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Abstract: Changes in land use, which accompany the development of towns, generate a transitional
zone on the border between areas of urban and rural use, which—due to its complex (unspecified,
fuzzy) land use—cannot be identified either as a rural or an urban area. In order to prevent the
unplanned development, it should go according to plan, in line with the spatial order principles,
making a coherent whole, taking into account all functional, socio-economic, cultural, as well as
aesthetic factors and requirements. This paper describes studies and analyses of the fuzzy set theory
applicability in studies of land use in areas around towns. The main aim of the study was to present
the methodology, which employs fuzzy logic to identify and locate a transitional zone between rural
and urban areas. This study dealt with the transitional zone at the junction of the urban and rural
area and its parameters, which affect the type of land use. The attributes of the transitional zone were
defined based on an analysis of current land use methods in areas under direct urbanisation pressure.
The study was conducted in the city of Olsztyn (Poland) and on its outskirts, directly exposed to the
impact of the developing city, with an area of 202.4 km?, within an 8-km radius of the city centre.
The study determined the impact of individual forms of land use on the development of urban or
rural use. The degree of each type of use—urban or rural—allowed for developing a fuzzy town
and country model, identifying the urban investment border and its spatial dispersion, as well as
identifying and locating the transitional zone between urban and rural areas. Moreover, land cover
models based on the Corine land cover (CLC) data as well as high-resolution layers (HRL) impervious
and canopy data were developed. The borders of urban investment determined on the basis of the
fuzzy set theory assumptions, CLC, and HRL data were also identified and verified.

Keywords: urban analysis; town; village; transitional zone; fuzzy set theory; Corine land cover—CLC;
high-resolution layers—HRL

1. Introduction

The spatial town development and the associated increase in the population size has become
the focus of studies dealing with spatial management. Planners and geographers replace models of
towns, which described the process of their development, with new models that express the method in
which uncoordinated local decisions affect the increase in global planes [1]. The spatial development
of towns, which manifests itself with increasing demand for new land, has a considerable impact on
the surrounding agricultural land. The demand for new, non-urbanised building areas, which are
significantly cheaper than property in towns, produces an adverse reaction from local governments in
communes, farmers, and non-farmer rural population. Development of rural areas has a considerable
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impact on the areas at the junction of rural and urban use, thereby causing different forms of the
outskirt space use to interpenetrate and to overlap. The development takes place at the expense of the
food production zone because the urban infrastructure “cuts off” some areas from typically rural use
which it couples into a specific spatial structure. Due to its specificity and nature, the area is called a
transitional zone between the rural and urban areas and its functions fluctuate in time and the forms
and methods of use of individual fragments of the land change [2].

The issues associated with the transitional zone between urban and rural areas have been dealt
with by many authors. In 1967, Zaremba [3] defined the transitional zone between rural and urban
area as “off-town areas”, whose characteristic features include: Sparsely built-up area, intensively used
horticultural farms, incomplete communal infrastructure, sparsely situated industrial and warehousing
facilities, and sports and leisure greenery. These areas are also regarded as temporary (transitional)
form of the land use, preceding the phase of more intense building development [4]. Unlike rural forms
of land use, which are usually defensive in nature, typically urban methods of use are offensive in
acquiring new areas. The transitional zone is formed as a result of seeking new locations for residential
and industrial units. The area can also be referred to as the contact or conflict zone between the
town and country [4]. The transitional zone can also be regarded as the border zone, which covers a
structurally non-uniform area of direct contact of urban investment and open land, associated with
a different extent and during different periods with the presence of the administrative border of the
town [5]. According to Stodczyk [6], there are forms and functions typical of rural and urban areas
that inter-permeate in the transitional zone formed on the outskirts of a developing town. It is an area
situated in the immediate vicinity of the town, linked with the town in a variety of ways and steadily
transformed as a result of these links.

The transitional zone is the most dynamic area with a diversified shape, often analysed in terms
of social, cultural, demographic, and land transformation during various periods [7]. The transition is
also referred to as the interaction zone in which both urban and rural activities are grouped together,
and the landscape features are subject to rapid modifications caused by humans. These critical areas
of changes in the land cover lead to transformations in hydrological, ecological, geomorphological,
and socio-economic systems [8]. In areas of increasingly intensive land use and concentration of people
and activities, new landscapes must be designed to fit the multifunctional use of space in a more
sustainable manner [9].

According to Dangalle and Narman [10], these areas are involved in the process of transformation
and cannot be precisely defined in spatial terms. It is not, however, difficult to identify the set of
common features that are characteristic of them, and the agricultural features are gradually being
replaced with the accompanying changes in people’s lifestyles.

Moreover, these areas are becoming the main destination for immigrants and foreign
investments [11]. Therefore, the latest definitions and research into the transitional zone not only focus
on the gradual inclusion of new areas to the urban sphere of influence, but also on the changing land
use, the range of infrastructure, access to services and sales markets, and exposure to the impact of
urban production processes and environmental pollution [12].

The formation process and the shape of a transitional zone vary from one town to another. It is
mainly a consequence of the specific topography of the town surroundings, the existing road network,
land ownership structure, and its development rate, etc. The literature of the subject refers to the
transitional zone as the urban-rural continuum [13-16] or a peri-urban zone [17-20]. Changes in land
use in areas referred to as the rural-urban fringe [21-26], in so-called “green belts” [27-29] and in what
is called “urban villages” have also been analysed [30,31]. The transitional zone is also analysed from
the perspective of its attractiveness for investment [32,33], the real estate market assessment [34-37]
and in so-called “urban sprawl” [17,38-43]. In the literature, the transitional zone is also referred
to as the rural-urban interface (RUI), e.g., the land cover dynamics is analysed, and scenarios for
the RUI are forecasted for the limitation of forest fires effects [44] when assessing the condition of
urbanisation landscape eco-hydrology, and thus for the preparation of effective planning of cities
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and their outskirts [45]. The rural-urban interface is also analysed in terms of food security, where
the production of food is maintained as part of the broad processes of landscape transformation in
suburban areas [46].

The main problem with the identification and location of the transitional zone is its constant shift
as a consequence of the town development and constant changes in its shape, associated with the town
character, topographic features, development thresholds, land development, investment outlays, land
ownership, etc. The literature of the subject mentions some basic methods for the location of the town
and country transitional zone, such as:

e  Identification along the line of junction between the urban and rural methods of land use, in the
belt whose width is equal to 3/10 of the radius of a circle circumscribed on compact area of urban
investment [4].

e  The transitional zone boundary is delineated based on the use type percentage in the measurement
fields, analysis of the administrative border development, land use plans, taking into account the
land topography and use, etc. [4].

e  The zone border is delineated by the borders of areas that fulfil the conventional quantitative
criteria, and one method of cluster analysis can be used to isolate a right number of clusters of
measurement fields from the point of view of the transitional land use [4].

e Identification of land where professional urbanisation takes place [43].

e An analysis of progress of urbanisation processes—land organisation, functions,
and development [6].

New Approach in Planning Process

GIS and remote sensing are a helpful platform for detecting changes occurring in city outskirts.
Spatial information acquired, inter alia, by means of GIS and remote sensing are a very important
component of the planning process. These systems provide accurate information on land use and
changes in land cover. The rapid development of the urban space and the related environmental
challenges require precise mapping techniques in order to present the complex features of the earth
surface more accurately [47]. Access to accurate land development maps and a diverse range of
observation and analysis scales are currently the key to mapping and monitoring both man-made and
natural changes in land use within the transitional zone [48-50]. It also has a fundamental significance
for the understanding of many social, economic and environmental problems [51].

The land attribute (features) diversity and the broad range of data results in the process of studying
and planning the peri-urban area being complicated and long, and—in consequence—highly risky.
Decision-related opportunities and limitations result mainly from the multi-dimensional nature of the
zoning space and its probabilistic and fuzzy nature. This particularly applies to fringe areas of towns
whose character prevents them from being classified clearly as land of either an urban or rural type
of use.

A fuzzy, unspecified nature of land use in the transitional zone between urban and rural areas
makes it possible to apply fuzzy logic in studying its identification and location.

Fuzzy applications are used in finance, geography, philosophy, ecology, agriculture, meteorology,
atomic science, and even in ethics [52]. The fuzzy set theory is applied increasingly often in spatial
management, particularly because of the fuzzy nature of the zoning space. Studies being conducted
concern: Socio-economic differentiation of communes by means of fuzzy cluster analysis [53], solving
decision-making problems in spatial management [54], using fuzzy measures in space valuation for
agricultural purposes [55], and the location of the transitional zone between the town and country [54].
The fuzzy set theory was also applied, inter alia, for the assessment of sustainable use of water
resources in Beijing [56], determination of homogeneous urban areas (a system based on fuzzy rules
and GIS) [57], modelling of the city’s physical vulnerability to an explosion hazard using a GIS platform
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and multi-criteria fuzzy analysis [58], and for the construction of an integrated decision-making model
using multicriteria analysis in environmental protection [59].

The fuzzy set theory was developed because of the need to describe complex phenomena and
insufficiently defined concepts, difficult to describe with a conventional mathematical model. The fuzzy
set theory has become an alternative to the conventional set theory and binary logic, which originated
as early as in ancient Greece [60,61]. The main section of the fuzzy set theory is fuzzy logic used for
system modelling and controlling [62]. Fuzzy logic can be described as a technique used to define
and present unspecified, uncertain information [63]. According to the Cantor’s classic set theory, any
element is (true) or is not (false) as a part of a given set. A strict relationship of membership does not
provide for any intermediate situation. The fuzzy set theory allows for generalisation of information
associated with uncertainty and lack of precision of description and introduces a concept of partial
truth and partial falsehood. Apart from the truth (1) and falsehood (0), fuzzy logic allows for values
lying somewhere in between (half-true, nearly false) represented by fractions. In the simplest approach,
apart from the two logic values, which correspond to truth (1) and falsehood (0), it allows for an
infinite number of values, assuming that any real number in the interval between 0 and 1 can be such a
value. It means that each element may belong, not belong, or partly belong to a certain set, and the
membership can be expressed with a real number in the interval [0,1].

It is usually difficult to assign degrees of membership to elements of a set in a correct
manner. Such an operation is usually subjective, depending on the situational context and the
exact degrees of membership that do not exist independently. Degrees of membership (subjective and
context-dependent) reflect on objects from the area under consideration a certain order introduced
by association with a set of a certain property [64]. Degrees of membership can be determined by
a statistical survey method or by an expert method [65,66]. Figures that determine the degree of
membership of specific fuzzy sets for a certain area can be trapeziums, triangles, or other geometric
figures. Their shape and position should ensure that each variable value should belong with the total
of 100% (in other cases, later normalisation is necessary) to fuzzy sets [65].

The following were developed: Fuzzy systems for mapping the urban groundwater systems’
sensitivity to nitrate pollution [67], soil research and assessment [68], and hierarchical methods for
matching and comparing land use maps [69]. Fuzzy logic modelling is also a useful method for
assessing landscapes in terms of the protection and planning of resources and was successfully used to
support environmental decisions [70], etc.

This paper describes studies and analyses of the fuzzy set theory, based on the Corine land cover
(CLC) data as well as high-resolution layers (HRL) applicability in studies of land use in areas around
towns. The principal aim of the study was to present the methodology using fuzzy logic for the
location of the border of an urban investment, and the identification and location of the transitional
zone between the city and village. Additionally, the borders of urban investment were determined on
the basis of the fuzzy set theory assumptions, Corine land cover (CLC), and high-resolution layers
(HRL) data.

2. Materials and Methods

2.1. Study Area

The main settlement unit within the analysed area is the city of Olsztyn (Poland). The city is the
capital of Warminisko-Mazurskie Voivodeship and a significant urban centre in north-eastern Poland,
as shown in Figure 1.
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Figure 1. Location of the study area.

Smaller localities situated near the city, which currently also serve residential functions for
the people working in the city, include Kiezliny, Gutkowo, Nikielkowo, Ostrzeszewo, Szczesne,
Stary Olsztyn, a part of Bartag, and Naterki. The area is also characterised by a large number of lakes
and minor water bodies and a significant area of the forested land. There are 15 lakes located within the
city of Olsztyn (including 13 with an area of more than 1 ha). They cover a total area of approximately
725 ha (more than 8% of the city area). Forests cover more than 21% of the city area, with the main
component of a vast municipal forest. When analysing the city location, it should be noted that it is
closed from all sides with natural boundaries: Lakes, forests, and rivers, which used to determine the
safety of the city but now hinder its continuous development except in the south-eastern direction.

In view of the size of the area, authors of the study decided on fields in the shape of hexagons with
an area of 200,000 m?. The following were used for the study: Topographic maps (scale of 1:10,000) and
orthophotomaps of 2017 provided by the Municipal Office in Olsztyn, 2017 land and buildings register
data specifying the intended purpose of land and buildings, and data from a site visit. We decided
to use in our research mainly raster datasets, but trying to be more precise in our analysis, we also
used vector datasets (land and buildings register) for verification. The study area was divided into
hexagonal measurement fields, of 200,000 m? each. Using the expert method of visual interpretation of
the orthophotomaps [71-73], data from the land and buildings register and from the site visits helped
to identify the current forms of land use in all 1012 study fields and they were classified as one of the
adopted forms of space use, as shown in Figure 2.
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Figure 2. Study area with the measurement fields.

2.2. Determination of the Impact of Individual Forms of Land Use on Developing Urban or Rural Use

Forms of space use, i.e., its states and functions, can be defined as sets of certain properties
(features), which also contribute to the multi-dimensional nature of zoning space. Due to the fuzzy
nature of zoning space, a certain fuzzy measure can be assigned to each event or each state of the
space and it will determine the degree to which they belong to a certain category of interest to us.
The fuzzy set theory can be used to determine the degree of membership of specific forms of the use of
zoning space to the respective functions in the [0,1] interval [74]. The identification and location of
the transitional zone between the city and village using fuzzy logic are conducted according to the
procedure presented in Figure 3, which is a new approach in identification transitional zone.

In view of its general nature, the proposed procedure can be applied for both the identification
and location of the transitional zone and the determination of the spatial extent of urbanised areas.
The accuracy of the study primarily depends on the size of study fields and on the accuracy of the
determination of the percentages of particular spatial use forms in the area under analysis.

For spatial analyses, it is necessary to define and locate the existing functions in space, especially
those at the junction of the urban and rural areas. For practical considerations, it is easier to define and
specify the spatial range of urban use because of the distinct forms of space use, which are expressed
by, inter alia, the degree of urbanisation. According to the fuzzy set theory, the waning urban space
will be complemented by rural space. In order to determine whether the area under study performs
the assumed functions, one can apply the fuzzy logic and determine the degree of membership of the
urban or rural forms of the space use. If the fuzzy measure for urban use is 0.9, then it is 0.1 for rural
use, which means that the space is definitely more urban than rural, and it can be defined as urban.
The basic operations on fuzzy sets indicate that after the degree of membership of urban use of space is
determined, the fuzzy set will be complemented by rural use [75]. It is proposed that the area whose
degree of urban and rural use are similar, and which cannot be assigned to either of the functions,
should be called a transitional zone. The transitional zone is formed in the area of intersection of the
fuzzy measures determined for the urban and rural use of the space (Figure 4).



Sustainability 2019, 11, 7014 7 of 20

THE APPLICATION OF FUZZY SET THEORY FOR THE IDENTIFICATION AND LOCATION OF
THE TRANSITIONAL ZONE BETWEEN THE CITY AND VILLAGE
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Figure 3. Procedure for the identification and location of the transitional zone between a city and town.
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Figure 4. Graph of membership for urban and rural use, and for the transitional zone.

Therefore, a transitional zone is an area situated on the border between the rural and urban space
use, which due to its diverse (fuzzy, unspecified) method of use, cannot be assigned definitely either to
an urban or to rural space. It can be outlined in space when the spatial range of the urban and rural
use has been determined. When the urban use area turns into rural use area smoothly, the transitional
zone can be described with simple type Z or S functions of membership (shape of the membership
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function). The adopted model of membership function describes the transitional zone as an urban-rural
continuum, not as a dichotomy. In other cases, presented function can be more complicated. Therefore,
fuzzy approach, as form of describing the nature of land gives more opportunities for accurate analysis
of land use. The degree of membership in the transitional zone reaches the maximum value of p = 0.5,
which means that no area belonging wholly to such a set (u = 1.0) can be identified. According to the
fuzzy set theory, in which the degree of membership of a specific set lies within an interval of [0,1],
specific degrees of membership in the transitional zone must be normalised (re-scaled). Normalisation,
in this case, involves the determination of the product of a scalar quantity and a fuzzy set of the
transitional zone, which can be used to re-scale of the degrees of membership.

3. Result

3.1. Determination of the Degrees of Membership of Urban Use and of Rural Use in Different Forms of Spatial
Use in the Study Area

When making up the spatial structure of a town, individual forms of the zoning space are identified
with it to a smaller or greater extent. With the fuzzy set theory, the urban space perception enables
determination of fuzzy measures for each form of use by determining the extent of urban use in a
specific basic field. Based on an analysis of the law [76] and literature of the subject, 24 forms of zoning
space were taken for the study concerning identification and location of the transitional zone between
urban and rural areas—Table 1. For the development of a fuzzy model of the city, the survey for urban
space assessment and valuation was used. Filling in the questionnaire involved the indication (by the
direct comparison method) in three diagrams (developed in the form of matrices) using conventional
signs (“«<”,“0”, or “1” and the adopted value scale: 2-1-0), which of the:

Table 1. Survey results.

Symbols of Space  Degree of Membership

No. Forms of Space Use Use Forms of A Town
1 Single-family housing development area MN 0.69
2 Multi-family housing development area MW 1.00
3 Service establishments area 8] 0.92
4 Sports and leisure area us 0.66
5 Commercial facilities exceeding 2000 m? of sales area ucC 0.90
6 Agricultural land R 0.09
7 Orchards and market gardens RS 0.26
8 Area of auxiliary services for farms, breeding centres, RU 0.10

market gardens, forests and fish farms '
9 Area of farmstead buildings in crop growing farms, RM 016

livestock farms, market gardens ’
10 Area of production plants and warehouses P 0.97
11 Mining areas PG 0.34
12 Forests ZL 0.20
13 Areas of arranged greenery zpP 0.68
14 Areas of natural (unarranged) greenery ZN 0.35
15 Garden plots ZD 0.45
16 Cemeteries zC 0.51
17 Marine surface waters WM 0.20
18 Inland surface waters WS 0.20
19 Public roads KD 0.82
20 Internal roads KDW 0.80
21 Water transport routes KW 0.52
22 Technical infrastructure IT 0.66
23 Special areas—military, police TS 0.76
24 Objects under construction B 0.64

1. Forms of the existing development i.e., single-family residential form, multi-family residential
form, residential and commercial service form, commercial service form, industrial and storage form,
technical (infrastructural) form, recreational form, farmstead form;
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2. Functions of the development of planning space included in the spatial development plan
i.e.,, areas under low-intensity residential developments, areas under high-intensity residential
developments, areas under residential and commercial service developments (city centre), areas
under commercial service developments, commercial facilities exceeding 2000 m? of sales area, areas
under sports and recreation service developments, areas under industrial and business developments,
special areas (the army, the police), areas of parks and arranged recreational greenery, areas of
unarranged and natural recreational greenery, areas of garden plots, areas of orchard and horticulture
crops, areas of cemeteries, areas of forest parks, areas of forests, areas of field crops, areas of meadows
and pastures, areas of open waters, areas of hydraulic structures, technical infrastructure areas, public
roads areas, mining areas;

3. Forms of landscape, i.e., scenic and aesthetical forms (typical of the urban use) for the following
areas: Under multi-family residential developments investments, under single-family residential
developments investments, under commercial service developments investments, under industrial
and storage developments investments, under technical developments investments, under farmstead
developments investments, under recreational developments investments, under investments in
facilities being implemented, areas of arranged greenery, areas of unarranged and natural greenery,
forest areas, areas of garden plots, areas of orchard and horticulture crops, areas of agricultural crops,
areas of open waters, areas of hydraulic structures, were characterised, according to respondents,
by the character so-called “more urban” than the others, i.e., is distinguished by a greater number
of urban features. The survey was conducted among employees of the Faculty of Geodesy, Spatial
Engineering, and Construction, employees of the Municipal Office in Olsztyn, and planning and real
estate offices. In view of the diversity of urban space and the attempt to characterise it accurately,
some forms of use are described using the data from three diagrams, and some of them, e.g., inland
surface water areas using results from Figures 2 and 3 only. While processing the questionnaire results,
for each of the 24 forms of space use, a fuzzy use measure, i.e., the degree of membership of the urban
use, was determined and normalised within the range of [0,1], as shown in Table 1.

3.2. Identification and Location of a Transitional Zone between Urban and Rural Areas Based

The study of identification and location of the transitional zone between urban and rural areas
were conducted in the town of Olsztyn (Poland) and its outskirts, in the area of 202.4 km?. In research
related to space evaluation, the best solution is to use geometric fields. They enable the preparation of
cartographic compilations that present the complete image of study results, e.g., through interpolation.
The best solution is the interpolation on objects whose points being interpolated are equally distant
from one another (isosceles triangles and hexagons in which the centres of basic fields are interpolation
points). The size of the fields correlates with the area of the study and the assessment features [77].
Taking stock of the current space use in the study area allowed for determination of the percentage of
each of the 24 adopted forms of use of the zoning space in the study fields.

Data from the stock-taking and the degrees of membership of the urban land use, determined as
the product of these values (the degree of a field’s membership of the city was calculated as the product
of the percentage of a particular land use form in the area of the field and the degree of membership
from Table 1) enabled the development of a fuzzy model of the city and the village within the study
area. The results were used to develop a fuzzy town and country model, which is shown—with the
administrative border, main roads, the railway line, and lakes—in Figure 5. For the interpolation of
the obtained values, the kriging method was applied in the developed models. Kriging is the basic
method of geostatic estimation, which was originally used to estimate gold in Africa. The general rule
of kriging as the basic geostatic method is that there is a relationship between the distance separating
points and the degree of their similarity. As well using this method, we can predict the value of a
function at a given point by computing a weighted average of the known values of adjacent point.
The parameters of this function are determined in an experimental way that the deviation of empirical
from the theoretical values should be as small as possible. In our research, we used the ordinary
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kriging, which is the most popular method. We want to show a map of spatial variability of urban and
rural areas, for which the best values in terms of the obtained model matching errors were obtained.
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Figure 5. Urban and rural use in the study area in the degree of membership interval of [0.50,1.00].

The border between the urban and rural use (as a complement to p = 1 of urban use), which is
formed at places where individual functions reach the degree of membership of 0.5 (Figure 6) was the
base for identification and location of the transitional zone between the urban and rural areas.
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Figure 6. The border between the urban and rural areas with the degree of membership of 0.5.
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The developed models were also compared to the available studies concerning the Corine land
cover (CLC) 2018 and high-resolution layers (HRL) land cover. The European Earth observation
program known as Copernicus land monitoring provides two datasets on land cover characteristics in
Corine land over data (CLC) and high-resolution layers (HRL). The Corine land cover, initiated in 1985
and updated in 2018, provides information for the whole area of the European Union—39 countries.
The minimum mapping unit (MMU), which is used in the CLC, is 25 hectares (ha) and at least 100 m in
width. Mainly, the identification of land cover is mapped by visual interpretation of high-resolution
satellite images. The CLC dataset is divided into 44 classes, which describes five categories: Artificial
surfaces, agricultural areas, forest and seminatural areas, open spaces with little or no vegetation, and
wetlands and water bodies [78,79]. High-resolution layers (HRL) provide more detailed information
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 classification. 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 20 x 20 m for 39 countries in the EU, five themes can be identified which correspond
with the main categories in CLC. The level of sealed soil (imperviousness degree 1-100%), which is
produced 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 Imperviousness,
forest, natural grassland, wetlands, permanent water-bodies, wetness and water, and small woody
features [80,81].

When developing the city model based on the Corine land cover (CLC) data, the data made
available for 2018 in the geodatabase format (.gdb) were used. Then, as part of the ArcGIS Desktop,
in order to organise data, default division was used into five classes for the third level of detail,
which include anthropogenic areas, agricultural areas, forests and semi-natural ecosystems, wetlands,
and water areas. In the next step, the aggregation of particular classes was conducted in order to
determine urban and rural areas, as shown in Figure 7.

Gorine Land Cover
CLC Code
"

B 122 R
122 Airporte
133 Construstion sies.
162 Sper 2nd leisure faciliies.
= arable lanc!

Figure 7. Land use model in the area under study based on the Corine land cover (CLC) data.
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As part of the developed urban model based on the high-resolution layer (HRL) data, the data
of 2015 in the raster format (*.tif) were used, which included impervious and wooded areas.
The conducted analyses included raster reclassification followed by the polygonisation 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%, as shown in
Figure 8.

URBAN USE
Imperviousness degree

Figure 8. Land use model in the area under study on the high-resolution layer (HRL) data.

When determining the borders of urban and rural investment, one can delimit the spatial range
and degree of membership of the transitional zone around the town under study. The space thus
formed, which cannot be assigned to either of the functions, is present only at places where the method
of use is considerably affected by both urban and rural use. An analysis of the course and shape of the
function of membership determined for the study area yielded an interval of membership, for which
the study area cannot be definitely assigned to the urban or the rural use. The transitional zone thus
formed has been determined for four variants in the following intervals of the membership function:
Figure 9a: p =[0.30,0.50], 9b: p =[0.35,0.50], 9c: p = [0.40,0.50], 9d: pn = [0.45,0.50].

The choice of the membership degree range taken for identification and location of the transitional
zone depends on the study detail level. The width of the zone spreading radially from town
centre outwards depends on the method of transition from the urban to the rural use. Where the
expanding town rapidly turns into rural area or encounters barriers that prevent further development,
the transitional zone surrounding the town occupies a small area. On the other hand, where the
transition from urban to rural areas is fuzzier and diverse forms of use are present in a considerable
area, it is more stretched.
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Rural use

Figure 9. Urban and rural use in the study area in the degree of membership interval of [0.5,1.0]
and the spatial range of the transitional zone in the degree of membership range: (a) p = [0.30,0.50],
(b) 1 = [0.35,0.50], (c) p = [0.40,0.50], (d) 1 = [0.45,0.50].

3.3. Verification of the Obtained Results

The study and analysis in the research area led to developing a fuzzy model of spatial use and to
determination of the transitional zone between urban and rural areas. The transitional zone area is
characterized by spatial continuity of highly diverse shape. It is nearly circular around the central areas
of compact housing development pattern. The width of the transitional zone in the northern part of the
town is a consequence of the vicinity of urban areas with the municipal forest. The southern transitional
zone, with the largest portion of areas suitable for investment, develops with particular intensiveness.
The area and shapes of the transitional zone in the western part of the town is mainly a consequence of
the natural barriers present there (lakes, forests) and the dominating single-family housing.

The outer border of the transitional zone does not coincide with the administrative border of
the town. The zone also includes areas administered by the neighbouring communes: Stawiguda,
Purda, Barczewo, Dywity, and Jonkowo. The maximum width of the transitional zone around Olsztyn,
with the membership degree of [0.3,0.5] is about 3.5 km, with its width in the narrowest place reaching
0.5 km. The maximum area of the transitional zone around the urban area is 45.022386 km?, which
means that there are 346 study fields with a method of use that cannot be clearly identified as urban
or rural areas. Use that is typical of a transitional zone appears also in the northern and southern
parts of the area under study as separate enclaves. It is the result of suburbanisation and new housing
development appearing in the suburban zone.
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The fuzzy models of urban and rural use, and those typical of a transitional zone, were verified in
the last study phase against the existing state of space development and put on topographic maps of
the study area, which is shown in the illustrations: Figure 10—urban use in the degree of membership
interval of [0.50,1.00], Figure 11—border between urban and rural use in the membership degree of 0.5.

00

[—T

& OpenSireetliap (and] contriputars. CC-BY-SA

Figure 10. Olsztyn—urban use with the degree of membership within the interval of [0.50,1.00].
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Figure 11. The border between the urban and rural areas with the degree of membership of 0.5.

4. Discussion

Urbanisation refers to the complex interaction of different processes which transform landscapes
formed by rural lifestyles into urban like ones. Urbanisation causes profound changes in the ecological
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functioning of the landscape and gradually results in a changing spatial structure [72]. The presence
of various forms of spatial use on a small area and the relationships between them impart a special
character to the transitional zone between urban and rural areas. Studies of the physiognomy of the
transitional zone show that its nature is mainly decided by such forms of spatial use present on a small
area as sparse multi-family housing development and single-family housing development, buildings
under construction, areas for recreation, garden plots, orchards, greenery, agricultural area, and the
town development thresholds, which prevents its further spatial development [55,75]. In that situation,
a much more important question becomes, if according to existing data like CLC and HRL, does fuzzy
set theory allow us to identify borders of the transitional zone in a more precise manner?

In the presented article, we assumed that the main criterion determining the degree of urban
investment (the degree of urban use) is related to specific forms of space use determined by the forms of
existing buildings, the function specified in the spatial development plan, and landscape composition.
A detailed analysis of the occurrence and percentage share in measurement fields [71,72] of 24 forms of
space use allowed to identify and show transitional zone between city and rural. The use of fuzzy
logic in spatial planning can support and make it easier to make decisions, and especially eliminate
problems with the interpretation of the results in classic approach with identifying optimal planning
functions in transitional zone. The methodology shown in our article allows us to describe, in a better
way, the level and development rate by comparing degrees of membership of urban use of the studied
area in different periods of time. Described degrees of membership are good indicators of the external
boundaries of urban investment and can show the level of their spatial dispersion. The results can
be considered as the basis for spatial planning in the field of research on the development of urban
centres and how to effectively search new terrains for urban investments.

The obtained results make it possible to conclude that fuzzy logic, defined as a technique used to
define and present indefinite, uncertain information, can be successfully used to identify and determine
the extent of the transitional zone between city and village, and to conduct studies and analyses of
land use structures occurring in such areas. Additionally, the determined boundaries of the range of
urban use, prepared by the developed method using the assumptions of fuzzy set theory and based
on Corine land cover (CLC) and high-resolution layer (HRL) data, were compared to one another,
as shown in Figure 12.
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Figure 12. Boundaries of urbanised areas.

The boundaries of urbanised areas, determined by the developed method using the fuzzy set
theory assumptions, CLC, and HRL data, run along differently in various parts of the area under study.
However, a detailed analysis of the obtained results confirms the validity of the application of the
developed method, in which the determined boundary most precisely indicates the border of urban
investment. This primarily results from the adopted accuracies of data used, the number, and the
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type of spatial features subjected to analysis. Moreover, the determined border is more consistent and
spatially adjacent to urbanised areas.

Urban systems are fundamentally complex, dynamic, and non-linear integrated systems of people
and nature, inherently unpredictable and experiencing constant evolution and changes based on
multiple non-linear interactions [82]. In the areas directly affected by the urbanisation pressure, typically
urban areas are mixed with rural areas. This zone is shaped differently in various cities. Sometimes
this is a sharp boundary (dichotomy), and sometimes it is stretched in space (continuum). The vague,
ambiguous, fuzzy character of land use in the transitional zone between the city and village enables the
broad application of fuzzy logic in research into its identification and location. The methodology we
adopted includes detailed data on land use, which remote sensing methods do not take into account,
which can be observed in the presented list of HRL, CLC, and fuzzy model methods. Assessments of
the degree of membership to urban use gives the opportunity to design the width of transitional zones
and enables the planned development of the transitional zone between city and for example landscape
protection zones. This kind of project is essential due to the possibility of establishing optimal land
use as well as adaptation to natural conditions. When designing the boundaries of urban investment,
the spatial extent of the transitional zone should be determined in such way that this zone should
be place where will be located land use that are not harmful to the environment with low levels of
membership to the city like recreational areas, green areas, and single-family housing. The gradual
change in space use between intensive urban forms and protected areas in transitional zone should
mitigate the negative impact of the city on close areas and ensure stability, durability, and the ability to
quickly regenerate the natural system.

5. Conclusions

The inevitability of formation and constant transformations within the transitional zone stimulated
by the developing town requires systematic studies of its features and parameters and various changes
that take place in it. Determining the exact nature of the urbanisation processes that take place in the
outskirts of towns can minimise uncontrolled and unplanned formation of transitional zones between
urban and rural areas.

Constant changes of the land use in a transitional zone depending on the current and future
functions of use determine the directions of the town spatial use. Fuzzy measures of urban use derived
from developed by authors method make a convenient indicator of the urbanisation level for an area
within an interval of [0.00,1.00] and enable estimation of its transformation rate. Specific degrees of
membership are also good indicators of external borders of urban investment and its spatial dispersion.
This study has shown that areas of parameters typical of the transitional zone are formed around
urban territories and within them if there are areas present with low values of urban use membership
degrees. Its shape, spatial range, and study field degree of membership depend mainly on the existing
forms of zoning space use. An assessment of the degree of membership of the town and the possibility
of designing the transitional zone width enables planning the development of the transitional zone
between the town and landscape conservation areas (forests, lakes).

The inevitability of formation and constant transformations within the transitional zone stimulated
by the developing town requires systematic studies of its features and parameters and various changes
that take place in it. Determining the exact nature of the urbanisation processes that take place in the
outskirts of towns can minimise uncontrolled and unplanned formation of transitional zones between
urban and rural areas.

An analysis of the land use structure in a transitional zone confirms the need for detailed studies
of the areas surrounding towns. The analyses confirm that it is justified to apply fuzzy logic as a proper
method of qualitative and quantitative description of complex, poorly defined, and difficult-to-describe
structures of transitional zone development.
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