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Abstract: The example illustrates an interesting application of data mining tasks using GIS software,
specifically colocation analysis of urban structures. This method assesses one set of point features as the
features of interest and another set as neighboring features. The analysis was applied to urban fabrics and
relaxation areas aggregated from green spaces and sports and leisure areas. The primary outcome is the
identification of clusters where urban fabrics and relaxation areas are significantly collocated. It also identifies
urban fabrics significantly isolated from green and relaxation areas. A Jupyter Notebook for ArcGIS Pro was
developed to facilitate the colocation analysis using Copernicus Urban Atlas data. This notebook includes
preprocessing data and colocation calculations for Katowice, with detailed text explanations accompanying the
Python code. The Jupyter Notebook can freely analyze other European functional urban areas or city cores.
The article also presents the results of colocation analysis in ten European cities, highlighting areas lacking
green spaces or where urban arrangements benefit residents” relaxation. Colocation analysis is emerging as a
valuable method for exploring urban patterns.

Keywords: geoinformatics; colocation; urban structure; land use; Urban Atlas

1. Introduction

The urban structure is important for the function of the town. It is also important for the
inhabitants’ everyday lives. In the towns, the number of facilities like schools, public buildings,
transport, shops, and green and blue areas like parks, sports, and water is important. Besides the
number of them and the areas, the spatial distribution in the town is also important. The distance and
accessibility from living areas influence satisfaction. The availability of green space is one of many
sub-factors in the lives of urban residents, which can then be generally expressed in terms of quality
of life. Often, the conditions of a place for the inhabitants to live in are labeled with the composite
term ‘liveability’ [1]. A good mixture of urban patterns supports the needs of inhabitants. For
example, the heterogeneous urban mixture supports inhabitants” walking and leisure-time physical
activities [2,3].

There are several advantages concerning the existence of green areas in the city. They enhance
mental health and social cohesion. Access to green spaces has been linked to reduced stress, improved
mood, and overall better mental health. Parks and green areas serve as communal spaces where
people can gather and foster community and social interaction [4]. The aesthetic and recreational
value exists. Green areas enhance the visual appeal of urban landscapes and provide spaces for
recreational activities, contributing to a higher quality of life [5]. Green areas improve air quality
because they help filter pollutants and produce oxygen, leading to cleaner air in urban environments.
Green spaces serve for temperature regulation [4]. They can mitigate the urban heat island effect by
providing shade and cooling through evapotranspiration, making cities more comfortable during hot
weather. The last benefit is economic. Green spaces can increase property values and attract
businesses and tourism, boosting the local economy.

Assessing green and leisure areas’ access, satisfaction, and distribution is challenging. While it
is possible to calculate the total area of green spaces, including parks and woodlands, two cities with
the same amount of green space can differ significantly in how these areas are distributed. A large
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green area located at the town’s edge may only be accessible to nearby residents, making it less
suitable for daily relaxation for other inhabitants of the town.

The investigation of urban structure has a long history. The Nature of Cities was written in 1945
and states the basic arrangements of cities by Harris and Ullman in 1945 [6]. The structure of towns
and cities is under fluent evolution. Nowadays, processing spatial data by geographical information
systems (GIS) opens the opportunity to process spatial data automatically. GIS software helps to find
new information and patterns in the city structure. A list of attempts can be found in the literature.
To assess street-network integration, building density, and land-use mixture, Ye and Nes proposed
the method of space syntax, space matrix, and mixed-use index (MXI) [7]. The authors evaluated
three new towns and one old town in the Netherlands, where the old town has a higher value land-
use mixture than the new towns. The MXI tool by Hoek quantifies the degree of land-use diversity
[8]. It works in detail with data about the gross floor area of retail, working places (offices, factories),
educational activities, and leisure activities (cinemas, ...) in each urban block.

The IPEN project (https://www.ipenproject.org) calculates the walkability index of cities by the
composition of four partial indexes: Connectivity index, Entropy index, Floor area ratio, and
Household density. So, the walkability positively depends on the level of entropy of land use and
heterogeneity [9].

A new opportunity exists to research spatial land use patterns using colocation analysis. The use
of this type of analysis is presented in this article. The base data is used from the Copernicus program
— project Urban Atlas. [10,11]. The Urban Atlas data are available across more than 780 European
functional urban areas. These data are used in several research projects [12-14].

2. Materials and Methods

2.1. Colocation Patterns in ArcGIS Pro

One type of data mining task is finding associations of co-occurring phenomena. The
associations can be found in the Market Basket Analysis (MBA), a data mining method. Source data
is a set of transactions with a list of co-occurring goods in the shopping basket. The transaction length
varies and depends on the number of goods customers buy. The idea of an MBA could be generalized
to other spheres, not only analyzing customers’ shopping behavior.

The spatial association of co-occurrence is not a frequent spatial analysis. One earlier idea is in
the article of Koperski and Han about the combination of spatial and non-spatial ante decent and
consequent in association rules concerning proximity to the beach and the house price [15]. The
spatial form of MBA or common spatial association analysis is not preset directly in GIS software.
The variant of MBA could be considered the colocation analysis.

A colocation pattern is defined as a subset of spatial features whose instances frequently occur
in each other’s proximity in a spatial domain [16]. The colocation analysis is one newer spatial
analysis in ArcGIS Pro 3. The tool Colocation Analysis belongs to the Spatial Statistics toolbox.
Colocation measures local spatial association patterns, or colocation, between two categories of point
features using the collocation quotient statistic [17].

Compared to MBA, which analyses transactions of many co-occurring phenomena, the tool for
colocation analysis in ArcGIS Pro software considers and evaluates only two categories. It means that
the first category is taken as the category of interest (red points), and the second is taken as the
neighboring category (blue points) in Figure 1. Colocation analysis finds out whether one category
tends to occur near another category (collocate) and how strong this tendency is by using the
collocation coefficient statistic. The delimitation of neighbors could be taken in three optional ways.
The first is K nearest neighbors, the second is the Distance band, and the third is Spatial Weight from the
Matrix File.
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Figure 1. The explanation for the tool of Colocation analysis in ArcGIS Pro Help [17].

The results are presented as a new point layer where each point receives the value of the
colocation quotient (LCLQ) with statistical evaluation of significance by p-value. Each point is finally
assigned into five groups: collocated significantly, collocated non-significantly, isolated significantly,
isolated non-significantly and undefined in the new point feature class. An expressive symbology is
assigned for the new result point layer (Figure 2). An important remark is that the colocation analysis
for the two investigated input layers is not symmetrical. The results differ when the two input layers
(Category of Interest and Neighboring Category) are switched. After switching, the first category is
evaluated as a neighbor of the second category, now the category of interest.

LCLO

Symbol 5 LCLQ Type Description
in
Y 5 Colocated - Local colocation quotient is greater than 1 with a p-value less
Significant than 0.05.
° i Colocated - Not Local colocation quotient is greater than 1 with a p-value
Significant greater than 0.05.
R Local colocation quotient is equal to or less than 1 with a p-
L] 2 Isolated - Significant
value less than 0.05
® % Isolated - Not Local colocation quotient is equal to or less than 1 with a p-
Significant value greater than 0.05.
The feature did not have any other features within its
@ 4 Undefined

neighborhood or bandwidth equal to 0.

Figure 2. Symbols and types of points for the result of colocation analysis [17].

2.2. Urban Atlas Data

The Urban Atlas is a joint initiative of the Directorate General REGIO and the European Union’s
Copernicus Land Monitoring Service. The Urban Atlas provides pan-European comparable land
cover and land use information for the selected Functional Urban Areas (FUAs) in Europe and the
United Kingdom. The European Urban Atlas was designed to compare the land use patterns in major
European cities and provide benchmarking for these cities [10].

The Urban Atlas Land Use comprises 27 land use classes distributed among five thematic
groups: Artificial surfaces, Agricultural areas, Natural and (semi)natural areas, Wetlands and Water.
Each of the 27 classes is assigned a 5-digit code in nomenclature to express the belonging class and
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level of hierarchy (Figure 3). The source data are publicly available in vector format in the geoDB
database. The shapes of the data are polygons with codes of land use types. The data structure and
mapping procedure are described in the Mapping Guide [18]. The data contains the whole area of
the Functional Urban Area (FUA) and the delimitation of the city core of the FUA. For the presented
research, only the Cores of cities were extracted. A delivery report and unified legend with assigned
colors for each land use accompany the data (Figure 3). The data used in the presented research are
from the latest version, where 2018 is the reference year.

‘,, - v oy ™ 11100: Continuous urban fabric (5.L.: > 80%)
l .- v 4 M| =8 11210: Discontinuous dense urban fabric (S.L.: 50% - 80%)
[ w R B 11220: Discontinuous medium density urban fabric (S.L.: 30% - 50%)
B 11230: Discontinuous low density urban fabric (S.L.: 10% - 30%)
11240: Discontinuous very low density urban fabric (S.L.: < 10%)
B 11300 Isolated structures
wm ™ 12100 Industrial, commercial, public, military and private units
B 12210: Fast transit roads and associated land
12220: Other roads and associated land
M 12230: Railways and associated land
12300: Port areas

12400: Airports
. BN 13100: Mineral extraction and dump sites
I 13300: Construction sites
B 13400: Land without current use.
14100: Green urban areas
14200: Sports and leisure facilities
21000: Arable land (annual crops)
22000: Permanent crops
23000: Pastures
24000: Complex and mixed cultivation patterns
25000: Orchards at the fringe of urban classes
B 31000: Forests
32000: Herbaceous vegetation associations
33000: Open spaces with little or no vegetation
40000: Wetlands
50000: Water

Figure 3. Categories and example Girona city in Spain from Urban Atlas.

2.3. Spatial Preprocessing and Analysis of Data

Colocation analysis works only with the point feature class. Urban Atlas uses polygon
representation. The necessary step for data preparation was converting a polygon layer of land use
to a point layer using the Feature To Point tool in ArcGIS Pro. The preferred position of the centroid
was inside each polygon. Each polygon of land use is represented by a centroid for the next
processing. The tool automatically copies the origin attribute data, like the code_2018 of land use, to
the output point layer.

The colocation analysis considers only two categories simultaneously. In the case of using Urban
Atlas data, several suitable combinations of pairs exist. Some combinations make no sense, like the
colocation of orchards and airports, because the categories are not frequent. The results of these types
of combinations bring no useful information for interpretation.

The Jupyter Notebook with Python code cells for ArcGIS Pro was used to automate the
processing. This Jupyter notebook labeled 1_colocation_analysis.ipynb was designed by Adam Toth in
his master’s thesis[19]. The notebook is freely accessible on GitHub
GISAdamToth/ArcGIS_Notebooks_thesis [20]. This notebook solves the data preparation and
automation of colocation analysis above Urban Atlas data with different parameters in detailed steps.
Text markdowns with textual explanations of partial steps accompany the Python code cells (Figure
4). The commands work with the Map window in ArcGIS Pro to show partial preprocessing results
and the final output layer of collocated or isolated points. Switching between the Notebook and Map
windows is possible after each important step.
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In [14]: neighbourhood = "DISTANCE_BAND"
distance = "806@ Meters"

Permutations are responsible for calculating p-value, which then determines if the local colocation quotient (LCLQ) Is statistically significant
or not. The more permutations the better precision of p-value. but longer time to compute. There are 5 options in the tool settings: 99, 199,
499, 999 and 9999 permutations. Let's choose 499 for this case.

Local weighting scheme is set o "GAUSSIAN" . There are 3 options you can choose from when setting local weighting scheme: Gaussian,
Bisquare and None. In the picture below from the esri documentation How Colocation Analysis works you can see how each scheme
assigns weights for neighbouring points based on their distance to the point of interest.

In [15]: permutations = 499
weighting = "GAUSS

Variable outfc contains the output layer name "ca ur_ab 268 g 499" which stands for: CA on the groups urban fabric and relax with
only A and B groups in the dataset, distance band of 800 m, Gaussian local weighting scheme and 499 permutations to calculate the p-
value.

In [16]: loutfc = "ca_ur_ab_88@ g 499"
Now you can run it.

In [17]: arcpy.stats.Colocationfnalysis(input_type, infoi, outfc,
field, None, cat_interest, None, Nene, None,
neigh_cat, neighbourhood, None, distance,
None, None, Mone, permutations, weighting, Mone)

Figure 4. Extract from 1_colocation_analysis.ipynb Jupyter Notebook [20].

The notebook is mainly prepared for one specific task: finding patterns of urban fabrics (building
blocks) and spaces for relaxing. The selected combination of two types is mainly considered the
colocation that could express the living conditions of inhabitants. The research question is to find in
which parts of the city are significantly collocated housing blocks (Category of Interest) with green
areas and sports and leisure activities (Neighboring Category) in suitable proximity. Parts of the city
where housing blocks are more significantly collocated with areas for relaxation are better for the
everyday living of inhabitants. The opposite situation is where building blocks are significantly
isolated from the area for relaxing spaces, which is worse for inhabitants. The step-by-step processing
of data is demonstrated in the example of Katowice conurbation in Poland from the Urban Atlas
dataset.

The urban fabric is divided into the Urban Atlas data into six categories according to the density
of urban fabric (Figure 3). Codes of all these categories start with code 11xxx (from Continuous urban
fabric - 11100 to Isolated structures - 11300). All polygons from these six categories are recoded
automatically to one new class of urban fabric in Jupyter Notebook using Python code. The next two
categories, Green urban areas (14100) and Sports and leisure facilities (14200) are recorded as the next
new class, labeled relax. Both new classes are stored in a new polygon feature layer urban_relax that
is subsequently converted to the point layers. This first part of the Notebook is about the
preprocessing of data.

The cordial is Python code cells that calculate Colocation analysis by calling
arcpy.stats.ColocationAnalysis() from arcpy library (Figure 4). The advantage is that the user can set and
change the input parameters in Python commands, such as distance band (400 meters), method
(Distance or K nearest neighbors), and set number of permutations. The analysis results are visible
directly in the Map window in ArcGIS Pro. In Katowice’s case, some bookmarks to interesting city
places have been prepared. The colocation analysis also produces a graph of the relationship between
the local colocation quotient and p-value for each explored point (Figure 5). The same point
symbology setting is used for isolated and collocated points, according to the legend in Figure 2.
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Relationship between Local Colocation Quotient and p-value
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Figure 5. Graph of relationship between LCLQ and p-value for Katowice for the distance 400m.

The next part of the Jupyter Notebook is the section where the results are generated with
different parameter settings like distance band, number of permutations, and the weighting scheme.
The local weighting scheme specifies the kernel type that will be used to provide the spatial
weighting. The kernel defines how each feature is related to other features within its neighborhood.
The options are Gaussian, Bisquare and none. Users can compare the resulting number of collocated
or isolated points depending on the values of parameters in the same city.

3. Results

The results could be evaluated in two ways. Firstly, by a total number of significantly collocated
and isolated points. An interesting part of the evaluation is exploring the localities in cities where
clusters of collocated or isolated points dominate.

3.1. Katowice City

Katowice, a city in Poland, has around 280 thousand inhabitants. From whole functional urban
areas, only the core was clipped. The core of the Katowice conurbation consists of several towns, like
Bytom, Zabrze Chorzow, Gliwice, Sosnoviec, Swietochlowice, Myslovice, Ruda Slaska, Tychy etc.
After merging categories into the urban fabric class and relax class, the inputs represent 11,745 for
urban fabric and 2,400 points for relax. The reasonable distance for walking is 400 meters [21,22]. The
base parameters for colocation analysis were: distance band = 400 m and permutation= 499 with
weighting scheme = Gaussian. The analysis results show that 601 points collocated significantly, 3,215
points collocated not significantly, 380 points isolated significantly, and 7,491 isolated not
significantly. For the next evaluation, the most interesting points are significant.

Collocated points prevail in the northwest towns, whereas the isolated points dominate mostly
on the outskirts and southeast of the conurbation. Detailed examples of Gliwice and Ruda Slaska are
in Figure 6. The city of Tychy in the south is somewhat independent in this respect, and it has both
collocated and isolated clusters.
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Figure 6. A cluster of significantly collocated dark brown points of the urban fabric with relax points
in a) the Gliwice and b) Ruda Slaska.

The significantly isolated are points near the central railway station in Katowice (Figure 7). There
are only several very small green areas. Exploring the clusters of significantly isolated buildings with
the origin land use classes helps to find the reason for the situation. In these localities, the buildings
are surrounded by polygons with class 12100 Industrial, commercial, public, military, and private units
(violet color) (Figure 7b). Considering base Urban Atlas land use classes is also important when
interpreting groups of isolated points of urban fabrics located on the outskirts. That case revealed
that classes like meadows or arable lands surrounded low-density urban fabrics. This situation of
isolated urban fabrics from green areas like parks is not crucial for people because another type of
green nature surrounds them.

® Colocated - Significant

) Colocated - Not Significant I 1:1100: Continuous Urban fabric (S.L. > 80%)
Isolated - Significant I 11210: Discontinuous Dense Urban Fabric (S.L.: 50% - 80%)
©® Isolated - Not Significant I 12100: Industrial, commercial, public, military and private units

I 12210: Fast transit reads and associated land
12220: Other roads and associated land
I 12230: Railways and associated land
14100: Green urban areas
14200: Sports and leisure facilities

relax

| urban fabric

(a) (b)
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Figure 7. Cluster of significantly isolated dark green points of the urban fabric with relax points in the
Katowice center near the railway station (a) Result with underlying urban_relax layer (b) Result with
underlying origin classes from Urban Atlas for the same extent.

Finally, the investigation of all clusters to find the number and localization were explored. The
clustering method DBSCAN (Density-based Clustering) from the Spatial Statistics toolbox was used
in ArcGIS Pro. The HDBSCAN variant of DBSCAN was used. This method, labeled Self-adjusting,
uses varying distances to separate clusters of varying densities from sparser noise [23]. This method
needs only one input parameter — the minimum number of features per cluster. The minimum was
set to 10 points in one cluster. The distance of points is not fixed in the process of clustering. All points
that are not assigned to any clusters are labeled as noise (grey color).

For the Katowice conurbation, 16 clusters of significantly collocated points exist. Surprisingly,
they are located in smaller towns like Gliwice, Bytom, Ruda Slaska, Zabrze and Sosnovies (Figure 8).
Directly in the Katowice, no cluster of significantly collocated points bigger than 10 exists. The 234
points were assigned as noise from the 601 total collocated points. The rest of the points crates 16

clusters.
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Figure 8. Localization of clusters of significantly collocated points of urban fabrics in Katowice
conurbation.

The clustering method HDBSCAN with an input parameter minimum of 10 points in the cluster
was applied to significantly isolated points. Two clusters of isolated points are identified directly in
Katowice. A total of 17 isolated clusters exist in conurbation. They comprise 356 points, where 24
points remain as noise points. Two clusters of isolated points are placed directly in Katowice. This
result correctly complemented the previous result of missing clusters of collocated points in the
Katowice center. It means that urban fabrics are more isolated from green areas and areas for sports
and leisure activities in Katowice than other towns in the conurbation.

3.2. Investigation of a Group of Similar Cities

The next investigation processes the set of cities using the same steps to find the applicability of
colocation analysis. Ten European cities were processed. The cores extracted from FUAs were taken.
The question is how they differ or are common in the results of colocation analysis. Ten cities were
chosen based on other investigations where the similarity based on frequent item sets of neighboring
of all categories was completed [24]. Based on frequent item sets, the previous investigation considers
all categories from Urban Atlas, contrary to the presented investigation of colocation, which only
includes two categories. The cities are Cambridge, Worcester, Cheltenham, Hasting, Lincoln
(England), Salzburg (Austria), Gouda (Netherlands), Stavanger (Norway), Bern and Basel
(Switzerland).
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(b) Worcester (c) Cheltenham

(f) Salzburg (g) Gouda (h) Stavanger (i) Bern (j) Basel

Figure 9. List of cities from one group found by frequent item set of neighbors [24].

The same parameters as Katowice conurbation were set for colocation analysis for each city. The
values were distance band = 400 m and permutation= 499 with weighting scheme = Gaussian. The same
parameter settings allow comparison of towns. The results are visible in Table 1. The number of
colocated points is smaller than isolated points except Basel. The number of collocated or isolated
points depends on the size of the town. These investigated towns are much smaller than the Katowice
conurbation. In comparing these ten towns, the span of points is in the interval from 2 to 48 for
significantly collocated. The span of significantly isolated points is from 0 to 96. The best situation is
in Basel, where there are no isolated points of urban fabrics from green areas and areas for sports and
leisure activities. So, Bern is a very livable town, according to that analysis. A detailed exploration of
each town detects the specific localization of clusters.

Table 1. Description of urban cores of cities and number of collocated and isolated points.

Number of Number of

City significantly significantly

collocated point isolated point
Cambridge 6 33
Worcester 8 36
Cheltenham 17 18
Lincoln 8 35
Hasting 15 21
Gouda 2 5
Stavanger 53 96
Bern 47 60
Basel 48 0
Salzburg 33 35

4. Discussion

The Jupyter Notebook for processing colocation is very helpful. Besides the text explanation and
step-by-step running, the variant parameter setting is possible. Moreover, the application for another
city from Urban Atlas is possible.

The setting of parameters has an obvious impact on results. Especially the increasing distance to
the relax areas produces a higher number of colocated points. Experimentally, the distances 400, 800
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and 1600 meters were set. Alternatively, two values of permutation 499 and 9999 were used.
Moreover, two weighting schemes were experimented with: Gaussian and Bisquare. All
combinations produce 12 results for one city. Multiple colocation analyses in the Python cycle were
run to make the influence of setting parameters visible. All new collocated layers were stored in the
separate map group layer. The results are presented in the table and chart in the Jupyter notebook
for the Katowice conurbation. The chart is in Figure 10.

There are three leaps in the number of points visible from the chart. The biggest one is related to
the change of the distance band. The greater the distance, the greater the number of significantly
collocated and isolated points. The increase from 400 to 800 meters produces nearly two times higher
values. An interesting fact connected to the distance band is that with the 400-meter distance band,
the number of colocated points is higher than isolated points, whereas with 800 and 1600 meters is
the reverse situation, the number of isolated points is higher than collocated.

The second leap is related to the type of local weighting scheme. When the Bisquare weighting
was applied, the number of points was greater than for the case of Gaussian weighting. The nature
of these weighting schemes causes this. The Gaussian curve has a steeper decline in the weight
assigned to neighboring points than Bisquare, which decreases the number of important
neighbouring points and the significance of the LCLQ.

The last and smallest leap in the chart is related to the number of permutations. The Esri tool
documentation says that with 499 and 9999 permutations, the smallest possible pseudo p-values are
0.004 and 0.0002, respectively, and all other pseudo p-values will be even multiples of this value [17].
Using more permutations leads to a more detailed, precise p-value, which causes a slight increase in
the number of collocated and isolated points. The experiment with the number of permutations
verifies it. Nevertheless, the longer time the calculation takes for more permutations.

W colocated
. isolated
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5000
3739 3799
8 4000
£ 3553 3615
o
k-]
@
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g 2631 2702
c
2435 2497
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Figure 10. Number of significantly colocated and isolated points according to the distance, weighting
and permutations (meanings of labels on X-axis: the first number is the distance in meters; g —
Gaussian, b — Bisquare, 499 or 9999 — number of permutation).

The results of the analyses also depend on the quality and detail of the underlying input data.
The Urban Atlas data has a relatively large mapping unit and may not affect smaller green spaces or
facilities for leisure sports activities. Including a class of Forests (31100) on the outskirts of cities could
also influence the result. However, since the data is converted to a point representation, the forested
areas would be converted to a single point - centroid - which may be at a greater distance than the
collocation distance set. Then, the forest area would not even be considered when searching the
surroundings.
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The improvement and increase of green areas are not easy tasks in cities. Despite its dense urban
fabric, it is hard to incorporate green areas in historical centers with medieval layouts. The initiatives
try to improve the situation. The Urban Blooms Project in Innsbruck aims to bring nature into
pedestrian zones and transform parts of Innsbruck’s old town into green oases with seating areas,
small meadows, and play spaces [25] .

Alternatively, another Urban Atlas data class could be used in colocation analysis. The presented
investigation is oriented to the livable cities from the point of view of residents. Potentially interesting
colocation could be found for these classes: 13100 - Mineral extraction and dump sites, 1330 —
Construction sites, 12100 — Industrial and commercial units or 13400 — Land without current use. It
could reveal spaces for the economic development of cities.
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