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Abstract: The article presents the process of creating a tool using GIS systems to describe the city’s
spatial structure. Therefore, the subject of this research was the method of describing the city
structure using non-functional zoning, in conjunction with the use of urban indicators. Using the
relationships between the values of urban indicators and individual typologies of buildings, they
can be assigned to subsequent zones from the Rural-to-Urban Transect methodology. Therefore, in
this article, urban indicators have been defined, thanks to which it is possible to distinguish different
typologies of buildings. Next, the relationships between selected indicators and transect zones have
been examined, and thanks to the obtained conclusions, transect zones for Warsaw have been defined.
Finally, the spatial structure of a selected part of Warsaw has been described using these zones. The
purpose of this study is also to initially assess the usefulness of the developed tool for the needs of
urban planners.

Keywords: rural-to-urban transect; urban morphology; urban zones; urban indexes; GIS analyses;
modelbuilder application

1. Introduction

A structure is a whole, a system consisting of interrelated elements [1]. Thus, the city
as a structure consists of parts or components that have specific relationships. In their work,
urban planners often divide the city structure into a functional structure that describes the
functions of objects or the purpose of areas and a spatial system that they describe as a
physical form of a given space [2]. In the spatial approach to the city structure, one can
speak of a form or “solid-spatial configuration” [3], in which the components are primarily
buildings and spaces between them. Considering both types of these structures in the
context of the city as a whole, it is easier to identify individual functional areas in the city
than to examine in detail the spatial form of each city block.

In the context of this research, it is crucial to understand the spatial structure of a city
defined from partial spatial structures—phenomena, subsystems, also called layers [4].
According to Fiedorowicz, listing all its components may be a specific difficulty in de-
termining the spatial structure of a city [5]. Therefore, when describing the city, some
simplifications of its structure are made, i.e., modeling, and the simplified image of the city
itself is called its model. In such a model of the city’s spatial structure, the main elements
that build it are distinguished, and the relations between them are described.

In spatial planning, zoning is also a frequently used concept. Like structure, it is
understood as the division of a given area into smaller, characteristic areas or zones [6],
distinguished by a set of specific criteria. Podolak points out that the criteria for zoning
may relate to the permissible type of function, the manner of shaping buildings, the
diversification of the intensity of space use, the standard of open spaces, or other standards
determining environmental conditions [7]. Taking into account these criteria, several types
of zoning can be distinguished. Such a division was presented by Drzazga [8], in which
he listed the division into two basic types of zoning and four subtypes: classical, flexible,

Land 2022, 11, 135. https:/ /doi.org/10.3390/1and11010135 https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land11010135
https://doi.org/10.3390/land11010135
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-3399-8706
https://doi.org/10.3390/land11010135
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land11010135?type=check_update&version=2

Land 2022, 11, 135

2 of 27

overlay and special areas. In such a distinction, taking into account the research subject,
the most important will be the division into subtypes. The first one, i.e., classical zoning, is
the delineation of zones for individual land-use methods, so it is simply the designation
of functional zones, e.g., residential, commercial, industrial, etc. Drzazga indicates that
this type of zoning is currently being questioned in more flexible regulations [8]. The
second subtype, i.e., flexible zoning allows for more diverse forms and types of spatial
development compared to the only functional criteria of classical zoning. Drzazga also
points out that with this type of zoning, the local authorities have the ability to better react
to rather dynamic changes in the market pursuit for useful space.

Various forms of such zoning are mentioned, but this study will approximate zoning
by standards, otherwise known as performance zoning or guiding development. In their
works, Zuziak [9] and Podolak [10] list the principles on which this zoning is based.
Particular attention should be paid to the principle that each type of land use may be
located at the junction of another type of use, provided it meets the relevant criteria and
standards set out in a given regulation. This principle is also often used by urban planners
during the inventory of areas where functional fragmentation into small areas often occurs,
while the division into forms and volumes of buildings is not distinguishable. Then such
an area belongs to the previously selected types of zones, e.g., low-rise building zones.
The second principle in this zoning consists of assessing and assigning a site to a given
zone based on an analysis of its features and the characteristics of its surroundings, not a
predetermined functional classification.

1.1. Types of Urban Standards and Indexes

These features mentioned above are related to the standards, which in turn are a kind
of measures/indicators. These standards, in performance zoning, are the focal point of
regulation and can be divided into five categories:

density standards, building intensity, building coverage, etc.

resource protection standards

standards for open spaces

ecological standards

standards of urban and urban-architectural design, e.g., the size of plots, the maximum
height of buildings, building proportions.

S IR

Drzazga also points out that standards are one of the most important tools for shap-
ing urban space [8]. Following Grudziniski, the urban standard can be described as an
inventoried state of development of a certain space [11]. Sumien lists the following stan-
dards among his works: “social and technical infrastructure, location, density, intensity,
and environmental”.

An often interchangeable concept with the standard is the urban index. Sources
provide many indexes that affect the spatial structure and development of cities. Many
of these were often tested by urban planners in terms of the correlation of the value of
one indicator with the values of other indicators [12]. Selected indicators that have the
most significant impact on the shaping of the city structure were systematized into four
groups by Ziobrowski in 2012 [13]. The first group includes indicators of balancing the
natural environment, the second is indicators of shaping the spatial structure, the third—the
functioning of the spatial system, and the fourth is indicators of shaping buildings. The
indicators of shaping the city’s spatial structure and development of buildings are the most
important indicators in the context of this research.

The indicators mentioned in the list by Ziobrowski are mainly used when conducting
research on the existing city structures—in their inventory, searching for relationships, e.g.,
between the type of buildings and the values of indicators, or between the location of the
facility in the city structure and its value on the real estate market.

Therefore, the search for a method of describing the city structure using zoning, other
than functional zoning in conjunction with urban indicators has become the subject of this
research. For this purpose, it was decided to delve into two methodologies for describing
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the city structure, which began to appear in the scientific literature from the beginning of
the 21st century. They are presented below in Section 2.1.

1.2. Structure of the Article
The article is divided into the following parts:

1.  Introduction with a review of the literature on the methods of describing the spatial
structure of the city and selected classifications of urban indicators;

2. The methodological context in which two methods of space description were intro-
duced, based on the gradation of buildings, which were the basis for constructing the
original GIS tool based on both of them. This part presents the purpose of the work in
more detail.

3. Section 3 presents the spatial scope of the study, the process of obtaining the nec-
essary spatial data for analyses, the detailed process of building the tool in the GIS
environment, and a description of selected urban indicators.

4. Inthe results, the first part describes the relationships between the values of indicators
and the allocation of building quarters to the transect zone. Then, based on these
relationships, a transect urban cross-section for Warsaw is presented. The second part
of this chapter shows the effect of the GIS tool used to describe a selected part of the
city of Warsaw.

5. The last chapter presents a summary and an assessment of the tool’s operation in
terms of its usefulness in urban planners’ work.

2. Methodological Context
2.1. Transect and Spacemate—Similarities and Differences

There is no shortage of studies in the literature on the relationship between the values
of individual urban indexes and the form of development. There is a well-known example
showing various typologies of buildings while maintaining the same intensity value [14,15].
Perhaps the best-known tool for presenting the density of an urbanized environment is
the “spacemate” developed by Meta Berghauser Pont and Per Haupt at the beginning
of the 21st century. [16-18]. Spacemate shows the building intensity and built-up area
on one graph. Thanks to this, it is possible to observe the relationships between these
indicators and the form of buildings. Different typologies of buildings will be located in
different parts of the chart. The authors in their book [18] show different types of buildings
depending on the value of urban indicators and name these forms (Figure 1). They describe
the differences between them and indicate the forms ranging from the most urban, through
typical quarters of urban development, development of garden cities, to suburban buildings
of various densities. They also indicate typologies of buildings with low development
intensity and a high number of stories, which break out of the hierarchy, which they call
“park” typologies, due to the large open green areas between the buildings. The “park”
typology is also present in Warsaw’s blocks of flats, mainly prefabricated ones, often called
housing estates by town planners or simply “blocks” by residents.

The gradation and systematization of various building typologies is also the basis
of the urban-to-rural transect (hereinafter: transect) methodology introduced by Andreas
Duany from the DPZ CoDESIGN (Duany & Plater-Zyberk architectural practice) [19].
Transect defines a number of zones where the development gradation takes place from
typical country houses to the densely built-up city center, often called the urban core.
Transect, called by Dominiczak as an urban profile, is both an analytical method and a
planning strategy [20]. It is a comprehensive system of space organization that organizes
the built environment in a way that takes into account the integration of urban and rural
environments, with a variety of typologies [21]. As a result of the evolution of the use of this
tool to describe the existing development structures, a number of zones with values of urban
indicators similar to the basic zones but representing amorphous, monofunctional building
structures, i.e., zones S1-57, have been added to the division into T1-T6 zones (Figure 2).
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Figure 1. Types of buildings in Space matrix. Source: [18].
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Figure 2. Transect in New Urbanism and in Urban Sprawl; T.Hass, “NewUrbanism and Beyond”
Rizzoli, 2002, p. 216.

Although both tools have been used since the beginning of the 20th century and
have common features, their authors do not refer to each other. Some speculation in the
differences between these tools may be that the spacemate tool is used to study existing
building structures, while the transect finds its use mainly in the preparation of guidelines
for organizing and shaping the development of buildings, which are assigned the so-called
SmartCode [22,23]. Transect, as a tool for describing space, appears in many sources [24-27],
similarly to the related smart codes, which codify the form of the city’s tissue [28-30].

Therefore, this article attempts to define the transect zones for the city of Warsaw using
the values of selected urban indicators in the city area selected for analysis. The aim of this
study is also to find and indicate the dependencies, similarities, or differences between the
two methods and a preliminary assessment of the usefulness of the tool built for the needs
of urban planners.

2.2. GIS as a Spatial Structure Analysis Tool

Due to the need to examine the value of several urban indicators for each selected
single field unit and find potential relationships between them, it was decided to conduct
the research in the geographic information system (GIS) environment. Conducting urban
research and analyses with the use of spatial information systems has been growing since
the 1960s [31]. The use of GIS in urban and spatial planning is becoming more and more
popular as they are undoubtedly tools that facilitate the work of urban planners and
architects [32]. GIS systems enable the collection, processing, analysis, visualization and
sharing of spatial data [33] and their primary function is to support decision-making [34].
Among others, the Polish Institute of Urban and Regional Development conducted research
on the decision support process using GIS tools [35]. No wonder that after 2000 they have
been widely used in the work of town planners, planners and more and more often, also
architects. GIS systems have become the basic tool in spatial research, the results of which
may be helpful in the preparation of planning studies, i.e., local spatial development plans
or studies of the conditions and directions of spatial development [32]. In the literature,
we can find many examples of the use of GIS in such analyses, including determining the
maximum allowable height of newly designed buildings [36], assessment of the city sprawl
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based on land use analysis using GIS and remote sensing [37], identification of areas for new
investments [38], analysis of building layouts [39], land absorption analysis with the use
of GIS [40], the study of the impact of building morphology on energy consumption [41],
construction of a spatial database as a tool for participatory activities [42] and many others.

2.3. Research Purposes

This article shows a parametric approach to the description of the city’s spatial struc-
ture. The research presented in the paper aims to describe the spatial structure of a selected
test part of the city of Warsaw with the use of the rural-to-urban transect tool adapted
to the specificity of the development of Polish cities. This tool consists of homogeneous
development zones distinguished in the urban landscape, characterized by a gradation
of buildings from more rural forms, through suburban ones, to various types of urban
development [43]. Therefore, mathematical relationships between individual typologies
and the values of urban indicators were researched, thanks to which individual units
were classified as a given development zone. Taking into account that the areas selected
for the analysis are located in different parts of the city, it can be assumed that all of the
transect zones pre-selected for Warsaw may be located within their borders. Due to the
necessity to examine the value of several urban indicators for each individual field unit
and find potential relationships between them, it was decided to conduct research in the
GIS environment. As a result, the application of this tool in the test area can be helpful in
the analysis of subsequent parts of cities or their entirety, because the model once built can
be used for subsequent analyses in an identical or extended form.

The aims of the article are a transect description of the spatial structure of a selected
part of the city, an examination of how the transect zones change depending on the value
of urban indicators, and building an algorithm based on these dependencies in the GIS
environment, which will enable a digital description of the city’s spatial structure as
morphologically homogeneous development zones.

The article shows the use of the Transect and digital methods that support city planners
in the context of describing the city morphology. The research part of the thesis shows the
process of building a complex geoprocessing tool used to calculate urban indicators. On
the basis of the relationship between the values of these indicators, groups characterized
by similar features were distinguished, while these groups constitute different typologies
of buildings found in the urban structure of the city.

3. Materials and Methods
3.1. Description of Study Area

The research described in this article was conducted for the area in the eastern part
of the Ursynow district, in the vicinity of the Warsaw University of Life Sciences and the
Vistula escarpment. Individual quarters of buildings throughout Warsaw were selected for
the simultaneous partial research aimed at identifying and verifying the values of urban
indicators that determine the allocation of individual quarters of buildings to the transect
zone. These are single city blocks, called test quarters, which are limited by public roads or
other forms of development, e.g., forests, parks, waters. To be sure that at least one-quarter
of buildings will be assigned to each of the transect zones, almost 50 areas were selected for
the study. The spatial scope of the actual study and the location of the test quarters in the
city space is illustrated below (Figures 3 and 4).
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Figure 4. The area of actual analyses. Source: own study.

3.2. Data Collection—Source of Data

The main objective of the study was to describe the spatial structure of a selected part
of the city with the use of tools based on spatial relationships between individual elements
included in a given image of this part of the world. Such possibilities are provided by
geographic information systems (hereinafter GIS) [44], in which a given part of the world is
described by means of overlapping layers with information about its various components,
e.g., waterways, building blocks, buildings, streets, etc. The advantage of such a description
of a fragment of reality, is the possibility to find spatial relationships between objects from
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several layers, e.g., if you have overlapping layers of buildings and quarters, you can
indicate which of these quarters are covered with buildings to the greatest extent. It is
also the definition of the urban coverage index (% PZ) used in urban and spatial planning.
In order to calculate the values of this and other urban indicators described later in the
article for each individual quarter of development in a selected area with the use of GIS
systems, it was necessary to obtain spatial data and verify the relevance and usefulness of
the relevant attributes.

For the purpose of analyses, the spatial data was obtained mainly from the so-called
“open sources” that are made available to users free of charge. The data on the buildings
was obtained from the Land and Buildings Register (hereinafter referred to as EGiB) [45,46],
which has attributes with information about the number of stories of individual buildings
and also about their basic function. Data on land development functions, protected areas,
street axes, and main public spaces come from the Open Street Map database (hereinafter
OSM) [47], and the Database of Topographic Objects (hereinafter BDOT 10k) [48]. The
relevant content layers from these two databases have been verified, cut and adjusted, so
the input layers for the analyses are comprehensive and complete.

For the analyses described in more detail later in the article, urban planning indicators
were selected at the onset; these can be described mathematically: the percentage of
building coverage, the density of development, the weighted average number of stories,
the number of stories predominant in the quarter, and the age of buildings in the quarter.
These indicators were selected based on the author’s previous experience working on
the Transect research. The list of indicators and the necessary layers with spatial data is
presented in Table 1 supplemented with the necessary attributes that each layer must have
in order to build a correct tool and the source of the data.

Table 1. Selected urban indicators for analysis. Source: own study.

Quantitative Urban

Required Layers

Index with Spatial Data Required Attributes Data Source
Percentage of a1 g3 a1 .
building coverage Buildings Building area, building age Own study based on EGiB
Own study based on EGiB (layer
Quarters Area of the quarter, the dominant developed as part of the work on the
function in the quarter analysis of the absorptive capacity of the
city of Warsaw) 1
1 . o Building area, number of stories, .
Building density Buildings o Own study based on EGiB
building age
Own study based on EGiB (layer
Quarters Area of the quarter, the dominant developed as part of the work on the
function in the quarter analysis of the absorptive capacity of the
city of Warsaw)
Ma?umum clevation Buildings Number of stories EGiB/BDOT10k
in the quarter
Weighted average Buildings Building area, number of stories EGiB/BDOT10k
number of stories
Predominant age Buildings Year of construction Own study based on EGiB (layer

of buildings

developed under a grant)

3.3. Data Processing and Analysis/Creation of a Model Builder in GIS

The first step in building the tool (Figure 5) in the ModelBuilder application in ArcGIS
was to ask the question of what the output of this model is supposed to be. In the first
part of the research, the result was to be the spatial layer with the quarters of buildings for
which the values of urban indicators selected for these analyses will be calculated. These
analyses, in order not to yield biased results, should be carried out with the exclusion of
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areas that do not represent typical transect zones. Therefore, modules 3-7 and 9-11 use
appropriate geospatial tools on the verified, structured and adapted input layers (modules
1,2, 8) to select the areas that belong to:

1.  the so-called special zones—industrial and production areas, technical infrastructure,
areas with buildings and large-area commercial facilities;

2. natural or partially natural zones—forests, parks, waters, protected areas, areas not
impacted too much by man, but also the areas of allotments;

3. public zones—areas with public facilities—schools, kindergartens, hospitals, churches,
buildings with a cultural function;

4. communication zones—roads, road, rail and air transport.
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Figure 5. A simplified diagram of developing the tool to describe the spatial structure of the city.
Source: own study.

The remaining areas, which were not assigned to any of the above categories, were
exported to a new spatial layer. For further analyses, a layer with buildings located within
the selected areas was also required. In order for these layers to be useful in the main part
of the research, the first step was to check if they had key data fields in the layer’s attribute
table. For the terrain layer, the key information is the surface area, as most of the indicators
(modules 12 and 13) relate to it. The layer with buildings should contain information on
the area occupied by the building (i.e., the building coverage), the number of above-ground
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stories, the total area of the building (i.e., the product of the built-up area and the number
of stories) and the age of the building (modules 14 and 15). Once properly prepared, these
layers served as input data to create an overlay using the SpatialJoin tool, called for the
purposes of this article the “calculation layer” (module 16). The area from the input layer
is an overlay of this layer, but each is already assigned with information about the total
building area in a given quarter, the total area, the maximum height of buildings, and the
dominant age of the buildings. After these preliminary calculations, it was possible to carry
out the previously selected analyses of quantitative urban indicators (module 17) described
in detail in the following subchapters.

3.3.1. Percentage of Building Coverage in a Quarter

The percentage of building coverage of a quarter is expressed by the ratio of the
built-up area [49] to the area of the quarter (1):

k
Y1 PZ

%P/, = = ——
*oPZn =5,

% 100% 1)

where:

%PZ—percentage of building coverage of a quarter
PZ—built-up area

PQ—surface area of the quarter

n—number of the quarter

k—number of buildings in the n-quarter

The indicator in the above form takes values in the range [0; 100]. The minimum
value of the index occurs when there are no buildings or structures in the quarter. High
values of the discussed parameter prove the considerable use of the area of the quarter for
development. The maximum value—100—will occur relatively rarely and will indicate the
full use of the quarter for development. In such situations, the built-up area equals the area
of the quarter (PZ = PQ).

3.3.2. Building Density in a Quarter

According to the Ordinance on technical conditions to be met by buildings and their
location, the density of development is the ratio of the total building area to the plot area.
In turn, the total area is the product of the built-up area and the number of stories, both
above-ground and underground. For the purposes of this study, the building density
index is calculated only for the above-ground stories, as it is the above-ground part of the
building that determines whether it belongs to a given typology. In addition, information
on the number of underground stories is not available for all buildings, and therefore using
them only in a few cases could introduce statistical errors in the results and disturb the
distribution of the indicator values in individual intervals.

Therefore, the density of buildings can be expressed as (2):

Yk, pc, _ Yk PZ; x Ik;

INT, = 50, PO, )

where:

INT—building density

PC—total area of the building

PZ—built-up area

lk—number of above-ground stories of the building
PQ—surface area of the quarter

n—number of the quarter

k—number of buildings in the n-quarter
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In the above form, this indicator will take the values [0; o). In fact, the maximum
value of this coefficient may be equal to the number of stories of a building when the
following conditions are met: the area of a quarter will be equal to the built-up area and
when the building is one block with one value of the number of stories. On the other hand,
the minimum value will occur when there is no building in a given quarter. In fact, the
values of the building density coefficient will differ in different parts of the city, due to
different typologies of the buildings and the period of their construction. The lowest value
of the coefficient is characteristic for the areas of extensive single-family housing, while the
highest is for compact downtown high-rise buildings.

3.3.3. Weighted Average Number of Stories

Another known quantitative indicator is the average weighted number of stories.
Similar to the previous parameter, it may indirectly indicate the degree of land development,
because it depends on the total area of the objects and their built-up area. The spatial
distribution of this indicator—similarly to the previous one—will not assume a concentric
system, the epicenter of which would be in the city center, and the lowest values only on its
outskirts.

The weighted average number of stories for a given quarter can be expressed by the
ratio of the sum of the total area of buildings in a quarter to the sum of their built-up
areas (3):

Yk, PC Yk, Pz xIKk

sr.l.k, =
Yk, Pz Yk Pz,

®)

where:

sr.l.k—weighted average number of stories
PC—total area of the building
PZ—built-up area

n—number of the quarter

k—number of buildings in the n-quarter

The values of this indicator will be in the range [1;00). The lowest possible value, i.e.,
1, will occur when the sum of the total area in a quarter is equal to the sum of the built-up
area. The highest values of this coefficient will occur in areas with relatively high buildings
in small quarters.

3.3.4. Maximum Elevation of Buildings

The height of buildings can also indirectly affect the degree of land use. The areas of
city centers and city hubs will be characterized by a higher value of the building elevation
than the areas of suburbs. Nevertheless, the spatial distribution of this indicator will not
assume a concentric system with high values in the center and low values at the city limits.
Urban sprawls grew in various ways, often absorbing smaller towns or settlements as well
as organized rural structures. Therefore, in the spatial distribution of the phenomenon,
there will be local increases in the value of this indicator. In geostatistics, such areas are
called hot spots for a given phenomenon. In fact, these will be areas of district centers or
housing estate hubs, often located near communication points, e.g., train stations or metro
stations. Such a distribution of higher buildings, and thus often areas with a higher value
of the building density coefficient, is identical with the TOD principle—transit oriented
development. This method, developed in the United States, consists in locating more
urbanized and compact areas in the immediate vicinity of public transport points, most
often rail (high-speed rail station, subway station, or suburban train station). Higher values
of the number of stories and the density of development will also result in the allocation of
quarters with such buildings to the higher transect zones. Therefore, this coefficient can be
represented by the Formula (4):

maxH, = maxHec(Hy Hy, ..., Hy) 4)
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where:

maxH,—the maximum value of the number of stories in this area around the TOD point
(Hy, Hy, H3, ... Hy)—a set of possible values for the number of stories in a given area
around the TOD point

3.3.5. Predominant Age of Buildings

The previously discussed indicators related directly to the quantitative properties
of buildings in the analyzed quarters. Another indicator, which can be said to be more
qualitative or descriptive, is a kind of guarantee of selecting areas in the results of analyses
that are not characterized by a simultaneous increasing gradation of the previously de-
scribed urban indexes. These are the areas of the so-called housing estates built in the years
1958-1990. Therefore, in the analysis of the building age, the buildings were divided, and
then the quarters of buildings were divided into three groups: those built before 1958, in
the years 1958-1990, and after 1990. The relationships between the age of buildings and the
indicators have been described and commented on in more detail in the results of the study.

4. Results
4.1. Study of the Correlation between the Values of Urban Indexes and Transect Zones

As a result of the algorithm, module 17 created a layer containing information on
the values of selected urban indexes assumed in each individual area. The graphic image
of this layer can be five diagrams, each showing the spatial distribution of a different
indicator. Their juxtaposition allows drawing preliminary conclusions as to the values of
indicators that should characterize individual transect zones (module 18). Additionally,
using the same tools as in module 17, the values of indicators for selected test quarters
were calculated. In order to show the relationships between the indicators and to select the
optimal limit values of the indicators for individual zones, the obtained data is presented
in the diagrams below.

The ordinate axis (Figure 6) shows the values of the development density parameter,
while the abscissa is the percentage of building coverage. This is the “spacemate” chart
mentioned in chapter two [16-18]. It presents directly the values of these urban indexes for
selected test quarters and enables the examination of the form of development indirectly
in relation to the density of buildings. The individual areas on the chart correspond to
different morphological types, thanks to which “spacemate” enables the comparison of
selected quarters of buildings with a similar density of development, but with different
typologies. In carrying out their research, Berghauser and Haupt revealed the relationship
between urban features, i.e., higher surface area and building density parameters, and
its form. Additionally, lines were drawn from point 0.0 showing the average weighted
number of stories of buildings. The lines that divide buildings into height types adopted in
the Polish construction law [50] are marked in red, namely:
low-rise buildings—up to 12 m high, corresponding to an average of four stories,
medium-high buildings—12-25 m /4-8 stories,
tall buildings—25-55 m/8-18 stories,
high-rise buildings—over 55 m, i.e., over 18 stories.

Such relationships can also be read from the chart above for the test quarters in
Warsaw. Identified individual typologies of buildings are captured in Figure 7. After their
identification, there was also a noticeable relationship between the distribution of individual
types of buildings in the spacemate matrix and their assignment to transect zones.
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Figure 7. Distribution of INT and %PZ index values for test quarters with building types assigned.
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The tall freestanding towers with a higher percentage of land cover are located in
the highest intensity areas—mainly located in the central part of the city. These are the
quarters that will belong to the highest zones in the transect or the urban profile, i.e., to
the T6 zone—called by the author of the article the high urban development zone or to the
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Téw zone—the high-rise building zone. Another type of development is mainly point or
linear residential development, characterized by a high number of stories and a low rate of
density and coverage. It is the type of building that includes the so-called housing estates
built in the years 1958-1989. In terms of urban planning, these quarters will belong to the
amorphous zones 54 or S-—low or high housing estate development zones. The former is
characterized by a lower number of stories, with density and coverage values similar to the
first type.

Another typology of buildings is described as quarter buildings, characterized by
the fact that the quarter is filled around its perimeter. Within this typology of buildings,
the division should be made not only in terms of the average number of stories char-
acterizing the development but also by the period of its construction. In this way, two
basic zones have been distinguished—T4—urban development zone, T5—intensive urban
development zone and historical subzones—T4h or T5h, which, due to historical reasons,
are characterized by a high degree of coverage in the quarter—these are quarters with
predominantly tenement houses.

The T3 zone is one of organized low-rise development, which is characterized by
mostly semi-detached, terraced houses and city villas organized in larger layouts. In a
number of amorphous zones, similar development parameters will be shown in the S3
zone—a low-scattered development zone, in which there are similar types of buildings, but
their mutual arrangement in space proves a certain design defect. In this zone, there are
areas with the so-called row houses, built on long, narrow strips of land, which are most
often built in the peripheral areas of the city, away from other similar building structures
and most often adjacent to arable fields.

Zone T2 is a zone of extensive low-rise buildings, mainly consisting of single-family
detached or semi-detached houses. Similar parameter values as the T2 zone will be demon-
strated by buildings in the S2 zone—known as the habitat or loose development zone, in
which typical residential buildings are mixed with the remaining habitats in the areas. The
zones of this development are located on the outskirts of the city and over time they are
gradually transformed into more intensively developed morphological zones. The zones
with the lowest index are the natural green zones—T1 or the S1 zone—the utility green
zone of allotments.

For the sake of clarity of the above reading, a simplified diagram of the distribution
of transect zones in the spacemate matrix for test quarters is presented below (Figure 8).
It can be noticed that the lower boundaries of the transect zones were not marked on the
lines marking the height of buildings, but were lowered in relation to them. This is due to
the fact that these lines represent the weighted average number of stories in quarters, so if
a quarter has different numbers of stories for individual buildings, and the entire quarter
typologically shows the features of a given transect zone, the reduced value of the number
of stories index alone will not cause an erroneous assignment of this quarter to the lower
zone. It should also be noted that the boundaries between individual zones in this graph
are not rigid and may change depending on a larger number of tested samples.

All the zones described above have been ranked and placed in the list of transect
zones. This represents the results of module 18 from the algorithm in a graphic and
understandable way, even for people who do not specialize in urban planning. For each
zone, aerial photos are presented with an example of such a zone in the area of Warsaw
with respective values of urban indexes characterizing the given zones (Figure 9). On this
basis, it was possible not only to arrange the morphological types of buildings, but also
to further the operation of the algorithm, and attempt to describe the city structure by
breaking it down into transect zones.

4.2. The Spatial Structure of Ursynow in Transect Zones

The main aim of the article was an attempt to describe a selected part of the city
by means of transect zones with the use of geographic information systems tools. Thus,
initially, diagrams showing the spatial distribution of individual urban indexes for the
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study area were presented (Figure 10a—e). The following diagrams in full resolution have
been attached to the article in the Attachments chapter.
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Figure 8. Distribution of building types in individual transect zones. Source: own study.

The result of applying the algorithm (modules 19 and 20) is a map showing the spatial
distribution of transect zones on the selected part of the city (Figure 11 and Appendix A).
Looking at the values of urban indicators for individual quarters of development, it can
be noticed that they are justified by the previously discussed relationship between the
values of the indexes and the typology of buildings. Housing estates, otherwise known as
concrete-block, or in foreign sources park estates, are characterized by low values for land
coverage and density, with a high average number of stories and a high maximum number
of stories in its quarter. For this part of the city, it is a typical type of development, as this
development is part of a larger layout for the whole of Ursynéw, which was created on the
basis of the competition design from 1971. These estates are also characterized by a large
share of open spaces, free of buildings, arranged mainly as green areas between buildings
and parking lots located mainly around the perimeter of the quarters. These quarters of
buildings, on the basis of the indicators obtained therein and the typology of buildings,
were assigned to zones 54 and S5. On the outskirts of the selected part of the city, there are
quarters of buildings characterized by similar values of the average number of stories, but
much higher values of the land coverage index and building density. These quarters include
quarter development typical for zones T4 and T5. This development was built relatively
recently and is characterized by the presence of services on the ground floors, and it is also
more compact, compared to the older “park” housing estate development. The gradation
of the present forms of development changes with the distance to the Vistula escarpment.
Along Jana Rosota Street there is a strip of T5 quarter buildings with an admixture of the T4
zone. Behind this strip, towards the east, predominate the lower quarter T3 development,
single quarters of T4 development, and single quarters of extensive low T2 development.
These development zones are also located in the northern part of the study area, between
Nowoursynowska Street, Dolinka Stuzewiecka, and the Vistula escarpment.
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Figure 9. Transect cross-sections for the structure of the city of Warsaw. Source
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5. Conclusions

The aforementioned example shows, the method of describing the city morphology
using the transect tool certainly works for smaller parts of the city, where the automatic
assignment of a building quarter to a particular transect zone can be easily verified by
a human. The larger the area to be analyzed, the smaller the possibilities of precise
verification of the algorithm’s operation. However, for this algorithm to work flawlessly, it
is essential that the input data is informative and complete. Therefore, while building the
algorithm, considerable emphasis was placed on the collection, ordering, and verification
of input data.

The key Issue was the possibility of introducing automation for certain tools used by
urban planners through the use of geographic information systems. Thanks to this, it was
possible to calculate the value of several indexes for many quarters in a relatively short
time. A similarly short time was allocated to assigning individual quarters of development
to the respective transect zones based on the values of selected urban indexes. It was
possible thanks to iterating over the rows in the table of attributes of the calculation layer
and assigning them the appropriate target.

Each introduced possibility of making calculations simultaneously on many objects
significantly accelerates the performance of urban analyses for larger areas. Moreover,
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combining several geoprocessing tools into one larger one makes it possible to re-use it in
the future without building it from scratch. Therefore, while the idea of how the algorithm
should work and its construction may seem time-consuming, the possibility of its repeated
use in the same or another part of the city makes the final average time of performing a
single analysis shorter than in the case of traditional calculation of indicators for every
single quarter separately. This algorithm will also be used in the author’s further work on
the description of the geographical morphology of the city of Warsaw.

The algorithm will be described in more detail in the author’s next article, describing
the technical aspects of building a tool for describing the city structure using the rural-
to-urban transect profile. In addition to describing this algorithm, more emphasis will
be placed on assessing its effectiveness and accuracy in several parts of various cities in
Poland. This is aimed at a deeper assessment of the tool’s effectiveness and to show other
possibilities of its use.

Since open-source data on land coverage (BDOT10k and OSM), which is available
for every city in Poland, was used for its construction, one can assume it can be used to
describe the spatial structure of other cities. Therefore, the algorithm developed in this
study should also be checked on fragments of other cities, in order to show its full potential
for use in carrying out analyses of building morphology. When using this algorithm for
other cities, the buildings of which may have different values of indicators for individual
types of buildings than those assigned to the test quarters in Warsaw, the critical stage will
be the verification of the adopted limit values. This stage is located between modules 19
and 18 in the algorithm. It allows for changes in the assumed parameters to be able to
assign the building quarter to the appropriate transect zone as accurately as possible. An
example of such verification of indexes may be the limitation of the number of transect
zones when smaller cities do not have all the typologies of buildings in their structure that
exist within Warsaw. Then the algorithm may omit, e.g., determining the highest zones
T6, Téw, S6. Another example of introducing a change at the verification stage may be
the change of the limit values for individual parameters because the buildings similarly
described as quarter buildings in other urban structures may have lower indicators than
the same type of buildings in Warsaw.

To sum up, the use of geoprocessing tools, including automation tools, significantly
facilitates the work on urban analyses in the long term, while this is often still performed
using traditional computational methods. The use of the constructed algorithm could be
used not only for scientific purposes to describe the spatial structure of the city but also
in practical work, when performing urban analyses at the diagnostic stage of preparing
local spatial development plans or when checking the urban parameters of the neighboring
buildings when issuing decisions on building development conditions.

In the literature, examples of urban indicators or object-oriented programming for
research on the structuring of space have been found [50]. However, there is a lack of
similar research on combining the transect and spacemate methods, especially to describe
the city structure or the dynamically changing city landscape, which may be a novelty
in urban planning and the parameterization of the transect itself using GIS systems. The
proposed spatial description tool also enables the assessment of how the landscape of
a selected part of the city has changed over the years. It is crucial when assessing the
dynamics of a city’s development or creating a policy of its development caused by various
factors, e.g., environmental or economic.
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