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Abstract: Planning for preparedness, in terms of multi-hazard disasters, involves testing the relevant
abilities to mitigate damage and build resilience, through the assessment of deterministic disaster
scenarios. Among risk-prone assets, open spaces (OSs) play a significant role in the characterization
of the built environment (BE) and represent the relevant urban portion on which to develop multi-risk
scenarios. The aim of this paper is to elaborate ideal scenarios—namely, Built Environment Typologies
(BETs)—for simulation-based risk assessment actions, considering the safety and resilience of BEs in
emergency conditions. The investigation is conducted through the GIS data collection of the common
characteristics of OSs (i.e., squares), identified through five parameters considered significant in
the scientific literature. These data were processed through a non-hierarchical cluster analysis. The
results of the cluster analysis identified five groups of OSs, characterized by specific morphological,
functional, and physical characteristics. Combining the outcomes of the cluster analysis with a
critical analysis, nine final BETs were identified. The resulting BETs were linked to characteristic
risk combinations, according to the analysed parameters. Thus, the multi-risk scenarios identified
through the statistical analysis lay the basis for future risk assessments of BEs, based on the peculiar
characteristics of Italian towns.
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1. Introduction
Disasters caused by natural hazards can trigger chains of multiple disastrous events
over different spatial and temporal scales. Multi-hazard and multi-risk assessments consider interactions between different risks, evaluating triggered events, cascade effects, and
the rapid increase of vulnerability during successive hazards [1]. As many regions of the
world become subject to multiple hazards [2], the number of people affected by them keeps
increasing. According to the report of the World Bank on the main hotspots of natural
hazards [3], about 3.8 million km2 and 790 million people in the world are relatively highly
exposed to at least two hazards, while about 0.5 million km2 and 105 million people are
exposed to three or more hazards. Climate change is likely to further increase the exposure
to multiple risks, affecting the magnitude, frequency, and spatial distribution of hazardous
and disastrous events [4]. The overlap of different risks refers to both sudden-onset disasters (SUOD) (e.g., earthquakes, hurricanes, floods) and slow-onset disasters (SLOD) (e.g.,
drought, pollution, heatwaves, epidemic diseases) [5–7].
As Kappes et al. stated in their review on multi-hazard risks, there is a clear need
to examine the frameworks employed in the field of risk management, along with the
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interactions between science and practice in terms of knowledge transfer and applicability
of results [8]. The challenges for the development of multi-hazard approaches are related
not only to the applicability of the results, but also to the link between risk assessment and
decision making. These joint topics are essential for the development of an appropriate
mechanism by which to communicate and transfer knowledge about the risks to various
stakeholders [9]. This is especially the case when considering the built environment (BE)
as a structured network of physical elements (e.g., open spaces, the facing built elements,
and the other artifacts included into them) and when hosting users exposed to different
risks [10–12]. Nevertheless, there remain barriers to the application of multi-risk assessments in the BE.
1.1. Built Environment and Multi-Risk Approach
As highlighted by Arosio, Martina, and Figueiredo, the approach to risk assessment
needs to be holistic, as “the whole is more than the sum of its parts” [13]. It calls for an
expansion of the current quantitative risk assessment paradigm, as well as measures to
frame the study of interlinked disasters. Several different approaches have been developed
in this research field, including the multilayer single hazard approach, in which the hazard
potential or risk from one particular physical phenomenon is considered in isolation. This
approach is one of the most common; however, it has shown limitations in considering
interactions [14]. Other approaches are based on standardization schemes, combining
distinct hazards through the use of indices and semi-quantitative approaches [8]; still
others use economic metrics such as monetary loss. Monte Carlo simulations represent the
dynamic evolution of risk and, hence, introduce the potential for evaluating extreme loss
events [15]. Approaches based on the simulation of evacuation behaviours can relate users
to risk assessment and the definition of risk mitigation strategies in BEs [16].
A key question is related to the continued growth of losses from natural disasters,
considering the increasing scientific knowledge on multi-risk approaches [2,17]. One
reason is the increasing value of assets exposed to hazards. Planning for preparedness
for multi-hazard disasters can test capabilities to mitigate damages and build resilience to
disasters, through the use of deterministic disaster scenarios. Even though such approaches
are often practical and useful, a limited number of scenarios cannot test the full spectrum
of possibilities of impacts and interactions [18]. To summarize, a multi-risk analysis is a
complex problem involving a variety of challenges. One of the most significant elements
to be considered is risk-prone assets [19], which represent the fundamental part of the
elaboration of risk scenarios. As defined by Schmidt et al. [19], “elements at risk or assets are
spatio-temporal phenomena, valued by human society, and under threat to be damaged by
hazards (i.e., buildings, streets, lifelines, people)”. These assets are defined by their location
and spatial extent, as well as by their exposure and vulnerability to specific hazards [19].
Among risk-prone assets, open spaces (OSs) have a significant role in the characterization of the BE and represent a decisive factor for risk assessment [12,20]. OSs are
directly connected with the exposure of the inhabitants, building vulnerability, and site
hazard level [21]. The classification of BEs depends on both the physical features of the BEs
themselves and social aspects. In fact, while the flexibility, redundancy, and modularity
of the BEs guarantee the organization of the strategic function, preparedness at the local
level increases the ability to absorb shocks [10]. Therefore, the effect of disasters is affected
by the presence of users combined with the features of the BEs, mainly referring to those
placed in urban areas, which are characterized by complex issues, such as the overall layout
of the urban fabric and user densities. The characteristics of OSs are common to national
and European contexts, mainly those related to BEs in urban and historical areas, which
are worth investigation as they are affected by risk-increasing exposure and vulnerability
conditions. Thus, the OS in a BE is a representative urban portion from which to develop
multi-risk scenarios.
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1.2. Towards the Idealization of the Built Environment
Several methods have been investigated in the scientific literature to face the problem
of multi-risk scenarios. Often, these studies have based their analysis on the same case
studies, including their peculiarities. Some of them have tried to elaborate the classification
of BEs, based on a specific risk [22] or regional surveys of OSs [23]. In their research,
Mandolesi and Ferrero [23] have investigated all the OSs in the Piceno area of the Marche
Region of Italy, defining recurring typologies of this type of BE.
Some recent studies have applied a similar methodology, working on the idealization
of the BE. Among them, we surely have to cite Zuccaro et al. [24,25], who conducted a
structural analysis on a territorial scale, and Morganti et al. [26,27], who considered energy
investigation in urban fabrics. These are deductive approaches, which start from real case
studies to idealize types. Zuccaro et al. [24,25] worked on the idealization of constructive
typologies, analysing some common parameters derived from the observation of damage
that had occurred during seismic events in the Italian territory. From this classification,
based on expert judgment, some construction types are derived to elaborate on a structural
analysis on a territorial scale. Morganti et al. [26,27] studied urban metrics related to solar
performance, as derived from eight basic variables which are widely common in urban
and building studies. Each metric gives information on some qualitative aspects of the
urban form, such as the shape of the buildings, the plot patterns, or the street network,
with the aim to idealize the urban fabric to be investigated. At the macro scale, similar
research has been performed using fast surveys. Other examples oriented towards risk
assessment and the application of simulation (mainly in SUODs such as floods) [16,28]
have been proposed in previous works, based on the analysis and classification of realworld scenarios into typical conditions through the use of quick assessment methods (e.g.,
geometric-based). Finally, recurring indoor built environment scenarios have also been
used in fire safety assessments, in order to test the capabilities of simulation models [29].
Such studies selected the case study format to elaborate the idealization of BEs in different
ways, according to the relevant parameters considered.
Given this correlation between the idealization of the BE and the multi-risk perspective,
such works have suggested that the parameters to be considered should be related both to
the specificities of the BE to be assessed and the risks affecting it. In particular, the present
work is part of an Italian PRIN (Projects of Relevant National Interest), entitled BE S2 ECURe
“(make) Built Environment Safer in Slow and Emergency Conditions through behavioUral
assessed/designed Resilient solutions” (grant number: 2017LR75XK), supported by MIUR
(the Italian Ministry of Education, University, and Research). The BE S2 ECURE project
is focused on some specific risks: for the SUODs (sudden-onset disasters), earthquakes
and terrorist attacks; for SLODs (slow-onset disasters), heatwaves and pollution. Thus, the
parameters considered in this work are related to these specific risks. Furthermore, this
project focuses on the OSs, in view of their aforementioned importance for the resilience
and safety of the BE, and, in particular, on areal spaces (i.e., squares), in the context of
Italian cities.
1.3. Work Aims and Research Approach
In view of the above, the aim of this work is to define typical scenarios, referring to
areal spaces (i.e., squares) as significant OSs in the BE [21], and considering the Italian
context as a reference. The characterization of these scenarios represents a significant step
from BEs to built environment typologies (BETs), where BETs represent the idealization of
common features of Italian OSs in BEs. This step allows for describing the open spaces at
risk under common and typical conditions for the SUODs and SLODs considered in the BE
S2 ECURe project, then recreating basic inputs for multi-risk assessment actions through
simulation-based methodologies [16,30,31].
According to the previous phases of the BE S2 ECURE project, nine parameters
emerged as significant to describe the BEs—according to their morphological, functional,
constructive, and physical features—and evaluable as relevant for the risk assessment [32].
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Those analyses were elaborated on the expert judgment and a statistical analysis developed
on a preliminary data set consisting of 133 squares of main Italian cities. Given the nine
input parameters, the final number of combinations was about 768 BE possibilities. This
large quantity would require a huge computational effort to detect models in the urban environment and, hence, to evaluate the performance of whole BEs under disasters. Deriving
from an uncritical combination, this high number of BEs does not yet represent a feasible
basis for the development of multi-risk scenarios.
Thus, in order to establish the more suitable definition of BETs, the analysis of a great
data set of OSs needed to be investigated. Hence, geographic information system (GIS)
technology was used. GIS represents a convenient digital system to collect and compare
spatial and geographical data, and has increasingly been used in spatial decision support
systems [33,34]. In the past few years, GIS has emerged as a powerful risk assessment
tool, in particular to assess risks from natural hazards. The information retrieved by
querying the GIS database can serve as input to risk assessment models. GIS can also be
used to acquire large amounts of data which, in this case, are useful in defining common
characteristics of OSs. Therefore, it was considered a tool that is appropriate to this type
of analysis.
Furthermore, to manage and investigate this large amount of data, a cluster analysis
appears to be a promising research tool. Standard clustering and classification methods
can be divided into two broad categories: supervised and unsupervised methods. In the
supervised classification, the analyst builds classes from training samples, which are later
used to classify new cases. The selection of the training samples can be based on data
collection or expert knowledge. Conversely, in the unsupervised classification case, no
ground truth is available, such that, in an explorative setting, the analyst needs to build
classes whose numbers are unknown. A cluster analysis includes methods of unsupervised
classification, which have been widely used in similar research fields. For example, in
the study of Paliaga et al. [35] a cluster analysis was used to build classes of catchments,
in terms of anthropogenic disturbance, in order to detect a possible link with flooding
frequency in a Mediterranean area. An unsupervised classification is particularly useful
when data or prior knowledge about the area under study are not available, as was the
case in the present study. As classes are not known, clustering offers great potential in
the process of data mining, in terms of discovering concepts, possibly within a concept
hierarchy. In the present study, a cluster analysis led to the classification of BETs, which will
be used in future steps of the BE S2 ECURE project, as the basis for risk scenario assessment
through simulation-based methods.
In view of the above, the paper structure is organized as follows. Section 2 provides
the methods for the parameters selection and characterization in real BEs according to large
open-access databases and then traces how to organize BETs basing on cluster analysis
techniques. Section 3 offers the cluster analysis results and then describes each of the
assessed BETs and their representation. Finally, Section 4 discusses the characterizing risks
for each BET in view of (multi) risk assessment purposes, and then traces the advances and
limitations of this work.
2. Materials and Methods
The methodology is structured in four main sections, following the scheme in
Figure 1. Section 2.1 presents the parameters selected to perform the cluster analysis
of the OSs in Italian BEs, according to the previous outcomes of the BE S2 ECURe research project. Section 2.2 describes the process applied to extract data from GIS databases
and provides the mathematical definition of each parameter to build the final data set.
Section 2.3 defines the cluster analysis methods used, as well as how the analysis was
performed and evaluated as meaningful. Finally, Section 2.4 illustrates the process for
defining BETs from the clusters identified, by introducing critical classes for each parameter
that allow for the description of the physical features of BETs.
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Figure 1. Representation of the methodology workflow: identification of databases, importing into GIS software, data query
concept, data extraction, descriptive statistical analysis of data, and cluster analysis for BETs identification.

2.1. Open Space Parameters for BET Definition
Following the outcomes of the BE S2 ECURe research project [32], the analysis for the
definition of BETs started from the parameters described in Table 1.
Table 1. Parameters used to define BETs, according to the BE S2 ECURe research project [32].
Parameter

Definition

P1

Morphology

Prevalent shape of the OS, in terms of compactness and regularity of the shape

P2

Height

Comparison between maximum height (Hmax) of the built fronts that define the OS
perimeter and OS minimum width (d2 )

P3

Structural type

Related to the presence of a built frontier along the OS perimeter

P4

Accesses

In terms of number compared to the perimeter of the OS

P5

Special building

Numbers of buildings with a special function, according to four categories: places of
worship, public buildings, education, and cultural and tourism attractions

P6

Construction technique

In terms of homogeneity of the construction technique, considering masonry as the
prevalent type

P7

Porches

Presence of porches along the perimeter of the OS (%)

P8

Slope

Presence of sloped ground, in terms of maximum difference in height

P9

Green

Presence of green space, in terms of percentage of green areas on the overall OS area

Selected parameters for fast analysis are highlighted in bold. Definitions of selected parameters for fast analysis have been elaborated,
according to the GIS database.

The nine parameters describe relevant characteristics of OSs prone to SLODs and
SUODs, considered in the context of the BE S2 ECURe project.
As for the other OSs in the urban built environment [36], P1 can be initially used
to describe the general plan configuration of the BE where people gather, act, and move,
just before and during both SLODs [37] and SUODs [10,12,38]. P1 is combined with P2 to
vertically shape the BE, and to P8 to give a complete overview of the main geometrical
issues of the BE, and concerning its ground plan [10]. Furthermore, the combination of
such data with P4 completes the connection of the BE into the urban fabric [10,39].
Concerning SLODs, P1 and P2 influence the possibility to have cool-shaded areas
and wind funnel-related effects, which have impacts on heat alleviation and pollutant
dilution [39–41]. In this sense, P2 also characterizes the urban canyon effects, where high
built fronts decrease the risk of solar radiant exposure of the OS, but wind flow might
be reduced. In addition, P4 concerns SLODs, as the permeability of the OS relates to
the ventilation of the space. Finally, depending on P8, the presence of a constant slope
represents an obstacle to good ventilation conditions and, thus, to pollutant transport
and/or dilution [42].
Regarding SUODs, P1 affects the spatial complexity of the BE and, above all, the
possible initial position of people in it (especially in the case of overcrowding conditions),
the possibility to have safe distances from specific buildings or intended functions (e.g.,
in the case of a terrorist act), and the spatial relationship between the BE parts in the
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evacuation layout [12,38,43–45]. These elements become relevant when combined with P4,
as also noticed in indoor SUODs (e.g., in case of a fire evacuation) [46] and other SUODs
affecting the urban environment (e.g., in case of flooding evacuation) [16]. In fact, P4
describes the presence of possible accesses to/exits from the considered BE and, thus, the
permeability of the OS, with respect to the surrounding urban fabric, as well as that of the
evacuation paths in it. Furthermore, in the case of a seismic event, P2 represents a critical
parameter for quick damage assessment based on façade overturning [47,48]. High built
fronts increase the probability that seismic-induced debris can make the OS unavailable,
especially in the case of narrowness of the OS, thus increasing overcrowding conditions
during post-earthquake evacuation [49]. Finally, P8 also affects the evacuation process, as
height differences in the OS (including stairs) can limit both the motion and speed of users
while moving either upstairs or downstairs, as pointed out by consolidated approaches to
the evacuation analysis [50].
P3 describes the presence of the built fronts in the OS perimeter. Regarding SLODs, the
presence of built fronts (combined with their structural type and the related morphological
issues) and/or open sides could increase or decrease the heat concentration, depending on
the orientation of the BE’s sides and the position of the sun [37,40]. Concerning SUODs,
built fronts could increase the probability of damage scenarios, in both terrorist acts (e.g.,
in case of an explosion) and seismic events, while a free side of an OS represents physical
boundaries reducing the number of possible evacuation roads [48,49].
P5 relates to functional issues in BEs. Considering SUODs, the presence of special
buildings attracting visitors (including tourists) could represent special targets for terrorist
acts, increasing the exposure for people hosted in the BE [22]. Concerning SLODs, special
buildings can increase the exposure, in terms of numbers and types of people with possible
health fragilities and risky conditions of overcrowding [51].
P6 refers to constructive issues of the BE. Regarding SUODs, it affects the structural
performance of the built fronts and the disaster-affected damage in the case of both seismic
events and terrorist acts (e.g., explosions) [44,48]. Conversely, this parameter may have
limited influence on SLODs, due to the typological surface materials related to the specific
constructive types of the built elements [52,53]. Similarly, P7 relates to SUODs, as it represents significant structural weakness in the global behaviour of the built fronts. Meanwhile,
concerning SLODs, P7 represents places with low levels of heat concentration (shaded
space) and wind velocity (obstructed wind flow).
Finally, P9 enriches the spatial description of the OSs, which can affect the motion of
people before and during an emergency scenario [10]. As far as SUODs, green areas may
be used as a refuge or temporary shelter. In the case of a seismic event, people seem to be
attracted by trees and street furniture during the shake, in order to gain stability [54]; in the
case of a terrorist act, people can move toward a green area as a barrier against the source
of the attack (e.g., explosion, shots) [44]. At the same time, green areas could represent
obstacles to evacuation, depending on their positions in the OSs and their dimensions,
as has also been reported in general studies on evacuation in the built environments [55].
Concerning SLODs, the green areas have a mitigating role in the increase of temperature
and provide shaded areas [37,56,57]. Similarly, the green infrastructure increases the
adsorption capabilities of air pollutants. The size and location of green areas can affect the
impact on SLODs, for instance, large green elements may result in wind obstruction.
The nine parameters have been divided into fast and detailed categories, according
to the principle of quick collecting methods to assess BE risk scenarios. Parameters for a
fast analysis include data already available at a wide scale (i.e., GIS data), and suitable for
accomplishing a fast statistical analysis; meanwhile, parameters in the detailed analysis
category consist of data that need direct surveys to be collected.

•
•

Parameters for a fast analysis (morphological, geometric, and functional characteristics): P1, P2, P4, P5, P8, and P9;
Parameters for a detailed analysis (constructive characteristics): P3, P6, and P7.
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As highlighted by Quagliarini et al. [22], sources of data that are easily available are
preferred, in order to avoid costly in situ surveys, and permit the reproduction of the
workflow by non-expert technicians. In this specific case, the detailed parameters are not
secondary for the BE analysis, but need to be investigated through in situ surveys, as no
reliable database for these data is available. Parameters for the detailed analysis are not
included in the present study but could be further considered as additional attributes to
deeply characterize the case studies.
Therefore, the analysis performed in this paper is based on five parameters for a fast
analysis. As described in Table 1, the definitions of the parameters have been elaborated,
according to the data which are extractable from GIS databases.
2.2. GIS Databases and Parameter Extraction
Among the many available databases, the authors selected two specific databases
containing information related to the description of the BETs, according to the parameters
identified for the analysis (Table 2).
Table 2. Databases selected and available information.
Database

Type of Database

Information

OpenStreetMaps (OSM) 1

Open

Identification of squares; Function of building in
OS perimeter; Identification of streets;
Identification of green spaces

Edificato dei capoluoghi di provincia
(Buildings of the capitals of the provinces)
—Ministero Ambiente (MinAmb) 2

Official

Height of buildings that define the OS perimeter;
Height above sea level

1 www.openstreetmap.org (accessed on 7 January 2021); 2 http://www.pcn.minambiente.it/geoportal/catalog/search/resource/details.
page?uuid=m_amte%3A299FN3%3A24d2c4ab-0036-4be0-c803-f1eded63c3fb (accessed on 7 January 2021).

OpenStreetMap (OSM) is a collaborative project to create an open-content license map
of global geodata. The creation and growth of OSM have been motivated by restrictions
on the use or availability of map data across much of the world, as well as the advent of
inexpensive portable satellite navigation devices. Despite the growing amount of data in
OSM, an additional official structured database—that of the Italian Ministry of Environment
(MinAmb)—was necessary for this research.
GIS software is characterized by the possibility to interrogate a source of data in a
spatial context, in order to obtain specific answers. These questions (called queries) are sets
of commands and rules that are used to browse a database.
According to the ArcGIS dictionary [58], a query is a request that examines features or
attributes to display those records that satisfy user-selected criteria. In the GIS environment,
queries are divided into attribute queries and location/spatial queries. Attribute queries
ask for information from tables associated with features or standalone tables associated
with the GIS. Attributes can be numeric values, text strings, Boolean values, or dates.
Location/spatial queries are derived directly from the positions of features on the map. In
this way, in a GIS environment, the features related to the records selected by the process
are highlighted on the map, as well as in the table of attributes.
All queries, both attribute and location/spatial ones, have three main parts: a source,
a filter, and a relationship. The source can be a table or feature class. The filter can be an
attribute value, or a shape or feature. The relationship between the source and the filter
is based on specific operators, such as comparison operators (=, <>, >, >=, <=), logical
operators (LIKE, AND, OR, and NOT), or spatial operators (Intersect, Are Within a Distance
Of, Contain, Are Contained By . . . ).
In the presented paper, spatial queries (performed using “Select by Location”) deal
with vector data and use a shape as a filter and its relationship with features in the source
layer. The choice of a spatial operator (i.e., the relationship by the query) depends on the
types of features that are used for the source and filter.
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GIS environments are also characterized by the opportunity to perform spatial analysis
to pool spatial information (i.e., locations, attributes, and relationships of features) from
many sources and obtain new and additional meanings from GIS data by applying a
set of spatial operators. Inside GIS software, to put into practice the concept of spatial
analysis, geoprocessing operations are used to manipulate GIS data. A geoprocessing
operation takes an input data set, on which it performs an operation, and returns its result
as an output data set. Common geoprocessing operations include geographic feature
overlay, feature selection and analysis, topology processing, raster processing, and data
conversion [58]. In this sense, geoprocessing employs appropriate processing tools to
conduct spatial analyses.
In the present paper, in order to achieve a proper GIS implementation of the parameters described in Table 1, suitable queries and processing tools were chosen in the QGIS
software, version 3.16 [59] (Table 3).
Table 3. Queries and processing tools chosen for extracting data.
Parameters

Source Database

OSM Research Query

Processing Tools

P1

Morphology

OSM

place = square; admin_level = 2;
admin_level = 4; admin_level = 6;
admin_level = 8;

Minimum oriented
bounding box;
Minimum circumscribed
circumference;
Inaccessibility pole;
Intersection; Fix
geometry; Join attributes by
locations.

P2

Height

OSM + MinAmb

place = square; layer building
(MinAmb).

Buffer; Intersection; Fix
geometry; Join
attributes by locations.

OSM

place = square; highway = pedestrian;
highway = residential;
highway = service;
highway = living_street.

Merge; Intersection; Fix
geometry; Join
attributes by locations.

Merge; Intersection; Fix
geometry; Join
attributes by locations.

P4

Accesses

P5

Special building

OSM

place = square; TOURISM: tourism
= attraction; tourism = museum;
PUBLIC: amenity = townhall;
amenity = police;
RELIGION:
amenity = place_of_worship;
building = church; building = temple;
INSTRUCTION: amenity = university;
amenity = school; amenity = college.

P8

Slope

OSM + MinAmb

place = square;
layer building (MinAmb).

Buffer; Merge; Intersection; Fix
geometry; Join
attributes by locations.

P9

Green

OSM

place = square; leisure =
park; leisure = garden;
landuse = forest.

Merge; Intersection; Fix
geometry; Join attributes by
locations.

As for the queries, we focused on the OSM query place = square (Figure 2), which
is used to map a town or village square, usually defined as a paved and open public
space (generally of architectural significance) surrounded by buildings in a built-up area.
According to its definition [60], the majority of locations satisfying tag place = square
are paved and suitable for open markets, concerts, political rallies, and other events that
require a solid surface. They are also known as city, urban, public, or market squares;
therefore, they are usually named.
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Figure 2. Italian OS layer extraction from OSM, performed by authors through the query “place
= square” (in orange).

As for the processing tools (Table 3), in this research, we drew a distinction between
data-extraction and data-fixing tools. In the first group, the following processing tools were
chosen to extract new information from GIS databases:

•
•
•
•

Minimum oriented bounding box—to calculate the rotated rectangle of the minimum
area that covers each OS, to extract its area (AMOBB );
Minimum circumscribed circumference—to calculate the minimum circumscribed
circumference that covers each OS, to extract its diameter (d1 ) and radius (r1 );
Inaccessibility pole—to find the centre of the maximum inscribed circumference for
each OS, to extract its diameter (d2 ) and radius (r2 );
Buffer—to create a buffer area for all elements in an input vector, using a fixed or
dynamic distance.

In the second group, the following processing tools were used to fix data and for data
correspondence between geometries from the GIS database:

•
•

•
•

Merge—to combine multiple vector layers having the same type of geometry into a
single vector;
Intersection—to extract the parts of the overlapping elements in the input and overlap
layers. The overlapping geometry attributes from both the input and overlay layers
are assigned to the elements of the output intersection layer;
Fix geometry—to create a valid representation of a given invalid geometry without
losing any of the starting vertices;
Join attributes by locations—to create a new vector with additional attributes added to
the attribute table. The additional attributes and their values are taken from a second
vector. A spatial criterion is applied to select the values from the second vector that
are added to each element of the first vector and are part of the result.

Parameter 1 was elaborated as the product of the area regularity values and the radius
ratio values (Equation (1)):
P1 = P1a × P1b = ( Area regularity × Radius ratio ).

(1)

The area regularity and radius ratio are defined as follows:
P1a = Area regularity =
where

•

AAS is the area of the considered OS, and

  !
A AS m2
,
A MOBB [m2 ]

(2)
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•

AMOBB is the area of the minimum oriented bounding box of the considered OS.

The oriented bounding box shows differences in approximation between regular
shapes and irregular or composite ones. In this way, the higher the area regularity attribute,
the more regular/quadrangular the shape of the OS.
The radius ratio (Equation (3)) was computed as a comparison between the minimum
circumscribed circumference and the inaccessibility pole of the OSs:


r2 [ m ]
P1b = Radius Ratio =
(3)
r1 [ m ]
where

•
•

r2 is the radius of the maximum inscribed circumference, calculated through the
inaccessibility pole; and
r1 is the radius of the minimum circumscribed circumference.

On the one hand, the minimum circumscribed circumference processing tool algorithm
calculates the minimum circumscribed circumference that covers each element in an input
layer. On the other hand, the inaccessibility pole processing tool [61,62] is herein defined
as the centre of the largest OS inscribed circle. It is the visual centre, the point within an
OS that is the farthest from an edge. Contrary to the concept of centroid, if the shape is
concave or has a hole, the inaccessibility pole will not fall outside of the shape. In the
present paper, we use the inaccessibility pole processing tool, which uses the poly-label
algorithm [61]. This tool is based on an iterative approach, which guarantees finding the
true inaccessibility pole coupled with a specified tolerance (in layer units). More precise
tolerances require more iterations and, as such, will take longer to compute. The radius
of the maximum inscribed circumference, calculated as the distance from the pole to the
edge of the polygon, will be stored as a new attribute in the output vector. In this sense,
the concept of an inaccessibility pole differs substantially from the centroid concept, as it
creates a new vector of points, where the points represent the centroid of the geometries of
an input vector.
P2 evaluates the heights of the buildings, compared to the width of the OS. To extract
the building heights that define the OS perimeter, a specific WFS (web feature service)
layer, Edificato dei capoluoghi di provincia, was imported into the QGIS environment
from Geoportale Nazionale—Ministero dell’Ambiente e della Tutela del Territorio e del
Mare. With the aim of implementing the concept of the BE perimeter in GIS, we replaced
each OS geometry extracted from OSM with a 10 m buffered one and performed a special
intersection with the new building layer. Through the intersection among the OSM data
set (with OS areas) and the MinAmbiente data set (with heights of buildings; Figure 3), for
each OS, we defined P2 as follows:
P2 =

Hmax [m]
d2 [ m ]

(4)

where

•
•

Hmax is the maximum height of the buildings that define the OS perimeter, and
d2 is the diameter of the maximum inscribed circumference.

P2 can assume a value smaller than one (non-critical values) or greater than one
(critical values).
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Figure 3. Italian principal city building height extraction from the MinAmb database.

Parameter 4 evaluates the number of access points in a square, relative to the perimeter
of the reference OS. Parameter 4 has been defined as the number of accesses/perimeter of
an OS. To extract the BE street network, the authors formulated a specific query to the OSM
database (Table 3): highway = pedestrian; highway = residential; highway = service; and
highway = living_street. Indeed, in OSM, the key highway = * identifies linear geometry,
and is the main key used for any kind of road, street, or path. The value of the key helps to
indicate the importance of highways within the road network as a whole. The previous
step is a prerequisite for the spatial analysis, where the intersection between the OS and
the linear elements of the street network defines points in correspondence of the identified
OS accesses (Figure 4).

Figure 4. Example of accesses identified through the intersection between the layers of OS and street
network from the OSM database.

To avoid overlapping duplicate points, due to a possible change of the street network
name from the outside to the inside of the OS, a final merge of any point element was
processed. These points inherited the attributes from the OS and the street intersection,
allowing for the rapid assessment of P4, by exporting the geometric attributes in an .xls file.
P4 is defined as follows (Equation (5)):
P4 =

∑ number o f accesses
AS perimeter [m]

(5)
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The parameter P5 indicates whether special buildings are present in the OS perimeter.
To evaluate this aspect, the authors chose a suitable query (Table 3) to identify the presence
of buildings dedicated to a special function, according to specific classes:

•
•
•
•

religious buildings (e.g., churches or other places of worship; Figure 5);
public buildings (e.g., town halls and police offices);
buildings for education (e.g., schools, colleges, and universities); and
buildings with cultural or tourism importance (e.g., museums, palaces, and castles).

Figure 5. Example of the query “amenity = place_of_worship” to identify the religious building on
the OS perimeter from the OSM database.

Cleaning of the data was processed, in order to remove duplicates present in the
OSM data set, caused by redundant data implementation in the OSM database [60]. Using
squares and building IDs from the official MinAmbiente database, this process allowed for
the removal of any supposed duplicates.
P5 is defined as follows (Equation (6)):
P5 =

∑ number o f special buildings in the AS

(6)

Parameter 8 indicates the presence of a sloped ground or differences in elevation (e.g.,
overhangs, cliffs, and ramp/stairs). Through the information implemented in the chosen
GIS database (Table 3)—and, in particular, from Edificato dei capoluoghi di provincia—we
could extract the values of the minimum (HSLmin ) and maximum (HSLmax ) heights above
sea level for each OS. In this way, it was possible to evaluate the maximum difference of
height above sea level for each OS (Equation (7)):
P8 = ∆HSL = HSLmax [m] − HSLmin [m]

(7)

The presence of green areas is indicated by the parameter P9. We interrogated the data
set, in order to verify whether any kind of green area is present within the OS considered
(Figure 6). The result of this interrogation was a specification of the presence of green areas,
defined by their use in the OSM database. These green areas could be of different kinds,
including field surfaces, trees, and brush. It was possible to extract the overall number of
OSs with green areas and the percentage of green areas in the overall OS area (Equation (8)):
P9 = % Green area =

∑ green areas
AS area [m2 ]

(8)
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Figure 6. Example of a green area (query leisure = park) within an OS; Piazza Vittorio, Roma.

2.3. Cluster Analysis
A cluster analysis is a multivariate data mining technique [63,64] which has been used
in several research fields, including (but not limited to) medicine, sanitary engineering,
marketing, psychology, and economics. When given a large set of objects with associated
data attributes, the aim is to identify groups (clusters) consisting of objects sharing a
(possibly) high degree of similarity. The higher both the similarities within groups and the
differences between objects belonging to different groups, the better the degree of clustering.
A cluster analysis belongs to the unsupervised classification techniques: no constraint or
a priori condition is imposed, and the classification derives solely from the data [35,64].
Clustering processes may be hierarchical or non-hierarchical: in the first case, a hierarchy
of nested partitions (where clusters at a given level of the hierarchy include clusters of the
lower levels) is built; however, in the second case, only one partition is produced by splitting
the set of objects into a given number of non-overlapping clusters [65–67]. Considering
the aim of the research, both hierarchical and non-hierarchical methods were used. As a
preliminary step, to detect possible multivariate outliers in the databases, a hierarchical
process based on the single-linkage method was first performed, due to the propensity of
such a method for identifying objects with very different features, compared to the rest of
the objects. The identification and elimination of possible multivariate outliers are crucial
for the following step of clustering, as their presence heavily affects the performance of
many clustering methods and the search for typological clusters.
As is usual for any agglomerative hierarchical clustering algorithm, the single-linkage
method produces a cluster tree that starts with the trivial partition, where every object
forms a group of its own, and continues to recursively merge the pair of current clusters
which are the closest, according to some distance-based criterion (e.g., the Euclidean
distance). The process continues until all objects are grouped into a single cluster [68].
Objects which remain in a cluster as singletons until the very last steps of the process
turn out to be very different from the others, and may be possible multivariate outliers.
After such pre-processing, in the second step of the analysis, various hierarchical and
non-hierarchical algorithms are applied.
The study was intended to group BEs that share similarities, in terms of the following
parameters: morphology of the OS (P1), height of their fronts related to their width (P2),
number of accesses related to the OS perimeter (P4), presence of special buildings (P5),
difference in height of the OS (P8), and incidence of the green areas within the OS (P9). The
cluster analysis in the present research used P1, P2, P4, P8, and P9 as active variables of the
process, after standardization to zero mean and unit variance (Z-scores). P5 was used as a
supplementary variable during the BETs’ identification step. The parameters (P) for the OS
description, as described in Section 2.1, will be referred to as variables, when used for the
cluster analysis.
Various hierarchical and non-hierarchical algorithms were tested; finally, the results
from the non-hierarchical k-means algorithm were chosen [63]. The k-means method as-
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sumes that every object, xi , is represented in the Euclidean space defined by data attributes.
The algorithm allows for the identification of a certain number of user-defined k-clusters,
represented by their centroids. Starting from k randomly chosen centroids, every object is
assigned to the cluster with the closest centroid. Then, the cluster centroids are updated
as the arithmetic means of the data attributes, and computed for the objects currently belonging to each cluster. The process is iterated until convergence, that is, until the centroids
and the cluster memberships do not change. The distance between objects and centroids is
defined in terms of the Euclidean metric; formally, the algorithm minimizes the sum of the
squared errors that is used to evaluate the quality of clustering (Equation (9)):
k

SSE =

∑ ∑

dist (ci , x )2

(9)

i = 1 x ∈Ci

where k is the number of clusters, x is an object of the set, Ci is the ith cluster, ci is the
centroid of cluster Ci , and dist is the Euclidean distance.
The number of clusters was chosen by taking into account two criteria: R-squared (R2 )
and the pseudo-F (pF) statistic [69]. The optimal number of clusters was determined by
comparing the results of such two criteria: pseudo-F peaks combined with the location of a
knee in the plot of the R2 against the number of clusters are generally considered as indicators of the appropriate number of clusters. Moreover, pseudo-F values provide insight into
the magnitude of the discriminating power of the variables, while R2 provides a measure
of separation between clusters, which are both important to obtain well-characterized typologies. The final goal of the cluster analysis is to evaluate whether the cluster profiles are
meaningful and interpretable. Moreover, clusters can be further characterized on variables
that were not included in the cluster analysis. A statistical analysis was performed using
the SPSS Version 26.0 statistical software package [70].
2.4. From Cluster Analysis to BET Identification
Starting from the results of the cluster analysis, we identified the BETs.
The BETs were elaborated based on critical classes for parameters, through comparison
of the resulting clusters. The critical classes for each parameter were set, starting from the
critical analysis of the features of the OSs in BEs within each cluster, compared with the
whole data set.
The mean values and the interquartile ranges of the parameters within each cluster
were considered (Q1 = 25% and Q3 = 75%). According to these values, the critical classes for
each parameter were elaborated in two different ways: tripartite, based on the interquartile
range where meaningful differences arise (for P1), and dichotomic for the other parameters,
based on their mean values. As the cluster analysis was run using only the five active
variables (P1, P2, P4, P8, and P9), the supplementary variable (P5) was taken into account
in the final analysis. In addition, a more detailed analysis of the relationship between
critical height and OS width allowed for further investigation of the results.
3. Results
The results include the cluster analysis output and the following critical analysis
performed to define the BETs. Section 3.1 describes the process used to obtain the final
data set, starting from the preliminary extraction of data from the selected databases.
Section 3.2 illustrates the results of the cluster analysis after the first step of cleaning of the
data set by deleting the multivariate outliers, the comparison between different methods of
the cluster analysis (in terms of pF and R2 values), and the output of the k-means method,
chosen as the most appropriate for the present research. Then, Section 3.3 shows the
critical analysis, based on the results from the k-means clustering, in order to set critical
classes for each parameter. The clusters are described, through both the active variables
and the supplementary variable. Finally, in Section 3.4 BETs are defined, in terms of their
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morphological, geometric, and functional characteristics, and a selection of real case studies
matching the definition of resulting BETs is presented.
3.1. Data Set Description
The data set was composed of 1113 cases and included OSs of the capitals of the
provinces of the Italian regions. Although the initial data set, extracted from OSM through
the query place = square, contained 8889 cases in the entire Italian territory, only the cases
also included in the MinAmbiente database were taken into account, in order to ensure
data coverage for all fast analysis BET parameters (P1, P2, P4, P5, P8, and P9; Table 4).
Among them, some parameters determined a further reduction of the database: it was
possible to extract the information for P2 and P8 for 1392 cases, and the data relating to
the computation of P4 for a total of 1113 cases; however, P5 was correctly compiled in the
OSM database for 476 cases only. The small amount of cases correctly filled for P5 decreed
its use as a supplementary variable, and not as an active one.
Table 4. Database source for BETs’ parameters.
Parameters
P1
P2
P4
P5
P8
P9

Morphology
Critical height
Accesses
Special building
Slope
Green

Source
Database

Data Set
(Number of OSs)

Geographic Extension

OSM
OSM + MinAmb
OSM
OSM
OSM + MinAmb
OSM

8889
1392
1113
476
1392
8889

Italian territory
Capital of the province
Italian territory
Italian territory
Capital of the province
Italian territory

OpenStreetMap (OSM); Ministero dell’Ambiente (MinAmb); Open Spaces (OSs).

Given the nature of the data set being analysed, the parameters were divided into active
(P1, P2, P4, P8, and P9) and supplementary (P5 for the cluster analysis). Their distributions
presented very different patterns, in terms of variability, as is evident in Figure 7.

Figure 7. Boxplots of the parameters of the final data set (1113 cases). ×: mean value; line: median value; o: univariate outliers.

3.2. Cluster Analysis
The application of the single linkage method allowed for the identification of the
OSs that could be assumed as multivariate outliers, as they remained non-assigned to any
cluster until the very last steps of the algorithm, having characteristics very different from
the rest of the OSs under study.
In this way, two cases were identified as exceptional urban spaces, in terms of their
geometric dimensions and characteristics: one of them was a small widening space between
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dense fabrics overlooked by very tall buildings (Piazza dei Baroncelli in Florence); the
other was closer to being a tree-lined avenue accessible to vehicles than a square (Piazzale
Giuseppe Mazzini in Padua; Figure 8).

Figure 8. Multivariate outliers: Piazza dei Baroncelli in Florence (on the left) and Piazzale Giuseppe
Mazzini in Padua (on the right).

The two cases were eliminated from the following analysis, such that the cluster
analysis was performed on the final data set, consisting of 1111 OSs.
Three hierarchical methods (Ward’s method, average linkage, and complete linkage)
and the non-hierarchical method of k-means were applied to the 1111 OSs. The partitions
formed by a number of clusters, varying from three to twelve groups, were selected from
the results of each method, and both the pF and R2 indices were used to select the optimal
partition for each method.
For each method, the pF and R2 values indicated partitioning into five clusters as
the optimal solution, in terms of the similarities between OSs. Moreover, the k-means
attained the maximum R2 values, which suggests that this method was the most capable of
characterizing the peculiarities of the groups (Figure 9).

Figure 9. Values of pF and R2 across the number of clusters from five different methods of cluster analyses.

In Table 5, the mean values of the five parameters within each cluster from the k-means
solution are reported. The mean values that differed greatly from the global mean are
shown in bold, which allowed us to identify the parameters which mainly characterize
each cluster. The description of single clusters will be detailed in Section 3.3.

Sustainability 2021, 13, 9457

17 of 32

Table 5. Means of the parameters within the five clusters from the k-means solution; global mean
indicates the value of the mean over the entire data set.

Parameter

1

2

Cluster
3

4

5

Global Mean

P1
P2
P4
P8
P9

0.310
0.882
0.016
9.037
0.013

0.231
0.830
0.014
1.976
0.015

0.509
0.538
0.017
2.038
0.011

0.395
1.308
0.046
2.257
0.012

0.367
0.692
0.017
2.930
0.418

0.362
0.793
0.020
3.015
0.036

Cases

146

391

369

141

64

1111

The mean values that differed greatly from the global mean are shown in bold.

3.3. BET Definition
The BETs were elaborated based on critical classes for parameters, through a comparison of the resulting clusters. The steps for the definition of BETs are described below.
From a critical analysis of the global mean values of the parameters, the critical classes
for each parameter of the OSs were set (Table 6).
Table 6. Classes associated with the parameter ranges from the k-means clustering.
Type

Class 1

Class 2

Class 3

P1

Tripartite

P1 < 0.25
low level of compactness and
regularity

0.25 < P1 < 0.50
medium level of
compactness and regularity

P1 > 0.50
high level of compactness
and regularity

P2

Dichotomous

P2 < 1.00
no problems of overturning
for the fronts

P2 ≥ 1.00
with overturning problems
for the fronts

-

P4 < 0.02

P4 ≥ 0.02
no critical ratio between
number of
accesses/perimeter

P4

Dichotomous

critical ratio between number
of accesses/perimeter
P8

P9

Dichotomous

Dichotomous

P8 < 3.00
flat or slightly sloping
ground

P8 ≥ 3.00
sloping ground or changes in
elevation

P9 < 0.30
no green areas

P9 ≥ 0.30
presence of green areas

-

P1 was processed, both in terms of the interquartile ranges of the whole data set and
the critical analysis of the features of the OSs in BEs. The tripartition of the critical classes
for P1 was considered coherent with the original definition of this parameter [32], and
properly described the great variety of OSs. To elaborate on the tripartition, the considered
values corresponded to the 25th and 75th percentiles (equal to 0.235 and 0.476, respectively).
The values were rounded up, to define threshold values equal to 0.25 and 0.50, after an
inspection and checking of the data set to better represent the analysed OSs. P2 was based
on the critical value equal to 1.00 (see Section 2.2), such that values above and below this
threshold defined two classes. P4 and P8 were classified with reference to the global mean
value. P9 was defined by a threshold value of 30% (equal to Q1 of cluster 5), representing
the surface with the green area that distinguishes clusters 1, 2, 3, and 4 (not characterized by
the presence of green) from cluster 5 (characterized by the presence of green). In particular,
for P1, an inspection of the data set was performed to confirm the three classes highlighted
by the 25th and 75th percentiles. Figure 10 shows the correspondence of the definition of
P1 values, compared to the morphological classes.
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Table 7. Parameter values for the definition of the BETs.

1
2
3
4
5

P1

P2

P4

P5

P8

P9

0.31
(0.20–0.41)
0.23
(0.17–0.30)
0.51
(0.43–0.58)
0.4
(0.31–0.48)
0.37
(0.26–0.47)

0.88
(0.48–1.07)
0.83
(0.51–1.08)
0.54
(0.33–0.68)
1.31
(0.89–1.67)
0.69
(0.33–0.91)

0.016
(0.009–0.022)
0.014
(0.009–0.020)
0.017
(0.010–0.023)
0.046
(0.034–0.054)
0.017
(0.008–0.041)

1.42
(1–2)
1.24
(1–1)
1.15
(1–1)
1.29
(1–1)
1.29
(1–1)

9.04
(6.77–10.33)
1.98
(0.70–2.90)
2.04
(0.80–3.15)
2.26
(0.85–3.20)
2.93
(0.73–4.60)

1.27
(0–0)
1.5
(0–0)
1.11
(0–0)
1.22
(0–0)
41.84
(31–53)

Parameter mean values are reported, the values in parentheses correspond to the interquartile ranges.

Figure 10. Examples of the OSs belonging to the three classes of P1 (Table 7). Images from OpenStreetMaps. (A) Class 1,
low level of compactness and regularity. (B) Class 2, medium level of compactness and regularity. (C) Class 3, high level of
compactness and regularity.

By considering the critical classes of each parameter (Table 6) in the k-means clustering, the morpho-typological and physical characterizations were described, as shown in
Figure 11. This process allowed for identification of the BETs and their physical description,
as illustrated in the following sections.
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Figure 11. Cluster characterizations through the parameter thresholds reported in Table 6: k-means
clusters on the x-axis, critical classes of parameters on the y-axis.

The boxplots of the parameters within each cluster are shown in Figure 12. From the
boxplots, in order to describe the clusters, it is possible to compare the average values of
the parameters which all exhibit low variability: P1 shows the lowest values in cluster 2
(OSs with low levels of compactness and regularity of the morphology) and the highest
values in cluster 3 (OSs with high levels of compactness and regularity of the morphology);
P2 shows the highest values in cluster 4 (OSs with problems of overturning for the fronts);
P4 shows the highest values in cluster 4 (OSs with no critical ratio between the numbers
of access and the perimeter of the OS); P5 displays the highest values in cluster 1, with a
prevalence of values equal to one in the other clusters (special buildings); P8 presents the
highest values in cluster 1 (OSs with the sloping ground or changes in elevation); and P9
assumes the highest values in cluster 5 (OSs with the presence of green areas). The values
of the parameters are reported in Table 7.

Figure 12. Boxplots of the parameter values within clusters (×: mean value; line: median value; box:
Q1 and Q3; ◦: univariate outliers). P1, P2, P5, and P8 are adimensional data, P4 [m−1 ], and P9 [%].
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Cluster 1: OSs with a medium level of compactness and regularity of morphology,
without problems of overturning of the fronts, with a critical ratio between the number of
accesses and perimeter, on sloping ground or with changes in elevation, and without green
areas. The value that diverged most from the global mean is that related to the slope of
the OS (P8: 9.037). Therefore, this cluster is mainly characterized by OSs with the sloping
ground or with elevation changes.
Cluster 2: OSs with a low level of compactness and regularity of morphology, without
problems of overturning of the fronts, with a critical ratio between the number of accesses
and perimeter, on flat or slightly sloping ground, and without green areas. The value that
diverges most from the global mean is that related to the morphology of the OS (P1: 0.231).
Therefore, this cluster is mainly characterized by OSs with a low level of compactness and
regularity of shape.
Cluster 3: OSs with a high level of compactness and regularity of morphology, without
problems of overturning of the fronts, with a critical ratio between the number of accesses
and perimeter, on flat or slightly sloping ground, and without green areas. The value that
diverges most from the global mean is that related to the morphology of the OS (P1: 0.509).
Therefore, this cluster is mainly characterized by OSs with a high level of compactness and
regularity of the shape.
Cluster 4: OSs with a medium level of compactness and regularity of morphology,
with problems of overturning of the fronts, without critical ratio between the number of
accesses and perimeter, on flat or slightly sloping ground, and without green areas. The
values that diverge most from the global means are those related to the ratio between the
numbers of access and the perimeter of the OS (P4: 1.308) and the ratio between the height
of the fronts and width of the OS (P2: 0.046). Therefore, this cluster is mainly characterized
by OSs with problems of the overturning of the fronts, but with a suitable ratio between
the number of accesses and perimeter.
Cluster 5: OSs with a medium level of compactness and regularity of morphology,
without problems of overturning of the fronts, with a critical ratio between the number of
accesses and perimeter, on flat or slightly sloping ground, and with green areas. The value
that diverges most from the global mean is that related to the presence of green areas in the
OS (P9: 0.418). Therefore, this cluster is mainly characterized by OSs with green areas.
Once the cluster analysis was performed using the active variables (P1, P2, P4, P8,
and P9), the identified clusters were explored and further characterized, by analysing the
supplementary variable (P5). A further analysis was also performed, in order to investigate
the relationship between the height of the fronts and the width of the OS. P2 reports only
the ratio of the maximum height of the built fronts to the width of the square while, in
this section, a deeper investigation is reported, additionally evaluating the relationship
between the median height of the fronts and the width of the OS.
Parameter 5, which is related to the presence of special buildings in the analysed OS,
is relevant for the definition of the BETs. By analysing parameter 5 within each cluster, it
was possible to identify further possible subclusters. Clusters 1, 2, and 4 showed relevant
percentages of OSs with the presence of special buildings (49% in cluster 1, 39% in cluster
2, and 47% in cluster 4, respectively; Figure 13). As the absence of special buildings could
be linked to a lack of data in the OSM database, or to an incorrect compilation, rather than
to an actual lack of special buildings, the splitting of the clusters was reasonably evaluated
for the further definition of BETs.
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Figure 13. Analysis of the supplementary variable (P5) within clusters.

An analysis of the relationship between the height of the built fronts and the width of
the OS did not produce meaningful results, except for cluster 4, as already identified in the
cluster analysis due to its high value, on average, of P2. As a consequence of this result, the
values of the cases with the presence of special buildings were analysed, along with the
critical heights of the built fronts. Figure 14 shows the descriptive graphs of this analysis
for cluster 4, with the critical height values on the left (concerning Hmax and Hmedian
values of the built fronts that define the OS perimeter) and, on the right, the same analysis
is reported only for the cases with special buildings. Thus, the results obtained led us to
the creation of three BETs derived from cluster 4: 4a includes at least one special building
with problems of the overturning of the fronts caused by Hmax; 4b includes at least one
special building with problems of the overturning of the fronts caused by Hmedian; and
4c has no special buildings but presents problems of the overturning of the fronts caused
by Hmedian.

Figure 14. Analysis of the ratio of the critical height and the width of OSs in cluster 4 (on the left),
and the same analysis for the cases with special buildings in cluster 4 (P5) (on the right).
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3.4. BET Representation and Real Case Studies
As a result of the critical analysis, nine BETs were identified. This result was derived
from the combination of the cluster description and the analysis reported in Section 3.3.
The diagram in Figure 15 describes the BET definitions, starting from the identified clusters.

Figure 15. Diagram of the resulting BETs, starting from the identified clusters.

An example of a complete graphical representation for BET 1A is displayed in
Figure 16, which highlights all the dimensional aspects considered for graphically representing the BETs, while Table 8 provides the dimensional values for each BET. Table 8
reports the mean values of the parameters, while the interquartile ranges are reported
in parentheses.
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Figure 16. Example of dimensions of the BETs; for BET 1A.
Table 8. Dimension values for the definition of the BETs.
P1
BET
1A
1B
2A
2B
3
4A
4B
4C
5

D1
(m)

D2
(m)

101
(53–127)
101
(53–127)
102
(62–127)
102
(62–127)
85
(49–105)
44
(28–50)
44
(28–50)
44
(28–50)
104
(63–134)

41
(22–56)
41
(22–56)
34
(21–42)
34
(21–42)
49
(30–60)
20
(13–24)
20
(13–24)
20
(13–24
47
(26–57)

P4

P5

D2/D1

Area Real
(m2 )

Area BB
[m2 ]

A Real/
A BB

Hmean
(m)

P2
Hmax
(m)

Accesses
(Number)

SB
(Number)

0.41
(0.41–0.44)
0.41
(0.41–0.44)
0.33
(0.27–0.42)
0.33
(0.27–0.42)
0.56
(0.52–0.65)
0.46
(0.42–0.58)
0.46
(0.42–0.58)
0.46
(0.42–0.58)
0.45
(0.38–0.58)

3441
(925–4940)
3441
(925–4940)
2632
(1022–4038)
2632
(1022–4038)
3430
(1167–4738)
720
(291–775)
720
(291–775)
720
(291–775)
4185
(1115–5210)

4278
(1461–7299)
4278
(1461–7299)
3666
(1534–6287)
3666
(1534–6287)
3430
(1311–5441)
798
(366–1127)
798
(366–1127)
798
(366–1127)
4743
(1739–7453)

0.80
(0.57–0.81)
0.80
(0.57–0.81)
0.72
(0.55–0.75)
0.72
(0.55–0.75)
1
(0.79–0.95)
0.9
(0.72–0.90)
0.9
(0.72–0.90)
0.9
(0.72–0.90)
0.88
(0.64–0.90)

15
(12–19)
15
(12–19)
15
(10–19)
15
(10–19)
15
(11–19)
16
(12–19)
22
(18–29)
22
(18–29)
16
(11–21)

26
(19–32)
-

3.8
(2–5)
3.8
(2–5)
3.6
(2–5)
3.6
(2–5)
3.5
(2–5)
4.6
(3–6)
4.6
(3–6)
4.6
(3–6)
4
(2–5)

1
(1–2)

23
(16–28)
22
(18–29)
22
(18–29)
-

0
1
(1–1)
0
0
1
(1–1)
1
(1–1)
0
0

Parameter mean values are reported, values in parentheses correspond to the interquartile ranges. Built Environment Typology (BET);
Diameter (D); Boundary Box (BB); Special Building (SB).

The correspondence between the idealization of BETs and real case studies was investigated for OSs in the final database. Some examples are reported in Table 9, together with
the corresponding images and parameter values.
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Table 9. Real case studies presented in the database and BET classification. Parameter values are reported for each case.
BET

OS

P1

P2

P4

P5

P8

P9

0.48

0.48

0.012

3

11.80

0

0.31

0.22

0.022

0

5.70

0

0.16

0.33

0.016

3

1.70

5

0.22

0.97

0.015

0

0.10

0

0.65

0.36

0.018

0

0.50

0

Piazza Grande, Arezzo

BET 1A

Piazza Vittorio Veneto, Torino

BET 1B

Piazza della Vittoria, Gorizia

BET 2A

Piazza degli Erri, Modena

BET 2B

Piazza della Repubblica, Firenze

BET 3
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Table 9. Cont.
BET

OS

P1

P2

P4

P5

P8

P9

0.47

1.75

0.083

1

0.20

0

0.38

1.20

0.028

1

1.80

8

0.31

1.35

0.033

0

0.20

0

0.41

0.52

0.005

0

0.50

32

Campo Sant‘Aponal, Venezia

BET 4A

Piazza della Pigna, Roma

BET 4B

Piazza Ramiro Ginocchio, La Spezia

BET 4C

Piazza Emilia, Milano

BET 5

4. Discussion
4.1. From BETs towards Risk Analysis
According to the analysis, each resulting BET could be defined by a combination of
characterizing risks, concerning their morphological, geometric, and functional characteristics. The analysed BEs could be affected by all the considered SUODs and SLODs;
nevertheless, the specific characteristics of each BET determined their major or minor
susceptibility to typical risk scenarios (Table 10).
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Table 10. Characterizing risks of BETs, according to the analysed parameters.
Risk
S
T
P
H
Characterizing
risks

BET 1A

BET 1B

BET 2A

BET 2B

BET 3

BET 4A

BET 4B

BET 4C

BET 5

−
+
+
+

−
−
+
+

+
+
+
+

+
−
+
+

−
−
+
+

+
+
+
−

+
+
+
−

+
−
+
−

−
−
−
−

T+P+H

P+H

S+T+P+H

S+P+H

P+H

S+T+P

S+T+P

S+P

−

S = seismic risk; T = terrorist attack; P = pollution; H = heatwaves; +/− = more or less prone to specific risk.

The BETs represent typical scenarios and the basis to elaborate risk analyses. The case
studies will be analysed, according to the class of the BET they belong to and, thus, to
a specific risk combination. These risk combinations represent the multi-risk conditions
related to analysed parameters, but not to the possibility of real overlapping of the hazards,
which comprises a future step of the BE S2 ECURE project. Given the parameter description
against the considered SUODs and SLODs (see Section 2.1), typical risk scenarios can be
proposed as follows, according to the characterizations given in Table 10.
BET 1A: No problems of overturning of the fronts (P2), thus less prone to seismic risk;
presence of special buildings (P5), which implies terrorist attack risk-prone; sloping ground
or ground with elevation changes (P8), serving as a possible obstacle to evacuation motion,
good ventilation conditions, and pollutant transport and/or dilution; no presence of green
areas (P9), thus prone to heatwaves.
BET 1B: No problems of overturning of the fronts (P2), so less prone to seismic risk;
absence of special buildings (P5), thus less prone to the risk of a terrorist attack; sloping
ground or ground with elevation changes (P8), serving as possible obstacles to evacuation
motion, good ventilation conditions, and pollutant transport and/or dilution; no presence
of green areas (P9), thus prone to heatwaves.
BET 2A: Low level of compactness and regularity of the morphology (P1), which
may determine critical conditions for the evacuation paths due to debris or overcrowding
during seismic events; presence of special buildings (P5), thus terrorist attack risk-prone;
and no presence of green areas (P9), thus prone to heatwaves and pollution.
BET 2B: Low level of compactness and regularity of the morphology (P1), which
may determine critical conditions for the evacuation paths due to debris or overcrowding
during seismic events; absence of special buildings (P5), thus less prone to the risk of a
terrorist attack; and no presence of green areas (P9), thus prone to heatwaves and pollution.
BET 3: High level of compactness and regularity of the morphology (P1), thus less
prone to critical conditions for the evacuation paths due to debris or overcrowding during
seismic events; less prone to terrorist attacks, due to an absence of special buildings (P5);
and no presence of green areas (P9), thus prone to heatwaves and pollution.
BET 4A: Problems of overturning of the fronts (P2), related to the maximum height
of built fronts, so more prone to seismic risk; without critical ratio between the number
of accesses and perimeter (P4), so possible less critical configuration of evacuation paths
and high permeability, thus higher ventilation of the space; presence of special buildings
(P5), thus more terrorist attack risk-prone; and no presence of green areas (P9), thus prone
to pollution, but less to heatwaves, according to the high ratio between fronts and OSs
dimension (and, thus, the presence of shaded areas).
BET 4B: Problems of overturning of the fronts (P2), related to the median height of
built fronts, so more prone to seismic risk; without critical ratio between the number of
accesses and perimeter (P4), so possible less critical configuration of evacuation paths
and high permeability, thus higher ventilation of the space; presence of special buildings
(P5), thus more terrorist attack risk-prone; and no presence of green areas (P9), thus prone
to pollution, but less to heatwaves, according to the high ratio between fronts and OSs
dimension (and, thus, the presence of shaded areas).
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BET 4C: Problems of overturning of the fronts (P2), related to the median height of
built fronts, so more prone to seismic risk; without critical ratio between the number of
accesses and perimeter (P4), so possible less critical configuration of evacuation paths and
high permeability, thus higher ventilation of the space; less prone to terrorist attacks, due
to the absence of special buildings (P5); and no presence of green areas (P9), thus prone
to pollution, but less to heatwaves according to the high ratio between fronts and OSs
dimension (and, thus, the presence of shaded areas).
BET 5: No problems of overturning of the fronts (P2), so less prone to seismic risk;
absence of special buildings (P5), thus less terrorist attack risk-prone; and presence of green
areas (P9), mitigating pollution and heatwaves.
According to these descriptions, BET 2A represents the most critically ideal scenario,
being prone to the complete combination of considered risks; on the other hand, BET 5 is
the least prone of the multi-risk scenarios analysed.
4.2. Limitations and Advancement in the Research Field
Although OpenStreetMap (OSM) is a valuable source of geographical data, some
considerations about the limitations, in terms of data quality, should be discussed. As the
maps and data editors of OSM could have different levels of experience and skills, OSM
data may be vulnerable to errors and gaps. Quality issues of the OSM database are wellknown [71]; therefore, using data sets extracted from OSM could be somewhat questionable.
The main quality issues include: accuracy of the geometric position, completeness of the
database, qualitative and quantitative information accuracy, topological consistency, and
semantic accuracy.
In the context of this research, some limitations and uncertainties could be pointed out,
regarding the data availability and completeness, due to the open nature of the database,
and the data accuracy, affected mostly by the skill levels of editors that improve the data set,
the lack of a top-down data quality assurance method, consistency of data implementation,
and data source uncertainty. In particular, we highlight the incomplete data coverage for
P5 (special buildings). The lack of data in a substantial portion of the data set led to its
downgrading to a supplementary variable. A zero value represents, with no certainty, the
absence of special buildings or the lack of available data.
Some considerations should also be made about the data extraction procedures
through queries and algorithms. The reduction of queries is necessary, in order to limit
both the processing time and unsuitable results; however, it resulted in a potential limitation of the cases in the data set (e.g., only the cases labelled with place = square were
considered). Although the algorithms allow for an increase in data extraction, they are
subject to computational errors. In particular, in the present analysis, the parameter P4
(access) was affected by data extraction problems. In fact, the number of accesses was not
correctly counted when the streets were not implemented in GIS.
As is well-known, the use of the cluster analysis methodologies is affected by the
method chosen and the number of clusters considered. The combined use of different
methods and indicators to select the optimal partition may reduce the limitations. Moreover,
the agreement of the solutions obtained by various methods indicates the presence of a
clustering structure present in the data.
Although the limitations, in terms of extension and accuracy of open GIS data, have
been recognized, the process proposed in this report enabled a broad evaluation of the
Italian BE characteristics, due to the wide number of cases considered, reducing the time
required to conduct conventional data collection. It is possible to replicate the process
once the data sets considered have been implemented by OSM editors, obtaining a deeper
insight into the results. Moreover, by geographically limiting the cases under study, it
would be possible to obtain the characterization of the BEs of a specific Italian area. When
further data sets are constructed, which describe additional aspects of the Italian BE (e.g.,
constructive aspects), the analysis could be repeated to include more in-depth attributes.
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The definition of BETs can be further developed through the use of the parameters
initially defined for a detailed analysis (P3, P6, and P7, see Section 2.1), based on the
investigation of real cases. These aspects are of pivotal importance in the study of the safety
of open spaces; although, they were not considered in this discussion, as there has been a
lack of their implementation in databases—such as GIS ones—so far.
Finally, given the broad context of the BE S2 ECURe project, such an approach could
support the elaboration of specific actions for each case study, based on simulation-oriented
tools, starting from the BET characteristics which it belongs to, in order to propose and
evaluate tailored risk mitigation strategies. These simulation-based methods can refer to
two relevant aspects: first, the estimation of disaster effects on the physical elements of
the BETs; and second, the evaluation of the safety of users in BETs, depending on their
disaster-affected behaviours (e.g., in SUODs, the analysis of evacuation behaviours, user
motion, and their effects on safety; or, in SLODs, the analysis of users and routines affected
by heatwaves or pollution scenarios). These simulation tasks can be combined in order to
better stress the interactions between the BETs, their disaster-induced modifications, and
the behaviours of users [16,30,31].
5. Conclusions
The identification of built environment (BE) scenarios suitable for multi-risk assessments serves as a preliminary step towards the preparation of simulation models, aimed
at estimating the risk levels of open spaces (OSs) in BE and the safety of their occupants.
In this context, particular attention should be paid to the specific characteristics of BEs in
the Italian towns that affect sudden onset disaster (SUODs; e.g., earthquakes and terrorist
attacks) and slow onset disaster (SLODs; e.g., heatwaves and air pollution) risks, taking into
consideration morphological, geometric, functional, and constructive aspects. Identifying
potential scenarios characterized by common Italian BE features provides the opportunity
to plan further analyses and simulations for the description of risk levels.
The present work is part of an Italian PRIN (Projects of Relevant National Interest),
entitled BE S2 ECURe “(make) Built Environment Safer in Slow and Emergency Conditions
through behavioUral assessed/designed Resilient solutions” (grant number: 2017LR75XK),
supported by MIUR (the Italian Ministry of Education, University, and Research). Given
the Italian context as the reference for the BE S2 ECURe project, we defined typical scenarios,
referring to squares as significant OSs in the urban BE. In the future steps of the BE S2 ECURe
project, these built environment typologies will be used for risk assessment actions, through
the use of simulation-based methodologies. However, to this end, the representation of
basic features referring to the morphological, functional, and physical features of such
squares is the first step to be achieved, as it allows for the description of open spaces at risk
(under common and typical conditions) for SUODs and SLODs. The classification provided
in this work considers the different parameters that can generally affect SUODs and SLODs,
as considered in the BE S2 ECURe project. For the SUODs, these are earthquakes and
terrorist attacks; for SLODs, heatwaves and pollution [32].
In this paper, typologies of BEs (BETs) describing multi-risk scenarios were identified,
through a cluster analysis based on data extracted from GIS databases. Six parameters
(P1, morphology; P2, height of the fronts; P4, number of accesses; P5, presence of special
buildings; P8, slope of the ground; and P9, presence of green areas) characterizing the OSs
(e.g., squares) in the BEs of existing Italian towns were selected, in order to perform fast
data extraction from GIS data sets, using proper queries and algorithms.
An analysis of the final database built by the authors was carried out using five active
variables (P1, P2, P4, P8, P9) and one supplementary variable (P5). The final data set
included 1113 case studies, which was reduced to 1111 after the elimination of two OSs
identified as multivariate outliers through use of the single-linkage method.
Several algorithms with which to perform clustering were evaluated in this study.
The solution from the k-means clustering algorithm was chosen as the most appropriate to
provide meaningful clusters. The results of the cluster analysis identified five groups of
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OSs, characterized by specific dimensional and functional characteristics. By combining
the outcomes of the cluster analysis with an evaluation of the supplementary variable (P5)
and a further insight on the height of the fronts (P2), nine final BETs were identified. To
represent each BET, ranges of values were indicated for all parameters extracted from the
data set, selecting the interquartile ranges of the values within each cluster considered
(Q1 = 25% and Q3 = 75%).
Thus, the identified multi-risk scenarios comprise the basis for future risk assessments
of BEs, based on statistical analyses of the peculiar characteristics of Italian towns. The
results can also provide a comparative assessment of the influence of the individual features
on the overall risk. The simulation-based methodologies to be applied on the BETs could
consider the analysis of disaster-affected BETs, including the safety and behaviours of users
under disaster conditions. The combination of such aspects will complete typical outcomes
for risk assessment for each considered BET.
As already developed in similar research fields, such as structural [24,25] and energy
analysis [26,27], this approach based on the idealization of the built environment lays the
basis for an initial assessment on the complex issue of defining multi-risk scenarios [2,17].
The idealization of open spaces, pivotal parts of the BE for the study of risk in the urban
environment [12,20], represents a step towards a comparison of risk simulation results, not
only linked to the specificities of the case studies, but also to set a shared methodology for
BE investigation. Being aware of the necessary approximations to set up BE performance
simulations, the approach allows for an initial analysis based on essential parameters for
the description of BE. The characteristics considered allow understanding of the fragility
of the BE prone to individual risks and combinations of these, to be further evaluated
with respect to the real hazards present in specific case studies, both analysed in the BE
S2 ECURe project and in other similar research focusing on BEs.
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