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ABSTRACT
The use of digital representations of physical objects allows to 
simulate phenomena and predict behaviours. The representative-
ness of a model is based on the congruency between the code, the 
survey and the modelling strategies. In terms of physical space, two 
important approaches are the Geographical Information Systems 
(GIS) and Building Information Modelling (BIM). GIS approach is 
intended to code environmental information based on geographi-
cal references. BIM approach is intended to code buildings in terms 
of their components, generating parametric descriptions. For his-
toric buildings, BIM extends to the so-called Historical BIM models 
(HBIM). Together, these strategies allow coding territorial-scale 
entities, such as historical centres. An application for these models 
would be the simulation of risk situations, leading to vulnerability 
analysis. Despite the existence of GIS-BIM-HBIM integration exam-
ples, most of their procedures are designed to !t with a speci!c case 
study, which questions the suitability of a general coding frame-
work. This paper presents a vision of state-of-the-art technologies 
and strategies for coding, surveying and model historical centres, 
with emphases on the analysis of urban vulnerability and risk. 
Finally, we propose a general comprehensive framework on the 
convergences of GIS-BIM-HBIM technologies and successful 
practices.
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1. Introduction

The analysis of any phenomena is linked with the codi!cation and description of the 
di"erent agents involved. To measure or to characterise an entity is, by itself, to code 
a physical feature into a conventional language (e.g., mathematical or semantic) in order 
to translate it into a model, able to be managed and operated. When analysing 
a determinate event, it becomes essential to establish methods, frameworks and treat-
ments that permit to build correct assumptions and validate the results obtained through 
the corresponding analysis. The analysis of the vulnerabilities that a particular inhabited 
place has regarding speci!c hazardous events, such as !re, #oods or earthquakes, needs 
accurate descriptions of the diverse objects that interact in a speci!c spatial framework. 
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Then, the appropriate codi!cation of the multiple entities involved in such a framework is 
thus the necessary background for a successful vulnerability assessment.

In order to approach an assessment for urban entities, it becomes necessary to 
establish how the urban entity needs to be described. In other words, the identi!cation 
of the features that determine a speci!c condition of vulnerability as a whole. At the urban 
level, several elements may be intuitively identi!ed as relevant for this description, such as 
streets, squares, neighbourhoods, green areas or transport networks. This semantic 
approach can be carried out in smaller scale, regarding individual constructions, namely 
buildings. The analysis of architectural objects is highly dependent on material and 
geometric descriptions. A successful codi!cation of the physical information of a city (or 
a historical centre) may be the basis for constructing a model in which the identi!ed 
attributes are re#ected, and, in consequence, it becomes possible to test the hypothesis of 
the real world by using the model. In this context, it is fundamental to guarantee the 
consistency of the model (and its representativeness) and the variables of the studied 
phenomena.

Since the vulnerability of an urban entity is dependent on both environmental and 
anthropic elements, it becomes pertinent to explore the strategies and tools that are 
currently used to code those elements. A possible approach for coding anthropic phe-
nomena is using standardised indexes and indicators common in social sciences for 
measuring poverty, marginalisation, level of income or inequality, for example. In terms 
of environment and natural geographic context, the existence of Geographic Information 
Systems (GIS) allows managing georeferenced information that determines a character-
isation based on the spatial situation of a particular region. In the other hand, there is 
increasing use and interest in the application of the Building Information Modelling 
approach as a uni!ed code for generating representative models of built entities, such 
as buildings and infrastructures. Furthermore, there is a recent interest on applying this 
approach for generating models of existing structures and buildings, leading to the 
existence of the so-called Historical BIM or HBIM models, that can re#ect speci!c singula-
rities that are often found in historical constructions.

Contrary to what happens for the new ones, the process of modelling existing entities 
does not occur in a ‘regular and well-behaved environment’. Historic buildings require 
sensitive approaches able to consider the active ageing of constructions, which are 
necessarily the result of multiple transformation, reparation, use and decay processes. 
These processes bring with them a series of physical prints that are meaningful for further 
interventions and diagnosis, such as deformations, cracks, strains or super!cial decays. For 
this reason, when acquiring data, it is of paramount importance to adopt 
a comprehensive approach capable of incorporate the simpli!cations that are usually 
considered as acceptable when working with new constructions.

When addressed to existing constructions, some data acquisition technologies (such as 
satellite images or photogrammetric point clouds) permit to translate the physical reality 
in representative models. Nevertheless, there are some gaps in the interoperability of GIS, 
BIM and HBIM approaches, mostly because of the di"erent primary purpose of the 
platforms. BIM, HBIM and GIS models can separately contain valuable information for 
analysing vulnerability. Finding ways in which the codes and models of GIS, BIM and HBIM 
approaches are consistent and interoperable may be the base of a comprehensive 
strategy for urban vulnerability assessment.
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The existing challenges for this interoperability are, generically, four. The !rst challenge 
is to decide and establish what to code. Since the objects are real physical entities, they 
have virtually in!nite attributes to be measured and characterised. The decision of what to 
code depends on which are the attributes considered as relevant for vulnerability analysis 
purposes. Secondly, it is necessary to decide appropriate data acquisition strategies. 
These strategies must be consistent with the information considered necessary, so the 
obtained data is reliable. The next challenge is related to the strategies for codifying the 
obtained information in models that can manage and re#ect all the considered attributes 
namely concerning the interaction between di"erent supports and software in which 
information has been coded and managed. Finally, it is essential to decide how to 
simulate the phenomena in order to assess the vulnerability of the represented object.

The present work will analyse existing literature in order to explore how the challenges 
mentioned above may be solved. It will show some recent discussions about the attri-
butes that are considered relevant in a historical centre, i.e., which information would be 
essential to code. Then, it will show some current strategies that permit to acquire 
information from large-scale entities, such as photogrammetry and laser scan surveys. 
Once the data acquisition is complete, it becomes necessary to code it into adequate 
models, so a discussion about the potential use and limitations of GIS, BIM and HBIM 
models will be held. Finally, the suitability of a comprehensive and integrative framework 
will be discussed. The hypothesis is that an adequate selection of semantic descriptors 
supports the acquisition of the semantic descriptions in order to generate representative 
models for assessing the vulnerability of the represented objects (Figure 1).

2. Codi!cation of physical entities

The !rst important decision is what to code. The delimitation of the information that will 
be coded is based on both the phenomena and the entity that will be modelled. Then, 
when developing models for assessing the vulnerability of historical centres, it becomes 
fundamental to understand which are the attributes that the concept of «historical 

Figure 1. Summary of the main topics to be discussed.
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centre» implies. Moreover, an adequate delimitation of the phenomena and its compo-
nents is needed. There is a relevant interdependency between the phenomena and the 
modelled object, in the sense that the success of the simulation depends on the con-
sistency of the logic operations with the coded data. As a departing point, a semantic 
description is a base for further coding. Descriptors are, then, the generic features that will 
be measured in order to characterise a speci!c entity.

2.1. Codi!cation of the Historic Urban Landscape

There is no unique concept about what «urban» is. Despite this, there is a general 
agreement in considering that cities are shaped by a spatial context (with attributes 
such as size, density, distances or territories) as well as a social context, which comprises 
economic, social, political and historical processes (Boone and Fragkias 2013). The spirit of 
our present idea of heritage is strongly related to the relationship between intangible 
values and products concerning tangible entities in which these values are materialised 
(Bouchenaki 2003). Then, the concepts of «city» and «heritage» are often related. There is 
an increasing interest in cities through a holistic approach. One of the critical steps in this 
exploration is the concept of «cultural landscape», understood as the combined works of 
nature and of man (Van Oers 2010). A relevant idea of the cultural nature of an anthropic 
landscape is found in ancient conceptions of the «genius loci» or the Spirit of Place, which 
refers to the uniqueness and authenticity of a city (Petzet 2009).

One of the most recent e"orts for providing international institutional frameworks for 
historical centres management and study is the development of the Historic Urban 
Landscape approach, supported by UNESCO. The HUL Guidebook (UNESCO 2016), pro-
poses that a Historic Urban Landscape is « . . . the result of the historical layering of cultural 
and natural values and attributes, extending beyond the notion of ‘historical centre’ or 
‘ensemble’ to include the broader urban context and its geographical setting. This wider 
context includes notably the site’s topography, geomorphology, hydrology and natural 
features, its built environment, both historic and contemporary, its infrastructures above 
and below ground, its open spaces and gardens, its land-use patterns and spatial organisa-
tion, perceptions and visual relationships, as well as all other elements of the urban structure. 
It also includes social and cultural practices and values, economic processes and the tangible 
dimensions of heritage as related to diversity and identity».

In order to characterise the city as a system, it becomes necessary to establish 
a functional description of it. Bambara et al. (2015) propose a city structural breakdown 
(Table 1) in which the urban complex is approached from four general subsystems, each 
one of them divided into two inferior level categories. Semantic descriptions of the 
elements that are found in a historical centre (mostly as a network of buildings and 
transitive spaces, namely streets) should include not only geometric and material para-
meters, but also valuable information about users (including their potential vulnerabil-
ities) and occupation patterns.

There are precedents, such as Giuliani (2020), who proposed a spatial analysis based on 
a Space syntax representation. This approach considers two spatial properties, metric and 
topological, which permit to model physical space (namely urban space) as a network of 
#ows that connect land uses. Then, this approach may enrich a set of semantic descriptors 
for streets and transitive spaces to be mathematically analysed.
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Even if we generically accept that buildings are one of the multiple agents that 
conform the urban entity, it is useful to study them separately, since that single construc-
tions may experiment more changes in time than the city itself and because there is an 
important variability in terms of solutions, typologies and systems that demand to be 
approached according to their singularity. Then, the building objects are, for historical 
centre semantic description purposes, considered as a subset of the historical centre 
entity.

2.2. Codi!cation of single constructions for structural analysis purposes

Structural assessment for historic structures is a challenging task, involving potentially 
signi!cant uncertainties related to the mechanical properties of materials and the e"ect of 
di"erent types of decay (Calvi et al. 2006). Along with other aspects, these constructions 
are typically made of masonry, which brings multiple complexities to the process due to 
material heterogeneity, mechanical and geometrical non-linearities, weather/environ-
mental related decay, among others. Nevertheless, there are several attempts for general 
frameworks in which a set of assumptions is accepted, and it is possible, assuming some, 
to carry a simpli!ed structural assessment. As an example, the Italian Directive (Gazetta 
U!ciale 2014) considers three di"erent approaches for simpli!ed seismic assessment by 
regarding the relation between the simpli!ed assumptions that are taken against the 
detail and accuracy of the information available for a speci!c building. Each approach is 
considered as a Level of Valuation (Rondolini 2018) and is associated with a certain kind of 
analysis (Table 2).

Table 1. City structural breakdown proposed by Bambara et al. (2015).
Grade 1 category Grade 2 category Grade 3 category
1. Technical 

networks
1.1 Water 
1.2 Power 
1.3 Telecommunications 
1.4 Transport

1.1.1 Drinking water supply 
1.1.2 Sewage and stormwater 
1.2.1 Electric network 
1.2.2 Natural gas network 
1.2.3 District heating system 
1.3.1 Broadband 
1.3.2 Landline telephone services 
1.3.3 Mobile telephone services 
1.4.1 Road 
1.4.2 Railway

2. Housing 2.1 Mobile 
2.2 Individual 
2.3 Group

3. Business 3.1 Services 
3.2 Manufacturing Industry 
3.3 Stores

4. Public 
infrastructure

4.1 Decision-making crisis management  
infrastructure 

4.2 Operational crisis management infrastructure 
4.3 Infrastructure dedicated to vulnerable 

inhabitants 
4.4 Other public services

4.1.1. Urban system administration (city 
hall) 

4.2.1 Police, emergency services 
4.3.1 Health facilities (hospitals) 
4.3.2 Educative facilities. 
4.3.3 Prisons, retirement houses 
4.4.1 Welfare benefits 
4.4.2 Housing allowances 
4.4.3 Business support 
4.4.4 Record keeping 
4.4.5 Legal and judicial facilities
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The application of the ‘Level of Valuation’ approach permits to have a general frame-
work for analysing several buildings with similar typologies and construction technolo-
gies. This is especially useful when analysing historical centres, such as the case of Matera 
(D’Amato et al. 2020). In the case of non-reinforced masonry, there are numerous works 
addressed to the characterisation of the most common failure mechanisms in order to use 
them as a starting point for assessing the tendency that a speci!c building can have to the 
activation of those mechanisms. This approach is mostly based on geometric parameters 
having thus critical limitations when dealing with heterogeneous and discontinuous 
(resulting from di"erent construction stages) masonries.

The general idea behind this approach is to have a limited set of potential collapse 
mechanisms and a corresponding mathematical formulation in which a load factor may 
be found as a function of a set of geometrical parameters. It is relevant to remark that this 
approach has been developed speci!cally with the scope of non-reinforced masonry 
buildings. Some authors, such as D’Ayala and Speranza (D’Ayala and Speranza 2003) for 
example, propose abacus containing the most common failure mechanisms. A relevant 
work aimed at systematising a tool for applying the mechanism of collapse criteria can be 
found in the MEDEA (Manual for Earthquake Damage Evaluation and safety Assessment) 
project (Zuccaro et al. 2010), in which also reinforced concrete mechanisms of collapse are 
considered. When considering speci!c seismic characteristics of a determined region 
(more speci!cally, a historical centre), it becomes possible to have loss estimations 
based on past experiences (D’Ayala et al. 1997).

Both approaches, Level of Valuation and Collapse Mechanisms, are basically supported 
by geometrical information with very general assumptions regarding the mechanical 
behaviour of materials. Nevertheless, there exist also simpli!ed approaches for analysing 
or categorising determined structural systems, such as masonry works. A remarkable 
approach is the Masonry Quality Index (Borri et al. 2015), which permits to develop a semi- 
quantitative assessment of masonry constructions by taking into account attributes that 
may be visually identi!ed. This approach permits to obtain indicative values for some 
mechanical properties of masonry walls based of simple-view features, such as the kind of 
plaster, the size and shape of the masonry units or the regularity and path of joints.

The de!nition of the attributes to be coded depends on the vulnerability assessment 
approach to be used. The above-mentioned ones – Level of Valuation, Collapse 
Mechanisms and Masonry Quality Index – permit simple assessments based on geometric 
and visual identi!cation aspects. For such, it is necessary to establish a comprehensive list 
of parameters that can be used to describe the geometry of the main structural elements 
of a building (resisting walls, #ooring and covering systems), as well as their state of 
conservation. Since the primary structural system of historical buildings is usually com-
posed of masonry walls, most of the attributes should focus on the description of these 

Table 2. Level of Valuation and their main features.
Level of  
Valuation Description
LV1 Qualitative analysis and assessment of seismic safety with simplified mechanical models, which allows 

estimating a global vulnerability index.
LV2 Simple microelement assessment (local mechanisms of collapse), based on the local response of macro- 

elements.
LV3 Complex analysis of the seismic response, namely through Finite Elements Analysis.
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elements. Some secondary attributes (typically obtainable through simple operations), 
such as slenderness or the relative area of the openings can be calculated directly in the 
databases. It should be noticed that there some recent exercises focused on the auto-
matic generation of these core elements directly from the raw point cloud data, allowing 
the creation of 3D models more easily and quickly (Thomson and Boehm 2015).

From exposed, it is plausible to assume the possibility of performing simpli!ed struc-
tural assessments taking simple geometric parameters as a base. A general geometric 
description may permit to characterise a determined construction in terms of an abacus of 
common failure modes. Furthermore, the existence of detailed images (e.g., from 
a photogrammetric survey) may even help to characterise a determined masonry work 
and some mechanical aspects.

2.3. Codi!cation of vulnerability and risk

The abundant concepts and conditions that are often related to the idea of risk may 
di$cult to de!ne the true meaning of this concept. A valuable description is that of the 
international standard ISO 31000:2009 (International Organization for Standardization 
2006). In this standard, the risk is stated as the «e!ect of uncertainty on objectives». 
Furthermore, uncertainty is « . . . the state, even partial, of de"ciency of information related 
to, understanding or knowledge of an event, its consequence or likelihood». Objectives may 
consider a full set of aspects that are addressed to speci!c systems or components. In 
terms of historical centres, those objectives may be related to the urban functions. In 
terms of constructions, targets may be the performance states. Risk is, then, the e"ect of 
uncertainty of achieving objectives due to potential events (or hazards) with a certain 
likelihood, regarding their consequences in a speci!c system.

Literature devoted to the multi-risk assessment of cultural assets o"ers numerous 
methodologies in order to describe hazards and vulnerabilities quantitatively. Most of 
these works are focused in speci!c contexts, frequently using a very local interpretation of 
risks. Since these exercises are generally developed for speci!cs typologies, there is a lack 
of universal or generic evaluations intended to classify historical constructions.

Several experiences use semi-quantitative rankings in which physical properties are 
related to numerical scales between the most favourable and unfavourable extremes. 
Another approach is to rate by the mean of gradients that are informatically computed 
(Eastman 2005). When several features are taken into account, it is possible to provide 
more complex vulnerability scenarios.

Some important cartographies that have been used in the bibliography as input 
information for vulnerability and risk assessment methodologies are:

Ɣ Seismic macro zonation and Peak Ground Accelerations maps (Augusti and Ciampoli 
2000);

Ɣ Elevation, slope and orographic traits (Agapiou et al. 2016, Skilodimou et al. 2019);
Ɣ Urban mapping, land use and urban expansion patterns (Hadjimitsis et al. 2013, 

Skilodimou et al. 2019);
Ɣ Demographic statistics (Tate et al. 2010);
Ɣ Sea erosion, salinity and coast exposure (Hadjimitsis et al. 2013, Agapiou et al. 2016);
Ɣ Soil erosion and landslide events (Agapiou et al. 2016, Skilodimou et al. 2019);
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Ɣ Fires historical occurrence (Agapiou et al. 2016);
Ɣ Air pollution (Hadjimitsis et al. 2013);
Ɣ Proximity to roads and land communications (Hadjimitsis et al. 2013);
Ɣ Geological maps (Skilodimou et al. 2019);
Ɣ Precipitation data and #ood events (Skilodimou et al. 2019);
Ɣ Cadastral maps and market prices mapping (van Westen et al. 2002).

The analysis of several hazard sources also aimed to develop multi-criteria approaches, in 
which natural phenomena are accounted and punctuated to establish prevention hier-
archies and priorities. Some events are, however, conditioned for more than one layer of 
information. Tsunamis are a paradigmatic example of this. Also, the cartographies of 
specialised facilities and accessibility infrastructure are relevant for planning actions in 
case of emergency (Alzouby et al. 2019), aiming to update proper strategies for post- 
disaster stages. The diverse outcomes of risk assessment can complement and feedback 
existing data or new cartographies.

In the context of seismic vulnerability for historic buildings, Augusti and Ciampoli 
(2000) propose the following de!nitions:

« . . . Vulnerability (of a building or other constructed facility): Sensitivity to actions in terms 
of damage. In rigour, given by the ensemble of the conditional probabilities of attaining of 
exceeding each level of damage (up to complete collapse), in function of the intensity of the 
relevant action; in practice, often measured by one or few parameters.

Exposure: Existence of facilities subject to a hazard.
Hazard: Probability of occurrence of an action (taking account of its intensity).
Risk: Probability of damage/collapse (given by the convolution of hazard, exposure and 

vulnerability)»
There is a broad spectrum of hazards to which cities are exposed to, even if they are 

unnoticed. Thanks to its generic nature, the framework presented in this paper can be 
used to address most of these hazards, namely !re, #oods or earthquake. However, due to 
their regional nature and high signi!cant human, economic and social impact, special 
attention has been paid herein to the seismic vulnerability. According to the United 
Nations O$ce for Disaster Risk Reduction (2018), although earthquakes represented 
only 7.8% of disastrous events between 1998 and 2017, they are responsible for 56% of 
the deaths and about 23% of the economic losses resulting from natural disasters.

3. Data acquisition techniques

Once the descriptors are established, it becomes necessary to design and execute proper 
data acquisition techniques in order to characterise those descriptors with reliability. The 
most recent and promising techniques for urban and architectonic surveying are based 
on the acquisition of cloud points to be treated and manipulated as three-dimensional 
spatial descriptions. The usual acquisition of these points is made through processes such 
as photogrammetry and laser scan, sometimes assisted with external devices for covering 
broad areas.

The representation of three-dimensional objects by means of point clouds is based 
on assuming that the physical surfaces can be represented through a su$ciently 
dense group of points that hypothetically tends to in!nite. Then, a !nite number of 
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points is saved with information regarding relative or absolute spatial coordinates, 
which permits the spatial reconstruction of the object when assembling the sets of 
points. Those point clouds can be the base of further developments, such as gen-
erating surfaces and volumes through adequate processing. The most usual 
approaches for obtaining point clouds from physical objects are photogrammetry 
and laser scan. (Lerma et al. 2013)

Two strategies top the list of the most used ones for urban analyses: the aerial vehicle 
assisted survey (which is an auxiliary tool for photogrammetric procedures) and the 
satellite images photogrammetry (Manfreda et al. 2018). A third powerful tool is the 
laser scan, which is still the most accurate surveying tool. However, it is yet unsuitability 
(or hardly applicable) for the acquisition of large-scale objects or extensive areas.

Some research groups have applied technologies like Virtual Reality to anticipate more 
accurate and faster survey campaigns (Lee et al. 2018), showing that a preliminary urban 
3D model can be the starting point for a more pro!table on-site survey.

3.1. Acquisition of point clouds from photogrammetry and laser scan

Photogrammetry processes are based on the comparison of multiple photographic 
images, by using the camera as a «passive sensor». Even if the photographic image 
does not intrinsically contain information related with physical dimensions, the proces-
sing and comparison of a dense group of overlapped pictures permit to reconstruct the 
relative position of the points, given the optical features of the data acquisition device. 
This approach is relatively a"ordable but may need specialised personnel for post- 
processing the data. However, it is a very e$cient strategy due to its relatively simple 
implementation. This technique is limited to the quantity and quality of the images for 
adequate processing.

In contrast, laser scan or LiDAR (Laser Imaging Detection and Ranging) can take active 
measures of surfaces, so each point is associated with its relative distance from the 
emission source, allowing to obtain very accurate and dense clouds. This capacity over-
comes most of the limitations that photogrammetry has (namely its dependency on light 
conditions and the quality of the images). However, the relatively high cost of the devices 
can still limit the use of this technique. The most recent laser scan devices are even 
capable of obtaining colour information from the surveyed surfaces. The suitability of 
a strategy must regard constraints such as the on-site limitations and the availability of 
time and technical resources (Ahmed et al. 2011).

Despite the existence of other techniques and tools for obtaining point clouds, 
photogrammetry and LiDAR are still the most convenient means for data acquisition at 
the urban context, namely because of their suitability and #exibility in terms of scale and 
resolution. However, all strategies implicitly have to deal with challenges related to 
accessibility, cost and urban constraints. For instance, local regulations may limit the 
use of unmanned aerial vehicles under determined conditions. The experiment carried 
out by (Russo et al. 2019) provides interesting perspectives for the use of low-cost and 
small aerial devices with relatively simple and cheap cameras for obtaining complete 
urban façades. This experience permitted to discuss and solve some of the technical 
constraints associated with this technique, contributing thus to the development of more 
accessible and economical work#ows for urban-scale data acquisition.
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3.2. Drone and satellite-assisted surveys

The acquisition of point clouds with photogrammetry or laser scans can be enhanced if 
supported by another sort of devices such as Unmanned Aerial Vehicles (UAV) and 
satellite. Since one of the most critical challenges is related to the areas that must be 
covered during a survey, these tools permit to sweep large areas in relatively short periods 
of time. The selection of an appropriate tool might take into account the scale of the 
surveyed entity as well as the accuracy requirements. In several exercises, the scale factor 
is determinant when deciding the strategies for surveying a determined area (Roca et al. 
2014).

In the last few years, there has been increasing use of Unmanned Aerial Vehicles, 
namely drones, to assist photogrammetry data acquisition. UAV o"er several advantages 
when compared with traditional ground-level approaches, such as an excellent cost/ 
bene!t ratio. There is a rising range of vehicles and cameras that may be combined, as 
well as di"erent processes for data acquisition and processing (Siebert and Teizer 2014).

The quality of UAV-assisted photogrammetric surveys is mostly dependent on weather 
conditions and the limitations of the data acquisition system (cameras or LIDAR systems). 
Meteorological conditions might compromise UAV use in terms of stability when follow-
ing speci!c #ight paths. The design of an adequate work#ow for preparation, recording, 
post-processing and data generation is needed (Figure 2). However, the use of aerial 
surveys may be combined with satellite and on-site control measures in order to enhance 
the quality and reliability of the acquired data.

Despite photogrammetry surveying is able to be carried-out with aerial (manned or 
unmanned) means as well as at ground level (close-range photogrammetry), the suitability 
of the strategy must be coherent with the surveyed area, the expected resolution and 
accuracy, the port-processing capacity and the application that the point clouds must satisfy 
(Table 3).

Figure 2. General workflow for a UAV-photogrammetric survey, based on.Siebert and Teizer (2014)
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The use of satellite images is a very interesting strategy for surveying inaccessible or 
large areas where the use of UAV is not suitable. However, this approach is limited to 
satellite images with a relatively high resolution, minor than 0,5 m (Gruen et al. 2003). For 
this reason, it is convenient to have ground-level information for complementing satellite 
images, e.g., cadastral maps. It is possible to use Digital Surface Models (DSM) combined 
with satellite orthophotos and 2D maps (such as cadastral maps) in order to complete 
a general plan of a region. These images can be obtained by a steadily increasing – but 
still limited – number of satellite sources. A map got only from satellite images might be 
a right !rst approach, but there is still a signi!cant amount of non-automatic work to do 
on the post-processing of pictures (Vicum 2005).

When architectonic typologies o"er a limited universe of geometric hypotheses (e.g., 
roofs shapes), satellite images can also be used to !t objects into a limited list of choices. 
(Flamanc et al. 2005). That approach is especially useful when it is possible to de!ne 
geometric constraints that may be semi-automatically tested in the context of cadastral 
plans (Flamanc et al. 2003). Speci!c urban survey experiences show that satellite images 
can be used to generate 3D models of dense construction complex (Maillet et al. 2004).

The use of laser-scan devices with terrestrial or aerial support may overcome most of 
the photogrammetric-technique limitations since they do not depend on most of the 
environmental conditions that photogrammetry does. Besides, the use of laser-scan is not 
committed with as many «black boxes» as photogrammetry. However, data extraction 
and management require much more time and experience. Some researchers suggest 
that the suitability of both approaches may be decided according to the desired or 
expected detail on models (Barsanti et al. 2012). Moreover, this decision must be taken 

Table 3. Comparison between features of Aerial, close range and UAV photogrammetry (Eisenbeiss 
2009).

Aerial photogrammetry Close range photogrammetry UAV photogrammetry
Planning Semi-automatic Manual Automatic/manual
Data acquisition/ 

Flight
Assisted/manual Autonomic/assisted/manual Autonomic/assisted/manual

Size of the area km2 mm2 – m2 m2 – km2

Image resolution/ 
GSD

cm – m mm – dm mm – m

Distance to the 
object

100 m – 10 km cm – 300 m m – km

Orientation Normal case, recently 
also oblique

Normal/oblique Normal/oblique

Absolut accuracy 
of the initial 
orientation 
values

cm – dm mm – m cm – 10 m

Image block size/ 
number of 
scans

10–1000 1–500 1–1000

Special 
application 
(examples) and 
features

Large scale areas 
(mapping, Forestry, 
Glaciology, 3D City 
modelling)

Small-scale areas and objects 
(archaeological 
documentation, 3D modelling 
of buildings)

Small and large-scale areas 
(archaeological literature, 3D 
modelling of buildings and 
objects)

Aerial view Architectural and industrial 
photogrammetry

Applications in inaccessible areas 
and dangerous situations

Terrestrial view Aerial view
Real-time applications 

(monitoring)
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by analysing the suitability of the relative comparative advantages of each technique 
(Table 4) in the context of the survey objectives.

4. Strategies for digital modelling

The digital revolution changed multiple paradigms, including territorial management and 
urban processes. In this context, the role of specialised informatics approaches to territorial, 
urban and architectonic entities must be taken into account in order to assess their 
potential use and the integration of existing tools at the service of the HUL Approach. 
Once the descriptors of the historical centre have been established, and the consequent 
description of a determined historical centre has been acquired through the corresponding 
survey, it becomes necessary to organise this coded information by assembling a model. 
The di"erent descriptors of a historical centre can be represented resorting to di"erent 
approaches. Because the urban environment is continuously changing, the approaches or 
tools to be used must be #exible and easy to update. The Geographic Information Systems 
and Building Information Modelling are probably the two most used approaches for this 
purpose. Besides providing a #exible and easy to update environment, they allow covering 
a wide range of coded attributes, from the territorial scale up to the detailed building one.

4.1. The territorial scale: geographic information systems

Geographic Information System (GIS) tools are a particular case of databases that works 
with geographically referenced data (Fischer 1994). GIS tools allow relating spatial coor-
dinates with several layers of attributes, permitting to develop multiple mappings in 
a uni!ed coordinated and referenced framework. GIS tools are collections of information 
about the real world, integrating semantic and geometric data for its analysis and 
applications (Wate et al. 2013). A compelling ability of GIS is to document former urban 

Table 4. Qualitative comparison between photogrammetric and laser-scan surveys, adapted from 
Barsanti et al. (2012).

Characteristics
Photogrammetry 

(Image-Based modelling)
Laser Scanner 

(Range-Based modelling)
Cost of the instruments (HW and SW) Low High
Manageability/Portability Excellent Su!cient
Time of data acquisition Quite short High – km2

Time for modelling Quite short, experience required Often long
3D information To be derived Direct
Distance’s dependence Independent Dependent
Dimension’s dependence Independent Dependent
Material’s dependence Almost independent Dependent
Light’s dependence Dependent Almost/entirely independent
Geometry’s dependence Quite dependent Independent
Texture’s dependence Dependent Independent
Scale Absent Implicit (1:1)
Data volume Dependent on the resolution of the  

images and the measurements
Dense point cloud

Detail’s modelling Good/excellent Generally excellent
Texture Included Absent/Low resolution
Edges Excellent Quite problematic
Statistics For each calculated point Global
Open-source software Some A few
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con!gurations. This means that we are not only limited by the survey of the present state 
of the cities, but there is a framework to develop retroactive models that can receive 
historical hypothesis and add new data (Yang et al. 2019), helping to integrate 
a continuous narrative for historical centres. Other remarkable experiences are the use 
of GIS models in archaeological sites (Katsianis et al. 2008, Campanaro et al. 2016), which 
provide speci!c work#ows that intend to understand cultural assets as an integral part of 
natural landscapes.

The attributes to be coded in a GIS database can come from di"erent sources. The 
suitability of on-site surveys with proper documentation tools can permit to acquire 
accurate descriptions directly from the primary source. However, this process is con-
strained by the scale of the surveyed territory. For this reason, information must be 
acquired from territorial-scale three-dimensional models, and the use of automatic pro-
cedures to assist the process is highly relevant.

Some of the most recent e"orts are addressed to recognising elements from point 
clouds obtained through laser scan or photogrammetric surveys (Pu et al. 2011). Besides, 
automatic recognition of planes and surfaces might be the !rst approach to a series of 
entities that may be detailed in the next stages of the process [32], which may also be 
a suitable approach to adopt for the construction of preliminary urban models. The 
existence of simpli!ed models can be easily enhanced by increasing some simple para-
metric exterior elements, such as windows or doors. Even if this process is carried with no 
automatic means, the use of techniques and tools such as photogrammetry or laser scan 
may provide detailed point clouds for generating 3D reconstructions (Dore et al. 2012). 
The automatic generation of simple customised elements (such as walls with openings) 
would permit the assessment of the most usual mechanisms of collapse for a wider 
number of constructions. Furthermore, those customised elements might be the base 
for the further development of BIM models. If some simple elements in façades are 
automatically recognised, then their attributes would be automatically stored in the 
database as well.

Geographic Information Systems (GIS) tools are massively used for mapping vulner-
ability and risk-related data, particularly those resulting from natural hazards (Hadjimitsis 
et al. 2013). There is indeed an extensive list of parameters, typically used for evaluating 
vulnerability and risk, that may be mapped resorting to GIS tools (Tarolli and Cavalli 2013). 
Table 5 presents a list of some of these parameters for di"erent natural hazards. Some 
examples are the Integrated Hazards Assessment Tools (Tate et al. 2011), the Mexican 
National Atlas for Risks (Ruiz Rivera et al. 2015) or the Portuguese IPMA (Instituto 
Português do Mar e da Atmosfera – Portuguese Institute for the Sea and Atmosphere) 
databases. In terms of global databases, some projects deserve to be highlighted in this 
context, such as the World Atlas of Natural Disaster Risk or the International Disaster 
Database (Shi and Kasperson 2015). Since GIS maps can combine or disable speci!c layers, 
it becomes possible to have sophisticated approaches in which chained events and 
dependent consequences are assessed (Department of Regional Development and 
Environment Executive Secretariat for Economic and Social A"airs Organization of 
American States 1992). There are several open platforms in which this kind of maps are 
available, most of them are developed and managed by public actors, such as govern-
ments and environmental agencies. This approach is crucial in the context of a multi- 
hazard risk assessment.
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Besides natural hazards, anthropic phenomena can also be mapped, permitting to 
analyse hazard and exposure patterns contextualised with social indicators. If geo-
graphic databases are continuously fed with demographic and urban information, 
then it becomes possible to study disaster scenarios in terms of potential damages 
and loses in real-time (Silva et al. 2015). Risk mitigation approaches can be integrally 
enriched by taking into account demographic information, such as vulnerable groups 
distribution (Tate et al. 2010). Challenges due to global climate change are especially 
signi!cant in the context of the real-time mapping and assessment of populated areas 
(Zerger 2002, Gallina et al. 2016). The recent outbreak of the SARS-COV-2 virus is an 
example of how relevant are, for instance, human displacements models on the man-
agement of sanitary contingencies (Urban Heritage Conservation and Sustainable 
Development Research Team 2020). There is a relevant opportunity while considering 
unusual actions (such as a territorial quarantine) in which the suitability of a determined 
city for sustaining a speci!c population, during a certain period of time, can be assessed 
as a limit state. There is exciting potential in having real-time GIS databases for analys-
ing the availability of goods, stocks or vehicles, for example – so there is optimal use of 
existing resources.

Whenever GIS databases contain layers of economic data, such as market prices and 
cadastral, potential economic losses can also be estimated and mapped. BIM models can 
be the source of several attributes (use, material, age, value, existing damages . . .) that can 
be meaningful in the context of speci!c risk situations (van Westen et al. 2002). 

Table 5. Examples of baseline data for several hazards. Adapted from (Department of Regional 
Development and Environment Executive Secretariat for Economic and Social A"airs Organization 
of American States 1992).

Baseline data Intermediate thematic information Synthesis information
Earthquake Epicentres Maximum recorded intensity, 

magnitude
Seismic zoning (ground motion data, 

maximum expected intensity or 
magnitude, recurrence interval)

Fault lines Frequency distribution and gap data
Plate boundaries

Volcano Volcano location Previous event impact Potentially a"ected area (ash, lava, 
Pyroclastic flow, lahar)

History of eruptions
Hurricane Landfall map Previous event impact

Precipitation Landfall frequency distribution
Wind Hazard susceptibility
Coastal infrastructure

Landslide Bedrock geology Previous event impact
Slope Landslide inventory
Vegetation Design event (flood elevation and 

recurrence interval)
Precipitation

Flood Precipitation Previous event impact
Streamflow Maximum stream elevation Hazard zonation
Floodplain 

boundaries
Desertification Soils Ufezones

Precipitation Aridity
Evapotranspiration Erosion
Biomass production Population density
Vegetation cover Animal density

Land use
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Amirebrahimi et al. (2016), tested how structural models in a GIS environment may help to 
identify speci!c damages that can be measured in terms of economic loses through the 
semantic nature of the constructive entities. The exercise developed by Pelliccio et al. 
(2017) reached a !nite element analysis from an urban model by using simpli!ed assump-
tions. However, these assumptions are always able to be improved when new information 
is available and, in consequence, every new development is a meaningful investment of 
time and resources, and more accuracy is always obtained.

4.2. The modelling of constructions: BIM and HBIM approaches

Building Information Modelling (BIM) is an integrated process based on creating digital 
models that represent a building through its entire lifecycle, by containing and relating 
di"erent layers of information. Models are mostly composed of parametric instances and 
objects that incorporate reliable information from various sources, able to be managed by 
an interdisciplinary team (Strafaci 2008).

Although BIM models are often related to 3D representations, this is only one of the 
possible outcomes of a BIM process. The instances and objects represented in models can 
contain information regarding !nancial, mechanical, procedural or energetic details. At 
the scale of individual buildings, the detail of semantic descriptors may reach the level of 
single elements (Previtali et al. 2020). For this reason, BIM models constitute a shared tool 
for several professionals that work on the same project. There are signi!cant e"orts to 
standardise and create uni!ed and standardised frameworks for BIM processes, such as 
the ones of buildingSMART, that continuously develops public data dictionaries and 
processes (Poljan%ek 2017).

One of the most attractive advantages of BIM process is the continuous development 
of an ultimate model from which it is possible to extract several real-time updated 
products, namely visual information. This way, every change is real-time updated in the 
related outcomes, which represents a signi!cant saving of time. Besides, models can be 
fed with new information, meaning that the time used in their development is always an 
investment.

The work of several specialists in the same model is possible because of the capacity of 
semantic enrichment, in which a determinate entity (namely components in a model) can 
store di"erent layers of information meant for di"erent operators. This also makes 
possible the interoperability of the same model with di"erent platforms. Most of this 
semantical enrichment may be found in collective libraries that are continuously updated 
(Quattrini et al. 2015). Semantic work also permits to set conceptual models in which all 
the relations between the single elements are explained and established.

BIM methodology is useful for modelling existing entities as well, such as historic 
buildings, permitting to document and analyse their current situation and to support 
future interventions. The adaptation of BIM methodology for representing the numerous 
singularities of the historic buildings led to the development of the so-called Historic 
Building Information Methodology (or HBIM), a term proposed by Murphy et al. (2009). 
HBIM brings a series of additions to the traditional BIM approach aimed at overcoming 
some of the limitations inherent to the nature of the historic buildings. In general, an 
HBIM model is generated and organised following the same rules as a traditional BIM 
model. The main di"erences lie in the use of ad-hoc repositories enriched with historic 
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architectonic and structural elements (due to their singular character against standardised 
and/or industrially produced ones) and the addition of data regarding deformations, 
decays and other sorts of damages, usually non-existent in new constructions. These 
decays and damages may be represented as parametric instances, which are meaningful 
and quanti!able in project processes, and programmed as adaptive components or 
additional properties of existing elements. These components are also allowed to retain 
metadata that can be useful in di"erent processes during the intervention stage (Lo Turco 
et al. 2016). Since HBIM models are expected to re#ect the existing ‘as-built’ construction, 
conditions or pathologies (such as geometrical deformations and irregularities) should 
not be simpli!ed or neglected.

When modelling an existing building, it is necessary to consider that several layers of 
information have a cumulative nature (since historic buildings are the result of multiple 
changes along its timeline). The model becomes a kind of «inverse engineering» product 
(Figure 3), with information directly acquired from the building (Figure 4). An accurate 
model can be used as a container for previous, present and future information, permitting 
to evaluate changes, damage processes, carry structural tests and even planning inter-
ventions with all BIM modelling advantages (Biagini et al. 2016).

HBIM models represent buildings by using libraries of architectural elements mostly 
based on several academic books on architectural history. Most of these elements have 
been developed in Geometric Descriptive Language (GDL), which permits to create 
complex geometries based on simple geometric primitives. However, numerous entities 
that are usually present in historic buildings (as vaults, speci!c kind of walls, arches, etc.) 
are not available in standardised libraries (Maietti et al. 2018). Even if the uniqueness of 
every single building is still challenging, most appropriate steps can be taken in this !eld – 
for example, the adoption of standard terminologies for labelling and describing ele-
ments. Another feasible strategy is to use existing standard elements that may be later 
linked to details like pathologies, stratigraphic units or speci!c attributes that correspond 

Figure 3. Similarities and specificities of BIM models developed to a new building or an existing one, 
based on .Volk et al. (2014)
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to the uniqueness of cultural assets (for instance, by using the Industrial Foundation 
Classes or IFC format). This approach may be especially useful when working on open 
source platforms (Diara and Rinaudo 2018).

The possibility of an automatic model generation directly from the surveyed informa-
tion may imply a signi!cant development in terms of wide-scale entities. Even if there are 
no consolidated tools for this purpose, several experiences have obtained promising 
results.

Rutzinger et al. (2009) tested the identi!cation of wall patterns in urban scale by using 
a semi-automatic recognition of surfaces. This approach permitted to model entire urban 
façades and to classify some exterior features, namely windows and doors, adequately. 
Thomson and Boehm (2015) tested a semi-automatic process to directly transform 
information from a point cloud to a BIM model in small examples successfully. 
However, these recognition algorithms are not yet implemented in commercial software, 
and the accuracy of academic experimentation is still unsuitable (too low) for the 
production of HBIM models (Dore and Murphy 2017). Automatic identi!cation of walls 
and façades can be especially useful when it is possible to make a clear typological 
identi!cation. In that circumstance, it is possible to extrapolate spatial and constructive 
speci!cities through the information obtained in an external geometric survey, allowing 
to estimate some post-disaster scenarios related, for example, with the amount of debris 
after a collapse or to prevent !re propagation patterns.

4.3. Experiences and challenges on GIS-BIM-HBIM integration

At present, it is possible to use two-dimensional cartographies (namely GIS databases) in 
order to manage and store multiple layers of information and attributes. Many of the 
vulnerability-oriented attributes can be numerically stored in a simple 2D GIS database. 
However, even accepting that the data acquisition can be stored and managed under the 
basis of a 2D model, there is a great potential in the use of 3D cartographies to explore 

Figure 4. Typical BIM model workflows for a new building and an existing one, adapted from .Volk 
et al. (2014)
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vulnerability-related phenomena determined by spatial conditions – for example, the 
study of air and water #ow, the behaviour of volcanic ashes or solar incidences on façades. 
Although the use of 3D models for the extensive study of environmental vulnerabilities is 
still recent, it is a !eld in rapid expansion and with great potential for further develop-
ment. An excellent example of the use of 3D cartography of the city of Sora can be found 
in (Pelliccio et al. 2017). Furthermore, the pursuit of developing 3D cartographies based 
on point clouds instead of the usual two-dimensional maps becomes useful for generat-
ing comprehensive documentation for the current state of an urban system. That three- 
dimensional frame would permit to follow changes along the time and would even allow 
analysing disastrous events based on a well-documented precedent state.

Even if at their origin GIS and BIM approaches were conceptually di"erent, there is an 
increasing interest in their interoperability. This would permit a careful control of complex 
projects, even when regarding small components of it, as well as its further assessment 
when regulations change. One of the most important di"erences that must be taken into 
account when working between BIM and GIS platforms is the level of detail that each 
system can represent and handle. While BIM and HBIM models are intended to represent 
a building as accurate as possible, GIS copes with larger scales and, consequently, with 
lower levels of accuracy. There exist, however, a normalised index where BIM, HBIM and 
GIS (among others) tools may be framed to share information (Matrone et al. 2019): the 
Level of Detail (LoD).

Level of Detail (LoD) is the name of a discrete scale in which !ve di"erent levels of 
representation are described by regarding the balance between reliability and simpli!ca-
tion that may be assumed in a speci!c model (Biljecki et al. 2013) (Table 6). However, data 
acquisition is also a constraint that determines which LoD can be reached from the 
primary source. In general terms, the descriptors for these Level of details are those 
presented in Biljecki et al. (2013).

Table 6. Matrix for di"erent 3D modelling techniques and representativeness, adapted from Wate 
et al. (2013).

Aerial Acquisition Terrestrial Acquisition
LoD Abstract Feature 

Representation
Distinct 

Features 
Identified

Satellite 
Photogrammetry

Spaceborne/ 
Airborne 
LiDAR

Close-Range 
Photogrammetry

Mobile 
Laser 
Scan

LoD 
0

Digital Terrain 
Model (DTM)

Buildings 
footprints

Yes Yes

LoD 
1

Digital Surface 
Model (DSM)

Buildings as 
prismatic 
objects

Yes Yes

LoD 
2

Building Structures 
with prototypic 
features

Buildings with 
prototypic 
roof shapes

Yes Yes Yes

LoD 
3

Buildings with 
architectural 
features

Buildings with 
openings 
and textured 
wall surfaces

Yes Yes

LoD 
4

Buildings with 
interior 
architectural 
features

Buildings 
rooms with 
interior 
furniture 
and 
texturing

Yes
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Thanks to LoD de!nitions, it is possible to insert simpli!ed BIM entities in GIS models. 
Nevertheless, those simpli!ed BIM models can be linked with more complex representa-
tion (as external references), through a controlled decrease in their level of detail. Such 
a decrease can be done by following speci!c LoD de!nitions, as the CityGML ones (Cheng 
et al. 2013). Another feasible strategy for interoperability is the sharing of geometrical 
information between IFC and CityGML standards. An IFC solid object can be mapped to 
a set of surfaces that jointly permit to describe the solid semantically. However, this 
sharing may be problematical concerning the orientation of the surfaces. To extract the 
geometrical parameters of an IFC entity, it becomes necessary to !lter the IFC classes in 
order to extract only mappable surfaces (Donkers et al. 2016). At present, experiences 
such as the one of Cecchini (2019) demonstrate the suitability of downgrading a BIM 
model to simplify some geometric parameters of IFC instances, allowing CityGML stan-
dards-based entities reconstituting volumes from sets of surfaces.

There are some examples in the literature – see for example (Deng et al. 2016) –, where 
CityGML was chosen as a key schema in an instance-based method for generating 
mapping rules between IFC and CityGML. In this way, it is possible to generate a so- 
called Semantic City Model, which captures relevant information from BIM and GIS 
models, achieving automatic data mapping in di"erent Levels of Detail. An in-depth 
exploration of the issues about the integration of BIM and GIS carried by Ohori et al. 
(2017) describes explicitly geometric and topological processing problems (mostly 
because of self-intersection inconsistencies) and incorrect georeferencing of IFC models, 
concluding that most of the errors are caused by source errors when developing BIM 
models. Since the conversion between data models usually leads to data loss, some 
authors have already proposed strategies to guarantee information coexistence by estab-
lishing references between the IFC and CityGML standards, see for example (Vilgertshofer 
et al. 2015).

It is pertinent to recall that the LoD is addressed to the granulometry of the information 
for representation purposes. Hence, it is possible to have an LoD 0 model with multiple 
data !elds describing, for instance, three-dimensional attributes of the construction, even 
if they are not graphically represented. This means that such models (even low LoD 
models) can store the attributes required to feed simpli!ed vulnerability assessment 
methodologies. In the other hand, a detailed model would be the base for more complex 
approaches. For example, a very re!ned LoD 4 model would precede a corresponding 
Finite Element Model, or an LoD 3 model would provide data for carrying a Masonry 
Quality Index (Borri et al. 2015) analysis. Hence, the limitations and needs of using 
a certain Level of Detail as a standard for vulnerability assessment purposes depend 
directly on the characteristics of the assessment approach to be used. When a BIM model 
already exists, it is possible to extract or !lter input data to simpli!ed models, preserving 
intact the original information.

The transition from 3D models to CityGML requires converting both geometric and 
semantic information. Despite the existence of some successful experiences (Dore et al. 
2012, Kokla et al. 2019), there is still a signi!cant challenge associated with data sharing 
between BIM and GIS platforms. Some works, like the one of López et al. (2018), propose 
complete work#ows for covering a wide variety of scales. Recent experiences have 
successfully demonstrated that HBIM-GIS integration is possible and useful – see, for 
example, the case of the ‘Gran Torre di Oristano’ (Vacca et al. 2018). There are interesting 
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works in the literature intended to automatically label urban elements with semantic 
concepts (Cordts et al. 2016) by using ground-level photographs. Furthermore, there is 
also recent literature addressing the possibilities of automatic and semi-automatic identi-
!cation of objects directly from satellite images (Zhu et al. 2017).

A complete three-dimensional model can o"er valuable information about materials 
and geometric aspects of the structural elements. This may constitute a !rst approach to 
estimating tensional states in the whole structure, permitting to develop simpli!ed 
structural analysis (Pelliccio et al. 2017), as well as roughly estimate the energy needed 
to activate diverse mechanisms of collapse, e.g., partial or global façade overturning. Once 
a simple model is obtained (i.e., a general urban model), the single entities can be 
enhanced with further surveys and detailing. This might permit to perform a !rst- 
contact study of the elements that have been identi!ed as the critical ones. Such elements 
might be further assessed through BIM modelling and even reaching the design of 
accurate !nite element models. However, this enhanced model may still be linked to 
the original urban one. This capacity permits to have a phased project in which some parts 
are more detailed than others.

Since HBIM models are a particular case of BIM, the generalities for their integration 
in a GIS environment would be applicable for both. However, it is important to keep in 
mind that HBIM models can represent physical decays that might be related to multi-
ple environmental phenomena, such as water #ows, wind, solar incidences or presence 
of vegetation, for example. Hence, the generation of proper links between environ-
mental information in GIS databases and speci!c decays in HBIM models suggest 
a promising opportunity for the assessment and diagnosis of vulnerabilities, !nding 
valuable correlations. Some researcher tried to deduct the decay process of a building 
by comparing an as-built and an idealised model. Nieto-Julián et al. (2019), for 
example, propose to build a purely theoretical model based on documents and 
historical research; and a second one that re#ects the real current state of the building 
through geometric data obtained with laser-scan or photogrammetry techniques. This 
permitted to di"erentiate some aspects that may be part of an original conception or 
a process of decay.

Although the GIS-BIM-HBIM integration is relatively recent, some experiences reported 
in the literature reveal promising uses and potential opportunities in the !eld of manage-
ment and protection of built heritage. Campanaro et al. (2016) discuss the use of a 3D-GIS 
model of a building in Pompeii to collect information about decay processes in the 
building’s façades – such as cracks or lack of verticality –, which is then used for mapping 
an overall risk indicator. Even though this experience did not include the integration with 
BIM environment, the processes generated by using the ArcMap and ArcScene modulus 
can be developed in BIM environments as well. De Ruvo (2019) also explores the 
suitability of the interoperability of HBIM-GIS frameworks in the cities of Quinson, 
Tolentino and Venice. It considers, among others, its usefulness in the representation of 
risks and hazards, considering the risk analysis in the context of the ResCult project. 
Another noteworthy example of the GIS-BIM-HBIM integration was developed by Pelliccio 
et al. (2017) for the Italian city of Sora. In this work, the authors use a comprehensive BIM 
3D model for testing diverse environmental agents related to physical decays, including 
wind, solar incidence and water #ow. In this speci!c case, the vulnerability analysis is 
concentrated in a limited part of the historical centre of Sora. However, the works 
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mentioned above suggest that the use of GIS platforms for integrating multiple BIM 
models might also help to ensemble and frame a regional model.

Another relevant aspect is related to the storage and management of the !les that 
represent intermediate steps before the feeding of the GIS database. The GIS database 
would be able to be fed from di"erent sources, such as on-site surveys and from data 
extracted directly from BIM-HBIM models by using a proper interface. Expectedly, the origin 
of BIM-HBIM models might be variable, since there is a vast number of actors interested in 
their creation and update, namely contractors, designers, government instances or aca-
demic institutions. Hence, it is possible to admit that the storage of BIM-HBIM models (as 
well as their background sources, such as point clouds) would be independent of the GIS 
database, only generating temporary links for feeding the database, which may be done by 
using cloud informatics services, for instance. Then, a preliminary design might consider an 
online cloud-based database with a distributed storage of the sources.

5. Vulnerability assessment methods

A vulnerability analysis of a historical centre is typically aimed at considering the e"ects of 
a determined event into this system. If the models of both historical centre and phenomena 
are representative, then it is possible to predict the interaction of the event and the system 
with a certain grade of reliability. The e"ects must be compared with a pre-established 
acceptability criterion in order to assess the need and magnitude of mitigation. The 
disruption that the system may su"er as a consequence of the selected event can be 
studied through qualitative and quantitative analytical tools, for instance, Risk Matrix, Failure 
Mode and E"ect Analysis (FMEA), Failure Tree Analysis (FTA) or Event Tree Analysis (ETA).

5.1. Risk matrix

A risk matrix is a semi-quantitative tool that allows relating the likelihood of a determined 
event against the expected e"ect that may have on the system, expressed in levels of 
severity. Di"erent risk matrices can be constructed for a speci!c historical centre by 
confronting the relative frequency and intensity of past events that a"ected it, with 
their e"ects on the system.

The acceptability of risk (Vrijling et al. 1998) is also addressed to determine the thresh-
old from which a particular assumption of risk becomes reasonable. This is not only useful 
for assessing existing systems, but also for targeting performances and enhance speci!c 
aspects of the system. In terms of structures, for instance, this target safety (Holicky et al. 
2015) is closely related to the existing codes and performance states.

5.2. Failure mode and e"ect analysis

In the context of risk assessment, one of the most relevant techniques for failure analysis is 
that of Failure Mode and E"ect Analysis (FMEA). The formulation of FMEA intends to 
describe a system through its components and to separately analyse them in order to 
identify potential failure modes, their causes, and to assess the potential impacts of these 
failures in the entire system (Stamatis 2003).
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FMEA approach is especially useful to design a progressive and methodologic process 
to assess complex systems, in which a similar framework can be repeated through diverse 
subsystems or components. For FMEA analysis purposes, a failure mode is understood as 
a deviation from the required performance of a component, i.e., cessation of the ability to 
perform a critic function. This concept will have speci!c meanings depending on the 
semantic characterisations. A basic algorithm for FMEA application (Snee 2018) may 
include:

(1) De!nition of the system’s scope. The division into components and the relation-
ships (utilisations, functions, in#uences and interconnections) between these 
components are schematised.

(2) Description of each component’s function, and their interactions with the others, 
resorting to block diagrams, for instance.

(3) Selection of a primary component.
(4) Selection of a function or a performance requirement to be tested.
(5) Identi!cation of all the potential failure modes associated with the selected 

component and function, determining under which operating conditions failure 
may occur.

(6) Selection of a failure mode. Namely one considered as a signi!cant risk.
(7) Identi!cation of the root causes of the selected failure mode.
(8) Assessment of the direct, intermediate and end e"ects, tracking a chronological 

sequence.
(9) Identi!cation of the means or methods of detection, as well as existing control 

and mitigation measures.
(10) Planning of supplementary measures and means that may improve or strengthen 

the element in the context of the selected failure.
(11) Selection of a new failure mode. Repeat from point 7.
(12) Once all failure modes were analysed, selection of a new function. Repeat from 

point 5.
(13) Once all functions were considered, a new component will be selected. Repeat 

from point 4.
(14) Sorting of potential failures.
(15) Proposal of interventions.
(16) Registering and documenting the entire FMEA process.
(17) Monitoring of the system performance.

This analysis may be especially suitable from the basis of the semantic codi!cation of 
historical centres and their components. In fact, information such as the description of the 
component’s function, performance conditions and requirements, potential failures and 
the failure e"ects, is able to be coded together with the physical entity. In other words, the 
information needed for carrying the FMEA analysis can be integrated into the models and 
represented through them. For instance, buildings in which the electric or water supply is 
critical (e.g., a shelter), or buildings that may be compromised because of inaccessibility 
(e.g., a hospital).

There are several literature proposals about the risk acceptability in the FMEA 
method context (Snee 2018), by using qualitative or quantitative indicators. One of 
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the most important aspects to be taken into account is the existence of a societal 
risk that must be di"erentiated from individual risks. Societal risks are very sensi-
tive to perception, even if several quantitative measures may be used for an 
objective approach (Vrijling et al. 1995). Several expressions and representations 
(such as the FN diagram) are useful for contextualising a speci!c scenario (Stallen 
et al. 1996).

The results of the FMEA analysis may point out the most critical elements and their 
most likely failure mode. This critical failure can be further assessed resorting to Failure 
Tree Analysis and/or Event Tree Analysis.

5.3. Fault tree analysis and event tree analysis

Fault Tree Analysis and Event Tree Analysis are logic trees (i.e., schemes) that represent the 
di"erent cause-consequence relations existing between di"erent events in the context of 
the main event.

Fault Tree Analysis helps to calculate the probability of failure of a determined system 
from the analysis of the probabilities of determined disrupting events. On the other hand, 
the Event Tree Analysis helps to determine the probabilities of a system being able (or 
not) to cope with a determined disrupting event, taking as a base the chained e"ects that 
may be triggered from the main event. Then, both logic trees have in common 
a determined trigger event. Failure trees explain the events that may lead to the event 
itself, while event trees describe its consequences for the system. The combination of 
both threes may be found useful when analysing a very speci!c event (e.g., a particular 
earthquake) (Stamatis 2003, Snee 2018).

When addressed to single buildings, the corresponding failure tree may regard the 
Ultimate Limit State of the structure, based on the di"erent mechanisms of failure for 
masonry constructions. The event tree analysis may consider the potential e"ects that 
a collapse may have in the superior level, due to the presence of debris or loss of 
continuity in a certain road.

Failure tree analysis helps to assess the events or chains of events that may imply 
a failure of the system because of the failure of their components. For instance, the city 
structural breakdown caused by the chained failure of technical networks, housing, 
business and/or public infrastructures that compromise the basic needs of the city. Time- 
dependant consequences of that failure can also be assessed resorting to an Event Tree 
Analysis.

6. Towards a comprehensive work"ow for vulnerability assessment of 
Historic Urban Landscapes

By departing from the previously analysed information, it is possible to propose 
a comprehensive critical path divided into four groups of tasks: semantic descriptors 
selection, semantic description acquisition, modelling and assessment (Figure 5). The 
de!nition of the semantic descriptors involves the selection of the attributes that need 
to be coded in order to adequately describe the object in the context of a determined 
objective. It becomes relevant to select descriptors for the historical centre (streets net-
works or squares, for example) as well as its components (namely buildings). Since the 
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goal is to carry a vulnerability assessment, it will be necessary to describe all elements that 
would be used in a Failure Mode and E"ect Analysis. Then, descriptors for the city must 
express all the use of constructions, infrastructures, networks and entities that permit to 
have a speci!c performance (or limit state). On the other hand, descriptors for single 
buildings should also comprise an elementary characterisation of the structural, material 
and geometrical characteristics of the building so that a simpli!ed structural assessment 
can be developed.

The semantic description refers to the set of measures and characterisations based on 
the selected descriptors, i.e., the unique description that corresponds to a unique entity. 
This description is based on an appropriate survey. As reviewed, the selection of the 
appropriate strategy should be made taking into account, for example, the availability of 
the resources, the extension of the historical centre and the post-processing capacity. The 
most current techniques are those of laser scan and photogrammetry, sometimes 
enhanced with the support of satellite images and/or the use of aerial vehicles. 
Moreover, this description can be enriched with pre-existing data obtained, for example, 
from maps or external databases.

The model is the recipient in which the semantic description will be coded, allowing 
this way to obtain a digital representation of the existing object. Geographic Information 
Systems and Building Information Modelling are particularly suited to the task of repre-
senting historical centres. It is important to keep in mind that interaction between IFC and 
CityGML standards is still in constant development and implies numerous challenges to 
be applied in practical projects. Hence, a feasible short-term approach is the simple 
nesting of BIM models in GIS databases as independent !les (i.e., external references), 
permitting to organise the information that would be able to be more integrated in 
future.

The vulnerability assessment of historical centres begins by its coding as a system. 
To do so, it becomes necessary to declare its components (namely buildings, but also 
streets, services and networks), their interaction and a given performance limit state. 

Figure 5. Summary of the workflow.

24 R. RAMÍREZ EUDAVE AND T. M. FERREIRA



For historical centres, this limit state would be a minimum of serviceability when 
facing an accidental event, such as a !re or an earthquake. In the case of single 
buildings, it can be related to structural limit states. If a determined event is 
proposed (e.g., an earthquake with a determined intensity), it becomes possible to 
assess each building though simpli!ed structural analysis, such as the mechanisms of 
collapse. When the failure of the individual buildings is inserted in the historical 
centre Failure Mode and E"ect Analysis, we can obtain a determined potential 
scenario. Suppose the FMEA analysis shows a particular event or the vulnerability 
of the system (e.g., a bridge). In that case, it is possible to assess a single event of 
failure though the Failure Tree Analysis and the Event Tree Analysis, so it is possible 
to study which conditions and situations may lead to the event and the predictable 
consequences of it.

The proposed work#ow shows consistency based on the existence of numerous 
successful experiences in the literature that cover partial sections of the entire chain. 
However, a successful comprehensive work#ow is still constrained by the numerous 
challenges found in those experiences as well. The most important technical challenges 
that were identi!ed during the literature review are related to the automatization of 
data acquisition from BIM models and three-dimensional point clouds. The simpli!ed 
vulnerability assessment methodologies discussed in this paper can be successfully 
implemented using data that already exists in any BIM model, namely geometrical 
and material parameters. Then, all attributes might be reunited in a comprehensive 
survey, that would be able to be !lled with data extracted from BIM models as well as 
from on-site surveys.

The design of adequate interfaces for harmonising both approaches is an important 
challenge as well. This interface would permit a reliable link between the GIS database 
and its di"erent sources of information.

The representation of BIM and HBIM models in the context of a GIS database is still 
a very signi!cant challenge, mostly because of the constraints of the computational 
resources on GIS motors. Nevertheless, this issue has been already explored and is 
being positively solved through the use of a controlled reduction of details in the Level 
of Detail framework.

7. Conclusions

The importance of carrying comprehensive vulnerability assessments for historical centres 
is that of supporting public decisions addressed to the mitigation of the e"ects that 
a particular event may impose to the city. This would help to reduce damages and loses as 
well as enhancing the recovering capacity after a disastrous event. Existent research has 
explored how cities and buildings may be analysed and coded in terms of descriptive 
elements. Some recent technologies are helping to improve the data acquisition pro-
cesses, also helping to enhance the capacity of obtaining an accurate description of large 
entities.

The existing examples found in literature permitted to observe the feasibility of 
assessing the seismic vulnerability of historical centres though their codi!cation in 
GIS, BIM and HBIM models. Moreover, this exploration permitted to approximate 
a work#ow in which the semantic descriptors, the survey methods, the digital modelling 

INTERNATIONAL JOURNAL OF GEOGRAPHICAL INFORMATION SCIENCE 25



and the vulnerability assessment share a base and a well-de!ned sequence. As dis-
cussed before, the most relevant challenges of GIS-BIM-HBIM integration are related to 
the automatization of the data acquisition processes. The current harmonisation of the 
semantic data stored in the BIM and HBIM models permit to identify the attributes that 
would be useful to import for vulnerability assessment purposes. However, in order to 
!lter and store the attributes in GIS databases, it becomes necessary to develop proper 
interfaces, capable of carrying an accurate acquisition from multiple models. When this 
acquisition is addressed to HBIM models, the existence of multiple approaches for 
modelling decays and singular elements are still a signi!cant challenge for automatic 
identi!cation.

The use of third resources such as CityGML would permit to manage the inter-
operability for models based on the IFC standard for BIM and GIS databases. In this 
context, the concept and de!nition of Levels of Detail for models present 
a signi!cant potential regarding the automatization of the processes and the 
feeding of the GIS databases from BIM models. GIS databases can be fed with 
vulnerability-related attributes obtained directly from on-site surveys, but the sur-
veying technologies (such as UAV assisted photogrammetry or satellite images, for 
example) allow to obtain accurate and large models that facilitate city-scale survey-
ing. Furthermore, the improvements in terms of automatic recognition of surfaces 
are allowing to achieve the automatic or semi-automatic identi!cation of some 
elements (namely façades) directly from point clouds. These processes would allow 
bridging the gap between simpli!ed vulnerability assessment methods and urban- 
scale surveying.

The literature review allowed to recognise several experiences that represent 
partial pieces of the proposed work#ow. The identi!cation of these successful 
examples, as well as the analysis of the challenges faced during these processes, 
allowed assembling a work#ow whose suitability is already supported by past 
experiences where most of the challenges could be successfully solved through 
the use of state of the art strategies and procedures, namely to automatization and 
interoperability.
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