Urban Sprawl Metrics (USM) Toolset - User Manual for QGIS
First edition, 23 August 2023

Parnian Pourtaheriane, Naghmeh Nazarniae, Christian Schwickpc, Yves Maurerd, Joel Schwalbe,

Jochen A.G. Jaegera*

a Concordia University Montreal, Department of Geography, Planning and Environment, 1455 De Maisonneuve Blvd. West,
Suite H1255, Montreal, QC, H3G 1M8, Canada

b Die Geographen schwick+spichtig, Turbinenstrasse 60, CH-8005 Zurich, Switzerland

¢ Swiss Federal Research Institute WSL, Z0rcherstrasse 111, CH-8903 Birmensdorf, Switzerland

dSwiss Federal Office for Spatial Development (ARE), CH-3003 Bern, Switzerland

e |nstitute for Software (IFS), Ostschweizer Fachhochschule OST, Oberseestrasse 10, CH-8640 Rapperswil, Switzerland

* Primary contact, jochen.jaeger@concordia.ca

The Urban Sprawl Metrics (USM) Toolset is a geographic information system (GIS) toolset and was developed
using Python and C+ languages. This tool is freely available under the Creative Commons Licence'! and can
be downloaded from the Institute for Software (IFS), Geometa Lab2 GitLab (www.gitlab.com/geometalab/
usm_toolset/usm_calculator) as well as from Spectrum, Concordia University's open access research
repository (spectrum.library.concordia.ca) or can be accessed direclly on the QGIS Repository
(https://plugins.qgis.org/plugins/usm_calculator-main/). Two versions are currently available, one for QGIS
and one for ArcGlIS version 10.1 (ESRI, 2010) or higher. This User Manual is for the QGIS version.

i
5 i

Fig. 1: Example of a landscape from Switzerland that includes built-up areas (close to Zurich). The USM Toolset can be used to
measure the degree of urban sprawl of this landscape (photo: J. Jaeger, 2015).
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1. Infroduction

The USM Toolset was developed to facilitate the calculation of Weighted Urban Proliferation (WUP) and all
components of urban sprawl for landscapes that include built-up areas (e.qg., dispersion (DIS), land uptake
per person (LUP); Fig. 1). The Toolset is straightforward to use. The language of the user interface is English.
The Toolset requires three input data:

(1) the binary map of built-up areas (settlements areas and/or solitary buildings), in raster format;

(2) the geometry of reporting unit(s) (e.g., municipalities, districts, or a grid of a certain cell size) in
vector format; and

(3) the number of inhabitants and jobs for the reporting unit(s) (this information must be saved by the
user in the attribute table of the reporting unit(s) shapefile); and

(4) the share of settleable area for the reporting units to calculate WUPy (optional).

2. Important background information

A variety of definitions have been proposed in the literature in the last hundred years (Fig. 2). However, no
agreement about the main components has been achieved so far. Most importantly, the conceptual
diversity is caused by some attempts to define urban sprawl using its causes and consequences and
including them in the definition. However, it is advisable to differentiate the causes and consequences of
urban sprawl from the main phenomenon (Schwick et al. 2012).
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Fig. 2: Timeline of most common definitions of urban sprawl.

The metrics of Weighted Urban Proliferation (WUP) and Weighted Sprawl per Capita (WSPC) have three
components: PBA, DIS and LUP (or UD) (Fig. 3).
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Fig. 3: The three components of urban sprawl PBA, DIS, and LUP (Schwick et al. 2012).



The relationships between the metrics of Weighted Urban Proliferation (WUP) and Weighted Sprawl per
Capita (WSPC) and their three components: PBA, DIS and LUP (or UD) are illustrated in Fig. 4.
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Fig. 4: The relationships between the WUP metric (WUPs and WUPy) and the WSPC metric and their components DIS, PBA, and LUP
(EEA & FOEN 2016: 39). The DIS, PBA and UD (= 1/LUP) metrics are intfensive metrics. Areporting unit = area of the reporting unit (the
landscape studied); Awuit-up = size of built-up area in the reporting unit; Ninn+jobs = Number of inhabitants and jobs in the built-up
area of the reporting unit. The shapes of the weighting functions are shown in the boxes as indicated.

Users who already have sufficient knowledge of the definition of built-up areas and the metrics of urban
sprawl can continue reading in section 3 (installation of the USM Toolset). However, if the users do not yet
have adequate background knowledge, we highly recommend that they read this section carefully or the
paper by Jaeger and Schwick (2014) or the first part (sections 2.1 and 2.2) of Chapter 2 "Measurement of
urban sprawl, base data, and hypotheses about potential drivers” in the report "Urban sprawl in Europe” (EEA
& FOEN 2016) for more detailed information (Fig. 5), e.g., about the meaning of the values of WUP and DIS.

2.1 Definition of built-up areas

Built-up areas “may include various types of seftlement and buildings, ranging from places with urban
character to villages to separate single buildings in the open landscape. Generally, a built-up area is defined
as a surface covered by man-made structures. Roads and railways outside towns and cities are not included
in this definition, since they are not perceived to be part of urban sprawl (but rather contribute to landscape
fragmentation)" (EEA and FOEN, 2016, p. 47).

For the purpose of comparisons between different regions (or for one region between different points in
time), the definition of the built-up areas must be chosen in a precise and consistent way. For smaller regions,
usually there are more detailed datasets on 'built-up areas' available (e.g., data on the elements of urban




surface such as building footprints). However, for large areas, data on built-up areas do not usually include
such details of the urban surface. It should be noted that for a meaningful comparison between different
points in time, it is necessary to use the same delineation criteria of built-up area. Examples are given in
Nazarnia et al. (2016).
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Fig. 5: Chapter 2 of the report "Urban sprawl in Europe" (EEA and FOEN 20146) is highly recommended reading before using the
USM Toolset (a). A book about the WUP method and results for Switzerland is available in English and French (Schwick et al. 2012)
and German (Schwick et al. 2010) (b). A Practitioner's Infroduction to the WUP method is available in German (Schwick et al.
2011a) and French (Schwick ef al. 2011b) as a PDF online at http://www.wsl.ch/info/fokus/zersiedelung/index_FR (c).

2.2 Metrics of urban sprawl

Weighted Urban Proliferation (WUP) has three components: PBA, DIS and LUP (or UD) (Fig. 2). In addition, the
two metrics of TS and UP are defined here.

The proportion of built-up areas (PBA) is the proportion of the size of built-up areas to the size of the
landscape (reporting unit): PBA = Area of built-up area / Area of reporting unit.

Degree of urban dispersion (DIS) measures the dispersion of built-up areas based on the distances between
any two points within the built-up areas (Jaeger et al. 2010b). DIS is expressed in urban permeation units per
square meter of built-up area (UPU/m2). The more dispersed the built-up areas, the larger the value of DIS.
Therefore, more compact built-up areas have lower values of DIS than more dispersed built-up areas.

wi(DIS) is a weighting function for DIS which assumes values between 0.5 and 1.5 to give higher weights to
the more dispersed built-up areas and lower weights to less dispersed areas (Jaeger and Schwick 2014).

Total Sprawl (TS) is defined as the average sum of the weighted distances between all points in the urban
area and randomly chosen second points where each second point is not farther away from the first point
than the horizon of perception (HP). The value of TS is the product of DIS and the total amount of built-up
area (TS = DIS * Area of built-up area). To learn more about TS, see Jaeger et al. (2010b).



Utilization Density (UD) measures the number of people living and working per km2 of built-up area. The more
people and jobs are located in a built-up areq, the higher the land utilization as measured by utilization
density (UD). This metric is expressed in inhabitants and jobs per square kilometer of built-up areas
(inhabitants+jobs / km?2).

w2(UD) is a weighting function for UD which assumes values between 0 and 1 to give lower weights to more
intensively utilized urban areas, i.e., those that have more inhabitants and jobs. The value of w2 (UD) is close to
1 when there are less than 40, and close to 0 when there are more than 100 inhabitants and jobs per hectare
of built-up area (Jaeger and Schwick 2014).

Land Uptake per person (LUP) is the area of land that is used per inhabitant or job within the built-up areas
and expressed in square meters per inhabitant or job (m?/(inh. or job)) (LUP = Area of built-up areas/Number
of inhabitants and jobs). High LUP values indicate that more space is used per inhabitant or workplace
compared to areas where LUP values are lower. LUP is in fact the reciprocal of UD: LUP = 1/UD.

Urban Permeation (UP) is a measure of the permeation of a landscape by built-up areas. It accounts for the
DIS and PBA and is expressed in urban permeation units per m2 of landscape (UPU/m2): UP = PBA -DIS.

Weighted Urban Proliferation (WUP) is the main metric used to quantify urban sprawl. It is the product of the
Urban Permeation (UP), the weighting of DIS (w:(DIS)) and the weighting of the UD (w2(UD)). WUP is
expressed in urban permeation units per square meter of landscape (UPU/m2): WUP = UP - w1 (DIS) - w2(LUP).
More detailed information about these metrics of urban sprawl can be found in Jaeger and Schwick (2014),
and in Jaeger et al. (2010b, p. 431, Fig. 4) regarding the cross-boundary connections (CBC) procedure.

Weighted Urban Proliferation of the settleable part of the study area (WUP»): Urban sprawl can be measured
with and without the inclusion of those areas that are noft suitable for the consfruction of buildings (called the
"unsettleable” or “irreclaimable areas”) of the study area. Examples of such types of areas considered as not
feasible for the construction of buildings are glaciers and perpetual snow, watercourses, lakes and other
water bodies, coastal lagoons, estuaries, inland marshes, and peat bogs. Areas in which the construction of
buildings is not permitted, could also be excluded, e.g., protected areas in Switzerland. Excluding the areas
not suitable for construction from the reporting units results in larger WUP values. WUP, can be calculated as
WUP, = (Areporfing unit / Asefﬂeoble) : (PBA . DIS) * Wi (D/S) WQ(LUP) = (Areporﬂng unit / Asetfleable) -WUP.
WUPy is expressed in urban permeation units per square meter of landscape (UPU/m2). More detailed
information can be found in Hennig et al. (2015: 492-494).

Weighted Sprawl per Capita (WSPC) measures the conftribution of each inhabitant or job to urban sprawl in
the reporting unit and is expressed in urban permeation units per inhabitant or job (UPU / (inh. or job)): WSPC
= (Area of reporting unit / Number of inhabitants and jobs) - WUP (Behnisch et al., 2022; Pourtaherian &
Jaeger, 2022).

While Shannon's entropy has been widely used for measuring urban sprawl in earlier studies, Nazarnia et al.
(2019) proved that it is not a suitable method for the assessment of urban sprawl since it does not comply
with the 13 suitability criteria infroduced by Jaeger et al. (2010b). The number of studies using the WUP
method and the USM toolset for the measurement and analysis of urban sprawl has increased since.
Pourtaherian and Jaeger (2022) used this method to analyze the degree to which greenbelts are effective at
mitigating urban sprawl, and Behnisch et al. (2022) measured urban sprawl globally fo reveal trends in urban
sprawl since 1990.



Tab. 1: Metrics for the measurement of urban sprawl and their associated equations and units

. . . Mathematical
Acronym Name of the metric Equation Unit homogeneity
H . . . 2
WUP Welgh’req Urban (PBA -DIS) -wi(DIS) UPU per m? of Intensive
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2.3 Choice of the Horizon of Perception

Calculation of the dispersion of built-up areas (DIS) and Weighted Urban proliferation (WUP) requires a
defined scale of analysis, which is specified by the Horizon of Perception (HP). The user can choose the size
of the HP between 0.2 and 10 km. However, the default value of HP in the USM Toolset is 2 km, and the
weighting function for the computation of weighted Dispersion (w1(DIS)) operates properly only when 2 km is
selected. The reason is that the weighting of DIS as a component of WUP was chosen for this scale of analysis
of urban sprawl based on expert opinion (see Jaeger and Schwick 2014 for details). If users are interested in
using a different value of HP they may need to consider modifying the weighting function equation
accordingly in the sivalues.exe tool (see section 3.1). However, working on the logic of suitable weighting
functions for HPs other than 2 km should be done in a cautious way and this remains future work.

2.4 Job data full-time equivalents

When it is possible to distinguish between part-time and full-time jobs, converting part-time jobs into full-fime
equivalents would lead tfo more accurate urban sprawl metrics results. This can be done using the average
number of weekly hours worked for each type of employment in a given country. By calculating a
conversion factor based on this data, part-time jobs can be converted into full-fime equivalents, which can
then be added to the number of full-time jobs to obtain the total number. In cases where part-time and full-
fime jobs are not provided separately, it may still be possible to estimate them using the percentage of part-
fime employment as a percentage of total employment, as seen in App. D in Pourtaherian and Jaeger
(2022) (Fig. 6).

City statistic Employment and unemployment
(urb) (Labour force survey) (employ)

The average numbers of
usual weekly hours of work
for part-time and full-time

Part-time employment
/ Total employment

Conversion
factor

Total number Part-time + Farttime - Total full-time
- . converted to full-time + .
of jobs full-time full-time equivalents

Fig. é: Job data preparation in the case that part-time and full-time jobs can be distinguished: An example of a data source (urb
and employ are European databases European Commission, Eurostat open source datasets).

2.5 City boundaries adjustment for comparison of cities of differing sizes (optional)

Because WUP is an intensive metric, it can be applied to, and compared between, landscapes irrespective
of their sizes. However, in some cases (e.g., Uppsala), the boundary of the city is located far from the built-up
areas, whereas in other cases (e.g., Glasgow), the boundary runs closely along the built-up areas. Such
differences convolute a fair comparison of the cities, because even when the population sizes and the
amounts and spatial arrangements of the built-up areas of two cities are the same, the PBA of the two cities
differs. In such a situation in which the sizes and patterns of built-up areas are similar in two cities, but their
boundaries and area sizes differ, the value of WUP will be lower for the landscape of the city whose



boundary is located farther away as a result of its lower PBA. Therefore, the boundaries can be rescaled to
make the cities comparable on an equal footing. In contrast, WSPC relates to the number of inhabitants and
jobs rather than the landscape and is not affected by changes in the boundaries.

For this purpose, Pourtaherian and Jaeger (2022) used the relationship between population size and the city
size (log-fransformed) by applying a linear regression to determine average city size as a function of
population size, which they called "adjusted city size” (Fig. 7). In the cases in which the adjusted city size was
greater than the original area, this step corresponds to adding some empty space with no built-up areas and
no population in it. Hence, the only component adjusted is PBA, while DIS and LUP remain the same. The
adjusted city size was larger than the size of the built-up areas in all 60 European cities they studied.
Consequently, none of the cities for which the area shrank due to the adjustment lost any built-up areas, i.e.,
its boundaries were simply drawn somewhat closer around the built-up areas, and population stayed the
same as well. The corresponding values of the metrics are referred to as adjusted PBA and adjusted WUP. This
adjustment is an interesting option for the comparison of cities.

City boundary

EHHE Adjusted city boundary

PBA — Adjusted PBA
WUP — Adjusted WUP

Fig. 7: llustration of city size adjustment. In case that the population size of the two cities is the same, their adjusted city size will be
the same.

3. Installation of the Urban Sprawl Metrics (USM) Toolset

The Urban Sprawl Metrics Toolset works with QGIS. No license is required for the installation of this Toolset.
Minimum requirements for the system (PC/laptop) on which the Toolset will be installed are:
(1) 4 GB or more Random Access Memory (RAM),
(2) 10 GB or more free space on the disc where the data files are stored,
(3) 10 GB or more free space on the disc where working directories (see section 4 for explanation on
working directories) will be stored.

3.1 Urban Sprawl Metrics Toolset archive

The USM Toolset is distributed as a “zip" archive called “usm_calculator-main.zip”. The toolset can be
downloaded from https://gitlab.com/geometalab/usm_toolset/usm_calculator/-
/archive/main/usm_calculator-main.zip or Concordia Spectrum.



3.2 Step by step installation guide

The installation of the USM Toolset can be done with the plugin manager.

Step 1: Download the “usm_calculator-main.zip” archive from

https://gitlab.com/geometalab/usm_toolset/usm_calculator/-/archive/main/usm_calculator-main.zip.

Step 2: Open the QGIS window.

Step 3: Click on the "Plugins” option in the Toolbar and from there open “*Manage and install plugins...” (Fig.

8).
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Fig. 8: Manage and install plugins in QGIS.

Step 4: Use the option “Install from ZIP" and use the previously downloaded zip File (Fig. 9).

(@ Plugins | Install from ZIP X
L All

F’!: Installed If you are provided with a zip package containing a plugin to install, please select the file below and dick the Znstal plugin button.

Please note for most users this function is not applicable, as the preferable way is to install plugins from a repository.

.

Not installed

3@ Upgradeable
ZIP file: |U:\GIS\INFOPLAN\Projekte_GISKZ\Anfragen_Intern_MY\USM\03_Toolset_QGIS\ORIG\usm_calculator-main.zip

t Install from ZIP

%k Settings Install Plugin /

Close Help

Fig. 9: Plugins-Install plugin from ZIP.
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Step 5: The set of processing algorithms should now appear in the processing tfoolbox (Fig. 10).

. P Toolb
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L LNC)S
2, All X Search \ Search
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15- Upgradeable V% GRASS 7 the plugin. Q Network analysis

Q@ Plots

@ Raster analysis
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@ Raster terrain analysis
@ Raster tools

@ Vector analysis

. v 2. LAStools You can change the sorting via the context menu (right click).
2% Install from ZIP V& MapTiler

* Settings

& MetaSearch Catalog Clier
\y OfflineEditing

% Processing

A Qgis2threejs

Vv & qgis2web
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3 QuickOSM @ Vector geometry
SentinelHub @ Vector overlay
vy SentinelHul @ Vector selection
% Shape Tools @ Vector table
1 STAC Browser @ vector tiles
/' Swiss Locator & GoAL
& GRASS
| T2 Quickosm
Vi an Sprawl Metric SAGA
s=—Mector Tileg Reade - [%F UsM-Toolset
XTFLog-Checker SM-Toolset
vé 9 Upgrade All | Uninstall Plugin Reinstall Plugin Reinstall Experimental % Calculate Weighted Urban Proliferation
% Explore Weighted Urban Proliferation

Close Help

Fig. 10: (a) Installed plugins, (b) Processing toolbox.

For more information regarding the operating instructions, please refer to the README file on GitLab.

4. How to use the Urban Sprawl Metrics Toolset

In the following sections, a step-by-step guide to use the USM Toolset is described. Users should consider
preparing their input data and working directories before using the USM Toolset. Users need to have two
working folders: (1) a ‘Directory’ folder and (2) an ‘Output’ folder. In the directory folder users should store
their input data. The two components of the directory folder should be (1) the binary map of built-up areass,
and (2) feature class or Shapefile of the reporting unit(s)/area of study. Users should keep the Output folder
empty because the outputs of the calculations will be sorted in this folder automatically. The default HP of
the USM Toolset is 2 km and the calculation of metrics of urban sprawl is based on weighting functions that
are appropriate for a horizon of perception of 2 km.

4.1. Calculate Weighted Urban Proliferation tool

The purpose of this tool is fo calculate the suite of metrics of urban sprawl (e.g., DIS, UP, UD, WUP). The input
data for the Metrics calculation tool are:

(1) the binary map of built-up areas in raster format (0 values for non-built-up areas and 1 value for built-up
areas), and

(2) the feature class or the shapefile of the reporting unit(s) which includes two fields in its attribute table:
reporting unit(s) identifier and number of inhabitants and jobs.

The output of the tool is a feature class within a GeoPackage (similar to the shapefile of the reporting unit(s))
that includes all the values of the urban sprawl metrics in its attribute table (see examples in section 5). The
file of the reporting unit and the Sl-raster will be stored in the output directory as well.

31f the data about built-up areas is in vector format, in order to convert the data to raster binary format, users should first convert
the feature class or Shapefile to a raster. The second step is to reclassify the output raster file to a binary file.
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4.1.1 How to use the Calculate Weighted Urban Proliferation tool

1.

From Processing Toolbox, select USM Toolset and click on the first tool (Calculate Weighted Urban
Proliferation) (Fig. 11).

From the 'Built-up area (Raster)’ bar skip to the directory folder, select the binary map of built-up areas,
and click on the ‘Open’ button.

From the '‘Reporting unit (Vector)' bar, skip to the directory folder, select the shapefile of reporting unit,
and click on the ‘Open’ button.

From the ‘Identifier’ drop down menu, select the field in which the ids of the reporting unit(s) is/are stored
(identifier can be numeric or string).

From the ‘Inhabitants’ drop-down menu, select the field in which the number(s) of inhabitants is/are
stored for the reporting unit(s).

. Similarly, from the ‘Employees’ drop-down menu, select the field in which the number(s) of employees

is/are stored for the reporting unit(s) if the data is available.

Note: When the data of inhabitants and jobs are combined in a single field (as in the examples in section
5), user should include this field in the ‘Inhabitants’ bar.

If applicable, choose the settleable portion of the study area from the 'Share of settleable area’ option.
To tailor to specific requirements, choose either the 'Directory’ or Temporary Directory' option from the
'Output folder' bar.

3 Calculate Weighted Urban Proliferation X

Parameters | Log Calculate Weighted Urban
Built-up area (Raster) Proliferation

e "Weigthed Urban
r, Schwick. The analysis

Reporting urit (Vector) e ban proliferation based
= on the e built-up area, the
inhabitants and s for one or more reporting
Identifier [optional] unit. Find more literature and test datasets here:
Inhabitants

Employees [optional]
Share of settable area [optional]

Output folder

0% Cancel

Advanced ~ | |Run as Batch Process... Run Close Help

Fig. 11: Calculate Weighted Urban Proliferation tool.

4.2 Recalculation (Explore Weighted urban Proliferation) tool

The Explore Weighted Urban Proliferation Tool allows users to recalculate WUP in different scenarios. After
initially calculating WUP using the first tool, users can swiftly modify aftribute table values and recalculate
WUP. This allows for rapid generation of new datasets, as DIS is read directly from the attribute table without
requiring recalculation (within 2 km).
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4.2.1 How to use the Recalculation (Explore Weighted Urban Proliferation) tool

"Explore WUP" allows users to recalculate, and to some degree “explore”, WUP in a fast way for situations in

which DIS is not changing, i.e., the built-up area is not changed. It can be applied to explore the effects of

densification or reductions in density: What happens if the number of inhabitants and jobs increases or

decreases in an areaq, in which the built-up area is not changing. (If the built-up area changes, DIS will need

to be recalculated, which will take more time.)

1. Modify the attribute table of the output obtained from the initial tool.

2. Access the Processing Toolbox and choose the USM Toolset. Locate and select the second tool (Explore
Weighted Urban Proliferation) (Fig. 12).

3. In the ‘Inputlayer (Vector or Table)’ section, navigate to the folder where you have saved the modified
shapefile or table. Select the file and click the 'Open’ button.

4. In the ‘Urban dispersion (DIS)' section, refrieve the dispersion value.

5. In the 'Settlement area’ drop-down menu, choose the 'settlement_area’ field that contains the recorded
area of built-up areas.

6. Recalculate WUP by following steps 5 to 8 from the previous section.

3 Explore Weighted Urban Proliferation X

Parameters | Log ! Explore Weighted Urban

Inputlayer (Vector or Table) Proliferation

The results from the
; ; . Urban Proliferatio
Urban dispersion (DIS) [optional] T,!E‘:;j:&f“f:x;gf”
e input val (
- the in ulated. In this way, changes
can be checked quickly.

Settlement area

Inhabitants [optional]

Employees [optional]

Share of settable area (SSA) [optional]

Output Folder

0%

Advanced ~ | |Run as Batch Process... Run Close Help

\ J

Fig. 12: Explore Weighted Urban Proliferation Tool

5. Examples of using the USM Toolset

In this section, you find six simple model and seven real landscapes and the results of applying the USM
Toolset to these landscapes. The files of all examples are available with this tool (on Concordia University's
Spectrum website) for users to practice. For each example, users should create two folders: (1) a directory
folder (e.g., Directory_ex1) and (2) an Output folder (e.g., Output_ex1). Copy and paste the relevant raster
file and shapefile of each example (e.g., example 1) into the directory folder. Then follow the steps
described in section 4.
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5.1 Six simple hypothetical model landscapes

Example 1: Area of built-up areas = 785,000 m2 (circle with a radius of 500 m), Area of the reporting unit = 3.14
km2, Number of inhabitants and jolbs = 2,600 people and jobs.

&
€ Expression

Oo

1/1 [o] %
Y Show All Features _

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 -

LV E D z =

1d
inhbjob
RU_id
DIS
settlement_area
WDIS
Lup
PBA

up

un
WuUD
Ts
WUP_a
WUP_b
WSPC

2600

28.130739449231818
785700
0.5092631011135808
302.1923076923077
0.25012917131577045
7.036318546936207
3309.1510754741
0.8937922939415252
22102321.98526144
3.202759357962054
NULL

3869.3977046917307

The value of Weighted Urban Proliferation for a landscape of size 3.14 km2 and with 785,000 m?2 of built-up

areas and 2,600 inhabitants and jobs is 3.2 UPU/m?2. The value of WSPC is 3869.4 UPU/(inhb. or job). Increasing
the number of inhabitants and jobs for the same theoretic landscape will decrease the WUP value. See the

next example for details.

Example 2: Area of the built-up areas = 785,000 m2 (circle with a radius of 500 m), Area of the reporting unit =
3.14 km2, Number of inhabitants and jobs = 12,000 people and jobs.

&

€ Expression

Oo

1/1 <

Y Show All Features _

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 -

A e %

Id
inhbjob
RU_id
DIS
settlement_area
WDIS
Lup
PBA

up

up
WUuD
TS
WUP_a
WUP_b
WSPC

12000

28.130739449231818
785700
0.5092631011135808
65.475
0.25012917131577045
7.036318546936207
15273.004963726615
0.00545766747253473
22102321.98526144
0.019556663990939818
NULL

5.119245260642863

The only difference between the theoretic landscape shown in this example and example 1 is the number of
inhabitants and jolbs (12,000 versus 2,600 people and jobs). In this example, the higher number of inhabitants
and jobs resulted in a higher value of Utilization Density, and therefore, in a lower value of WUP (0.02 UPU/m?2).

The value of WSPC is 5.12 UPU/(inhb. or job).
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Example 3: Area of built-up areas = 785,000 m2 (circle with a radius of 500 m), Area of the reporting unit = 3.14
km2, Number of inhabitants and jobs = 0 people and jobs.

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 Ll a X
& LTS K PE = e
£, Expression .
Oo d 0
inhbjob 0
RU_id
DIS 28.130739449231818

settlement_area 785700

WDIS 0.5092631011135808
Lup -1

PBA 0.25012917131577045
up 7.036318546936207
up 0

WUuD 0.9846171555600075
Ts 22102321.98526144
WUP_3 3.528215481779602
WUP_b NULL

WSPC NULL

1/1 9 & 4
Y Show All Features

In this example, the number if inhabitants and jobs is zero and therefore the value of UD is zero indicating
that the built-up area is not utilized at all. The value of -1 for LUP indicates an undefined value, because LUP is
the result of a division of the area of built-up areas by the number of inhabitants, which is infinity when there
are no inhabitants and no jobs. The value of WSPC also is infinity.

Example 4: Area of built-up areas = 225 m2 (1 pixel size of 15 m x 15 m), Area of reporting unit = 3.14 km2,
Number of inhabitants and jobs = 2 people and jobs.

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - a X
g 5 T ® [P 2E S e
£ Expression .
O o d 0
inhbjob 2
RU_id 1
DIS 2.961048057335979

settlement_area 225

WDIS 0.5000056538244261

LuP 112.5

PBA 7.162920140772351e-05
up 0.00021209750767686727
ub 8888.888888888889

WuD 0.21568359854292682
TS 666.2358129005953
WUP_a 2.28732354884568e-05
WUP_b NULL

WSPC 35.92444061750949

1/1 9 & 0O
Y show All Features __

The smallest possible built-up area at any given resolution is one pixel. This will result in very low values of DIS
and WUP. The example shown here is for a pixel size of 15 m x 15 m. The value of WSPC is 35.92 UPU/(inhb. or
job).
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Example 5: Area of built-up areas = 900 m2 (1 pixel size of 30 m x 30 m), Area of reporting unit = 3.14 km?,
Number of inhabitants and jobs = 5 people and jobs.

/\ Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - m] X
\ / \ E 5T E @K PE =P e
/ £ Expression .
/ Oo d
\ . inhbjob 5
RU_id 1
\\ DIS 4.505968734695712
\ settlement_area 900
\/ WDIS 0.5000089102565465
Lup 180
PBA 0.00028651680563089403
up 0.0012910357681376967
un 5555.555555555556
WUuD 0.6797776149202001
TS 4055.3718612261405
WUP_a 0.0004388164274151934
WUP_b NULL
WSPC 275.68001381562925
1/1 ; & L
Y Show All Features

Increasing the size of the built-up area results in a higher value of UP and DIS and accordingly, in a higher
value of sprawl (0.00044 UPU/m2 in this example compared to 0.00002 UPU/m? in example 4). The value of
WSPC is 275.68 UPU/(inhb. or job).

Example 6: Area of built-up areas = 2,500 m2 (1 pixel size of 50 m x 50 m), Area of reporting unit = 3.14 km2,
Number of inhabitants and jobs = 14 people and jobs.

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - [m] X
& 5 T E &K PE E DS
£ Expression .
Oo d 0
L] ) inhbjob 14
RU_id 1
\ / DIS 6.057827835419359
settlement_area 2500
WDIS 0.500014070984667
Lup 178.57142857142858
PBA 0.0007958800156413722
up 0.0048213041124063
uo 5600
WuD 0.6738170028285332
TS 15144.569588548398
WUP_a 0.0016243840554530946
WUP_b NULL
WSPC 364.46270245541155
1/1 . XA e
Y Show All Features _ E

Similar to example 5, this example shows that a higher amount of built-up areas results in higher degree of
urban sprawl. In this example, the number of inhabitants and jobs was selected proportional to the size of the
built-up area to be comparable fo example 5 (LUP values in the two examples are very close). The value of
WSPC is 364.46 UPU/(inhb. or job).
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5.2 One example of an urban landscape from Canada

Example 7: Area of built-up areas = 27,506,925 m? (in 2011), Area of reporting unit = 74 km2 (borough of
Beauport in Quebec City, Quebec, Canada, 2011), Number of inhabitants and jobs = 91,569 people and
jobs; pixel size is 15 m x 15 m (see detailed information in Nazarnia et al. 2016).

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - m] X
E LT E® P PE = e
£ Expression .
O 1 Borough_nu 1
inhbjob 91569
DIS 48.32336969707012
settlement_area 27515925
WDIS 1.2812467034939339
Lup 300.49388985355307
PBA 0.3706022561135243
up 17.9087498327421
ub 3327.854687785346
WUD 0.8926987706674504
TS 1329662216.331854
WUP_a 20.483443465711336
WUP_b NULL
WSPC 16608.505488216655
1/1 [u] L
Y Show All Features _

Beauport is a northeastern suburb of Quebec City and is one of the oldest European-founded communities in
Canada. Between highly sprawled boroughs of Quebec City, the borough of Beauport is the third-least
sprawled area with WUP value of 20.48 UPU/m?2 and WSPC value of 16,608.5 UPU/(inhb. or job).
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5.3 Six European cities with and without greenbelts

The examples presented below are taken from the research conducted by Pourtaherian and Jaeger (2022).
These examples show the impact of greenbelts on urban sprawl, as measured by the USM toolset. The study
evaluates 60 European cities with and without greenbelts fo understand the extent of urban sprawl and the
effectiveness of greenbelts at mitigating it. For more detailed information on the study and its findings,
readers are encouraged fo refer to Pourtaherian and Jaeger's research paper and appendices.

Please note the following important points regarding the examples in this section:

1. The tool currently does not support ArcGIS native raster formats like OVR. However, you can use all raster
formats with the appropriate coordinate system and export them as GeoTIFF to perform calculations
seamlessly.

2. In some cases, the USM toolset may fail to execute due to inconsistencies in the geometry of reporting unit
shapefiles, such as overlapping lines. To resolve this, you can utilize the "fix geometry” tool in QGIS.

3. The examples provided in this section have already been modified and are compatible with the toolset.
However, if you are using the examples that accompany the USM toolset for ArcMap (Nazarnia et al.
2023), please be aware that those raster files are in OVR format, and the reporting units are the original
shapefiles downloaded from Eurostat without any geometry modifications. When using those examples,
you would first need to make the required corrections yourself.

Example 8, Coventry: Area of built-up areas = 48 km?2 (in 2015), Area of reportfing unit = 99 km? (City of
Coventry), Number of inhabitants and jobs = 475,614 people and jobs; pixel size is 20 m x 20 m.

& WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - o X
g AW PE =@ e
£, Expression
O coventry URAU_NAME Coventry
Country UK
InhJob 475614
Area_m2 98740617.45520001650
D 1
DIS 48.78017105497863
settlement_area 48382800
woIS 1.3033623755181396
LuP 101.72703074341798
PBA 0.4899980613892255
up 23.90223315332829
up 9830.22892432848
WuD 0.13375487266460462
Ts 2360121260.11882
WUP_a 4.1669018469070505
WUP_b NULL
WSPC 865.0764301282037
1/1

T show Al Features _

The greenbelt of Coventry is part of the West Midlands greenbelt and has been in place since 1982. In 2001,
three small areas were detached from the greenbelt to accommodate population growth, but the overall
extent of the greenbelt has remained untouched since then and accommodating housing needs while
keeping the greenbelt area intact has been effective in controlling urban sprawl.

WUP = 4.17 UPU/m2; WSPC = 865.08 UPU/(inhb. or job)
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Example 9, Vienna: Area of built-up areas = 170 km? (in 2015), Area of reporting unit = 413 km? (City of
Vienna), Number of inhabitants and jobs = 2,590,493 people and jobs; pixel size is 20 m x 20 m.

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - a X
J ] & BT E P PE S e
€ Expression .
O Vienna URAU_NAME Vienna
Country AT
InhJob 2590493
Area_m2 413266520.62300002575
D 1|5
DIS 48.99499922734952

settlement_area 169934400

WDIS 1.3131630926821225
Lup 65.59925079897918
PBA 0.41119808046335987
up 20.14664963458992
up 15244.07653776987
WUD 0.005554789767707529
TS 8325935796.700104
WUP_a 0.14695661122694328
WUP_b NULL

WSPC 23.444281611385914

1/1 (& & L[« >

Y Show All Features _ = | =

In 1995, the Vienna Greenbelt Masterplan was officially adopted, marking a pivotal moment in the city's
efforts to expand green space. The city fook decisive steps towards achieving this goal, and today, over 50%
of the city's area is covered by greenery. As a result of this inifiative, Vienna has a very low WUP value,
making it a model of sustainable urban development.

WUP = 0.15 UPU/m?2 WSPC = 23.44 UPU/(inhb. or job)
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Example 10, Munster: Area of built-up areas = 58 km2 (in 2015), Area of reporting unit = 304 km? (City of
Munster), Number of inhabitants and jolbs = 430,844 people and jobs; pixel size is 20 m x 20 m.

%’gk e e e S ETB | vunsTeR
gl > IS % NA 1

SREe GREEN POLICY

GREEN SYSTEM
OPEN-SPACE CONCEPT

GREEN SYSTEM

Oonn

BEDA

Fig. 13: Map of the "Green Policy Munster” (“Grinordnung Minster”).
Source: Stadt MUnster, n.d.; franslated from German by Pourtaherian
and Jaeger (2022).

@ WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - [m] X
J 3 2 PR R PE =2 8e
€ Expression .
I uncer URAU_NAME Munster
Country DE
InhJob 430844
Area_m2 303678353.61799997091
D 1]3])
DIS 47.21787964002896

settlement_area 57992400

'WDIS 1.2206030173432114
Lup 134.60185125010446
PBA 0.19096652530276595
up 9.017034407020548
uo 7429.318324470102
‘WUD 0.40224952458640095
TS 2738278163.2364154
WUP_a 4.427246523032923
‘WUP_b NULL

'WSPC 3120.523751458698

171 [ % L[ >

Y Show All Features

Munster has a Green Policy consisting of three green rings and seven green corridors that act as a
greenbelt for the city (Fig. 13). The Green Policy protects open spaces, leading fo more compact forms
of urban development and limiting urban sprawl.

WUP = 4.43 UPU/m?2 WSPC = 3,120.52 UPU/(inhb. or job)
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Example 11, Lyon: Area of built-up areas = 134 km2 (in 2015), Area of reporting unit = 220 km? (City of Lyon),

Number of inhabitants and jobs = 1,546,701 people and jobs; pixel size is 20 m x 20 m. Lyon does not have a

greenbelt.

J/ A
€ Expression

[ yon

1/1

¥ Show All Features _

€

*,

’0’ &

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0

LT E &P ? B
URAU_NAME Lyon
Country FR
InhJob 1546701
Area_m2 219778031.95100000501
o)
DIS 49.16128639379297

settlement_area
WDIS
Lup
PBA

up

up
WuD
5
WUP_a
WUP_b
WSPC

133645600
1.3204878009209167
86.40687501980021
0.6080935333415155
29.894660346815737
11573.153175263533
0.05036460160374694
6570189616.870297
1.9881695581470047
NULL

282.5083792372754

WUP = 1.99 UPU/m2; WSPC = 282.51 UPU/(inhb. or job)
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Example 12, Hamburg: Area of built-up areas = 283 km2 (in 2015), Area of reporting unit = 747 km2 (City of
Hamburg), Number of inhabitants and jobs = 2,561,708 people and jobs; pixel size is 20 m x 20 m. Hamburg
does not have a greenbelt.

Q WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - m] X
J 3 & LV E & D PE = &8
£ Expression .
O e URAU_NAME Hamburg
Country DE
InhJob 2561708
Area_m2 747130046.35099983215
D 1[5
DIS 48.71605310820936

settlement_area 283387200

WDIS 1.3003630465671354
Lup 110.6243178379425
PBA 0.37930103518661906
up 18.47804937415012
uD 9039.60376474308
WuD 0.2004623686361603
TS5 13805505885.386747
WUP_a 4.816744389142238
WUP_b NULL

WSPC 1404.8183706813013

1 / 1 W ‘:‘ V:' <« »

¥ Show All Features _ =

WUP = 4.82 UPU/m2 WSPC = 1,404.82 UPU/(inhb. or job)



Example 13, Lund: Area of built-up areas = 21 km2 (in 2015), Area of reporting unit = 443 km2 (City of Lund),
Number of inhabitants and jobs = 159,882 people and jobs; pixel size is 20 m x 20 m. Lund does not have a
greenbelt.

() WUP_Result_Layer — Features Total: 1, Filtered: 1, Selected: 0 - o X
g » T E DD ZE = 5

€, Expression

Eliond URAU_NAME Lund

Country SE

InhJob 159882

Area_m2 443053017.01999998093

D 1

DIS 46.23108861172155

settlement_area 20604800

WDIS 1.1585663448179762

Lup 128.87504534594262

PBA 0.046506398125016765
up 2.150041412729651
up 7759.454107780713
wuD 0.3546834431846251
TS 952582334.6268003
WUP_a 0.8835042632233676
WUP_b NULL

WSPC 2448.3008054110423

1/1
T Show Al Features _

WUP = 0.88 UPU/m2; WSPC = 2,448.3 UPU/(inhb. or job)

Comparing a sample of 30 cities with greenbelt with 30 cities without greenbelt, Pourtaherian and Jaeger
(2022) revealed that greenbelts were highly effective in mitigating urban sprawl. The proportion of cities in
which sprawl decreased was significantly higher in the group of cities with greenbelts, with 90% of these cities
experiencing a decrease, more than twice the proportion of cities without greenbelts. While some cities
without greenbelts also saw a decrease in urban sprawl, the average relative decrease was much stronger
in cities with greenbelts.

It is worth noting that the examples included in this User Manual do not capture the aforementioned
difference between cities with and without greenbelts, since (a) a single point in fime is presented here, and
(b) only a few examples are provided that are not representative of cities with and without greenbelts more
broadly.

We wish you good success with your own urban sprawl analysis!
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