

DMUi =
m∑

j=1

MUi
j ×ASi

j (1)

where:
DMUi—degree of membership of the i-th field
MUi

j—degree of membership of the j-th land-use type in field i
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m—number of land-use types
ASi

j—proportions of the j-th land-use type in the area of the i-th field
The above procedure was repeated for the data from the orthophotomaps for 2005, 2010 and 2017.

The results of the analysis were used to develop a fuzzy model of urbanised space. The evaluated area
is characterised by considerable variations in spatial continuity. The highest degree of urbanisation on
the adopted scale was noted in the centre of the city and in areas with a predominance of multi-family
housing, services and industrial facilities. In the analysis based on 2005 data, only 156 primary fields
were classified in the set of urban functions in the interval [0.50–1.00], and these fields accounted for
15.41% of the analysed area (31.2 km2). The changes in the degree of urbanisation in the remaining
years of the study are presented in Table 2.

Table 2. The degree of membership in the set of urban functions in the interval [0.50–1.00] in each year
of the study.

Year Number of Primary Fields
with Urban Functions

Percentage of Primary Fields
with Urban Functions

Total Area Characterised by
Urban Functions

2005 156 15.41 % 3120 ha
2010 172 17.00 % 3440 ha
2017 185 18.28 % 3700 ha

The area of land-use types with a predominantly urban character is relatively low in Olsztyn due
to a prevalence of green spaces, forests, lakes, farm fields and orchards in the city. Olsztyn has never
been an industrial hub, and industrial sites accounted for only 5.12%, 5.81% and 5.95% of the city’s
area in 2005, 2010 and 2017, respectively. In recent years, urban development has proceeded rapidly in
the southern part of the city where most development projects have been initiated. The area and shape
of the urban zone in the western part of Olsztyn are determined mainly by the presence of natural
barriers (forests, lakes) and the predominance of single-family homes. The external boundary of the
urban zone does not match the city’s administrative boundaries, in particular in the southern part of
Olsztyn. The above can be attributed to progressing suburbanisation and new residential construction
in the suburban zone.

4. Discussion

Geospatial data constitute a rich source of knowledge and a reference for developing new tools
for identifying and monitoring urbanisation processes. The above applies particularly to areas
experiencing urbanisation pressure which cannot be unambiguously classified as urban or rural. These
discrepancies are reflected in the existing land-use and land cover types. Therefore, the degree and rate
of urbanisation can be most effectively analysed by monitoring changes in land cover. The interpretation
of satellite images is time-consuming and requires a team of several researchers. However, automatic
classification can produce errors during the identification and delimitation of different land-use types
when a large number of similar and overlapping land cover types, such as single-family homes and
multi-family housing, are processed. Due to the diversity of colours, structures and textures in urban
areas, spatial factors in the vicinity of the identified areas should also be considered. Unlimited access
to land cover data in current and historical orthophotomaps and geospatial databases, as well as
modern GIS tools that support rapid processing of geospatial data, considerably facilitate analyses of
urbanisation. In the long term, such analyses are less time-consuming, and they can be performed
on a large number of cities to generate ample data for formulating conclusions about the degree and
character of urbanisation. A simple urban growth indicator, calculated based on changes in land cover
with the use of GIS tools and the fuzzy set theory, supports rational land management and effective
planning of urban development. The visual interpretation of land-use types supported the generation
of a catalogue of test areas which can be used for automating the identification process in the future.
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The boundaries of urban areas determined with the use of the proposed method and the fuzzy
set theory based on 2005, 2010 and 2017 data support evaluations of the degree of urbanisation in the
interval [0,1] and the rate of changes in urbanisation processes in 2005–2010–2017. These changes
were determined in each of the 1012 primary fields based on DMU values calculated from 2005, 2010
and 2017 data. The calculated differences were assigned to the geometric centre of hexagonal fields,
and they were used to generate isoline maps of changes in land use in 2005–2010 and 2010–2017 and
to determine the overall rate of the changes in 2005–2017. The observed changes were regarded as
significant at 0.05, which supported the identification of significant changes between 2005 and 2010
that were evenly distributed over time without sudden fluctuations in the corresponding values.

In 2005–2010, the greatest increase was observed in the following land-use types: single-family
homes, multi-family housing, industrial plants and warehouses. The greatest decrease was noted
in the areas of agricultural land, natural green spaces, forests, orchards and horticulture farms. The
following land-use categories were characterised by the greatest increase in 2010–2017: construction
sites, single-family homes, public roads, multi-family housing and services. The greatest decrease was
observed in the areas of agricultural land, forests and natural green spaces. In the entire period of the
study (2005–2017), the greatest increase was noted in the following land-use categories: single-family
homes, construction sites, multi-family housing and public roads, whereas the greatest decrease was
observed in the areas of agricultural land, forests and natural green spaces. The percentage changes in
each land-use type in the analysed periods are presented in Table 3.

Table 3. Changes in land-use types in the studied area in 2005–2017.

No Land-Use Type 2005–2010
(%)

2010–2017
(%)

2005–2017
(%)

1 Single-family homes 9.38 8.87 18.25
2 Multi-family housing 3.01 2.89 5.90
3 Services 0.49 1.08 1.57
6 Agricultural land −9.34 −19.92 −29.26
7 Orchards and horticulture farms −1.28 −0.27 −1.55

10 Industrial plants and warehouses 1.84 0.51 2.35
12 Forests −2.43 −7.56 −9.99
13 Organised green spaces −1.09 −0.23 −1.32
14 Natural (unorganised) green spaces −3.12 −6.69 −9.81
15 Gardens −0.19 −1.43 −1.62
19 Public roads 0.97 3.4 4.37
20 Internal roads 0.75 0.52 1.27
24 Construction sites 0.33 15.55 15.88

The land-use models developed based on the fuzzy set theory and the identified changes in land
use were validated by comparison with real-world data in the last stage of the study. The identified
changes in land use in 2005–2010, 2010–2017 and 2005–2017, the administrative boundaries of Olsztyn,
road and railway networks, forests and lakes are presented in Figure 6.
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The highest number of changes characteristic of urban growth was observed in the southern and
western parts of Olsztyn. These areas are characterised by an abundance of farmland and relatively
few natural barriers; therefore, they can be easily converted to other land-use types. The southern
segment of the Olsztyn ring road was commissioned for use in 2019, which increased the popularity of
residential construction projects in these parts of the city (Figure 6b,c).

In this study, the fuzzy set theory was applied to identify and localise the boundaries of urban
development and to determine the degree of urbanisation in the interval [0,1] and the urbanisation
dynamics. The boundaries of urbanised areas and land-use intensity determined in the interval [0,1]
with the use of the proposed method differed across the studied area. Some boundaries were clearly
defined (dichotomy), whereas others were stretched in space (continuum). Fuzzy logic can be widely
applied to identify and localise the boundaries of urban development due to the imprecise and vague
character of land-use data, in particular in areas that directly experience urbanisation pressure. The
boundaries identified with the use of the proposed method accurately delineate urbanised areas and
correctly identify the intensity of land use in the interval [0,1], which can be largely attributed to the
precise character of the analysed data and the number and type of land-use attributes. The source
materials for 2005 and 2010 had a resolution of 50 cm/pix. The orthophotomap for 2017 had a much
higher resolution of 5 cm/pix. High-resolution data and the number and type of the analysed spatial
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features supported the precise identification of land-use types and urban boundaries. The identified
boundary is more consistent and spatially adjacent to urbanised areas. The adopted methodology relies
on detailed land-use data that are not taken into account by remote sensing methods, as demonstrated
by the presented list of HRL, CLC and fuzzy model methods [13]. The results were also validated
by comparison with the Global Human Settlement Layer (GHSL) framework for 2000 and 2014.
The identified and validated boundaries of urban areas were consistent with urban development
trends (Figure 7).

Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 17 

 

relies on detailed land-use data that are not taken into account by remote sensing methods, as 
demonstrated by the presented list of HRL, CLC and fuzzy model methods [13]. The results were 
also validated by comparison with the Global Human Settlement Layer (GHSL) framework for 2000 
and 2014. The identified and validated boundaries of urban areas were consistent with urban 
development trends (Figure 7). 

 

 
Figure 7. Urban development and GHSL data: (a): fuzzy set theory 2005–2017; (b): GHSL 2000–2014 

Regardless of the time frame of Global Human Settlement Layer (GHSL) data and spatial 
resolution, the adopted method identified the main trends in urban development with greater 
accuracy than other approaches. 

5. Conclusions 

Geographic space is composed of numerous elements which are characterised by various change 
dynamics. Urbanisation accelerates the rate of changes in land use, which leads to gradual changes 
in land-use structure. These processes modify the existing structure of geographic space and induce 
changes in land use. For this reason, analyses of urbanisation processes have to account for the 
specific character of the evaluated components and attributes, as well as the frequency, rate and 
magnitude of the observed changes. In this study, attempts were made to describe various land-use 
types in detail, in particular in areas experiencing direct urbanisation pressure. The proposed method 
can be used in the process of identifying land-use types with the use of remote sensing data and the 
fuzzy set theory. 

The present study was conducted on the assumption that land-use type, determined based on 
the existing forms of land development, the provisions of local zoning plans and local landscapes, is 
the key criterion in the process of estimating the degree of urbanisation. The proposed methodology 
supports analyses of the level and rate of urban growth by comparing the degree to which the 
evaluated land-use types belong to a set of urban functions in different periods of time. The degree 
of membership is a robust indicator of the external boundaries of urban development, and it can be 
used to diagnose the spatial distribution of various land-use types that serve urban functions. A 
detailed analysis of 24 land-use types and their proportions in primary fields supported the 
identification and localisation of urbanised areas and the corresponding degrees of urbanisation in 
the interval [0,1]. The analytical process can be simplified or expanded by adding other land-use 
types. The precision of the proposed method is determined mainly by the size of primary fields and 
the accuracy with which the proportions of various land-use types are calculated in the studied area. 
The proposed method will generate repeatable results in studies analysing 24 land-use types which, 
in the described case, were selected based on spatial planning laws and requirements. However, the 
described methodology has a largely universal character, and it can be deployed in analyses of other 
land-use types by calculating the corresponding degrees of membership. 

Figure 7. Urban development and GHSL data: (a): fuzzy set theory 2005–2017; (b): GHSL 2000–2014.

Regardless of the time frame of Global Human Settlement Layer (GHSL) data and spatial resolution,
the adopted method identified the main trends in urban development with greater accuracy than
other approaches.

5. Conclusions

Geographic space is composed of numerous elements which are characterised by various change
dynamics. Urbanisation accelerates the rate of changes in land use, which leads to gradual changes
in land-use structure. These processes modify the existing structure of geographic space and induce
changes in land use. For this reason, analyses of urbanisation processes have to account for the specific
character of the evaluated components and attributes, as well as the frequency, rate and magnitude of
the observed changes. In this study, attempts were made to describe various land-use types in detail,
in particular in areas experiencing direct urbanisation pressure. The proposed method can be used in
the process of identifying land-use types with the use of remote sensing data and the fuzzy set theory.

The present study was conducted on the assumption that land-use type, determined based on the
existing forms of land development, the provisions of local zoning plans and local landscapes, is the key
criterion in the process of estimating the degree of urbanisation. The proposed methodology supports
analyses of the level and rate of urban growth by comparing the degree to which the evaluated land-use
types belong to a set of urban functions in different periods of time. The degree of membership is
a robust indicator of the external boundaries of urban development, and it can be used to diagnose
the spatial distribution of various land-use types that serve urban functions. A detailed analysis of
24 land-use types and their proportions in primary fields supported the identification and localisation
of urbanised areas and the corresponding degrees of urbanisation in the interval [0,1]. The analytical
process can be simplified or expanded by adding other land-use types. The precision of the proposed
method is determined mainly by the size of primary fields and the accuracy with which the proportions
of various land-use types are calculated in the studied area. The proposed method will generate
repeatable results in studies analysing 24 land-use types which, in the described case, were selected
based on spatial planning laws and requirements. However, the described methodology has a largely
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universal character, and it can be deployed in analyses of other land-use types by calculating the
corresponding degrees of membership.

The use of fuzzy logic in spatial planning can facilitate decision-making, eliminate problems in
the interpretation of the results generated by classical approaches and support the identification of
the optimal planning functions in the rural-urban transition zone. The results of this study constitute
valuable inputs for further research on the development of urban centres as well as the search for the
optimal locations for municipal development projects.
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