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Abstract: The increasing frequency and intensity of extreme weather events are accelerating the

mechanisms of surface degradation of heritage buildings, and it is therefore appropriate to find

automatic techniques to reduce the time and cost of monitoring and to support their planned

conservation. A fully automated approach is presented here for the segmentation and classification

of the architectural elements that make up one of the façades of Palazzo Pitti. The aim of this

analysis is to provide tools for a more detailed assessment of the risk of detachment of parts of the

pietraforte sandstone elements. Machine learning techniques were applied for the segmentation

and classification of information from a DEM obtained via a photogrammetric drone survey. An

unsupervised geometry-based classification of the segmented objects was performed using K-means

for identifying the most vulnerable elements according to their shapes. The results were validated

through comparing them with those obtained via manual segmentation and classification, as well as

with studies carried out by experts in the field. The initial results, which can be integrated with non-

geometric information, show the usefulness of drone surveys in the context of automatic monitoring

of heritage buildings.

Keywords: Palazzo Pitti; sandstone; stone deterioration; built heritage management; planned conser-

vation; photogrammetry; machine learning; segmentation; monitoring; cultural heritage

1. Introduction

The current role attributed to cultural heritage as a founding value of society, coupled
with the corresponding attention devoted to its protection, has given rise to a convergence
of two trends. On the one hand, over the past century, there has been a growing awareness
of the role played by cultural heritage in modern societies, which has in turn expanded
the amount of assets to be protected. Conversely, the progressive widening of heritage
recognition to ever broader categories of tangible and intangible assets necessitates the
study of a wider range of processes for their documentation and protection [1].

On the other hand, awareness of the direct impact of human activities on cultural
heritage has increased considerably. The very act of recognising the cultural value of a
cultural asset can, in some cases, prove to be a catalyst for its destruction, as demonstrated
by the impact of overtourism and deliberate destruction during conflicts and wars to
dismantle the cultural identity of adversaries [2,3].

Therefore, alterations to environmental conditions caused by human activities can
produce indirect, pervasive, and continuous damage [4]. Such results are determined by
degradation mechanisms induced via pollutants, which have already been studied for a
long time, and also by climate change effects, as revealed in recent studies [5].
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Among the climate change-related factors, it is worth noticing that the increased
intensity and frequency of extreme climatic events may accelerate the natural processes
of alteration and degradation of the materials of artefacts that were originally designed to
last in different environmental conditions. Furthermore, extreme climatic events are often
highly correlated with an increase of landslide or flood risk, affecting not only cultural
heritage but also large parts of the territory.

The creation of digital documentation of cultural heritage is a complex undertaking.
The application of high-resolution geomatic sampling techniques has resulted in the gener-
ation of a vast quantity of spatial data in a relatively short period of time. The accuracy
and quality of the data are sufficient and often higher than required in most applications.
However, metric data represent only the initial material from which further processes,
such as the production of CAD drawings, 3D models, GIS, BIM, and so forth, are derived.
The generation of such outcomes and their subsequent interpretation in order to obtain
useful information for the understanding and more effective management of cultural
heritage still necessitates the intervention of specialists. Consequently, it is beneficial to
identify processes that facilitate the management, processing, and interpretation of digital
data, particularly in the context of large and complex buildings, archaeological areas, and
cultural sites.

This study presents the initial findings of a research project investigating the potential
of automated spatial data segmentation to identify the most vulnerable areas of the façades
of the Palazzo Pitti in Florence, Italy. This is part of a larger project concerning the potential
detachment of stone elements due to the characteristics of the material used for the con-
struction of the building. Such an occurrence may have particularly grave consequences in
a context with a high number of tourists, such as that of Palazzo Pitti. For this reason, the
façades are periodically monitored through direct inspection by specialists.

In 2020, a complete survey of Palazzo Pitti (described in more detail in Section 3) was
carried out using integrated geomatic techniques. The survey results were employed to
generate computer-aided design (CAD) drawings like plans, elevations, and cross-sections.
Subsequently, all the stone elements of the façades were manually segmented and classified,
with the aim of creating a geographic information system (GIS) database to facilitate their
management, monitoring, and conservation.

This paper presents a further research advancement, namely the development of a
fully automatic approach for the segmentation and classification of these elements. The
objective of this analysis is to facilitate the monitoring process through providing tools for
a more detailed assessment of the threat of detachment of parts of the stone elements.

The study focusses on the south-west side of the main courtyard (known as “Cortile
dell’Ammannati”, Figures 1 and 2). However, the same method can be adapted to the
entire range of rusticated façades of the Pitti Palace, even if they have slightly different
finishes, as well as to other buildings with similar stonework.

Section 2 presents the role of digitalisation of cultural heritage in the broader imple-
mentation of a digital economy and its relation to European and Italian environmental
policies. Section 3 presents the case study of Palazzo Pitti and the specific features of the
degradation of its façades, which justifies a continuous surveillance programme. Section 4
describes the photogrammetric survey of its façades, carried out with a drone, and the
elaboration of the documents and materials used as references in the subsequent sections.

Section 5 outlines the principal methodologies and the state of the art for segmenting
the components of a façade. It also describes the system adopted, which is essentially
based on the geometry of the components. In Section 6, the relationship between facade
elements and associated risk factors is elucidated. The results obtained are presented in
Section 7; Section 8 highlights strengths and weaknesses of the proposed research and
outline possible future developments.
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Figure 1. The Palazzo Pitti complex; The south-east facade of the courtyard is outlined in red.tt
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Figure 2. A view of the “Cortile dell’Ammannati”.

2. Digitalisation of Cultural Heritage and the Green Deal in Europe and Italy

The European Community has promoted innovation [6,7] in the cultural heritage
sector for the documentation, preservation, and sharing of the European legacy. It has done
this through directives, studies [8], guidelines [9], and supporting research projects and
infrastructures such as Europeana [10], which is undoubtedly the widest and best known
of these. The European Community’s support for digitalisation can be traced back to the
Lisbon Strategy [11,12], which was developed in 2000. The action plan highlighted the
potential of digitalisation to promote European culture, while acknowledging the primary
economic objective of “strengthening employment, economic reform and social cohesion
within a knowledge-based economy”.

At the beginning of 2020, the European Community initiated the Creative
Europe [13,14] programme with the objective of providing support to cultural sectors,
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including those related to heritage, in order to facilitate the exploitation of the opportunities
presented by the digital transition.

In addition, the Green Deal was presented to the European Parliament in 2019 [15].
This was a series of initiatives with the objectives of achieving climate neutrality by 2050
and of identifying prevention and adaptation strategies to be adopted in response to the
challenges posed by climate change.

Although the Green Deal did not explicitly refer to cultural heritage, a document [16]
produced in accordance with the Work Plan for Culture 2019–2022 [17] identifies threats
to and critical issues for heritage arising from climate change and examines the potential
contributions that cultural heritage can make to the Green Deal for Europe. The document
presents an analysis of the current state of cultural heritage in Europe in relation to climate
change and proposes a series of actions and good practices aimed at risk mitigation.
Research and innovation play a central role, promoting an interdisciplinary approach and
“more in-depth studies on the behaviour of cultural heritage materials (organic, inorganic
and composite) in times of climate change, including studies based on modelling and
simulation (including protection, conservation, green materials and consolidation), and
studies on the compatibility of adaptation measures with cultural heritage guidelines and
innovative materials monitoring (using sensors, three-dimensional documentation and
AI/machine learning processing)”.

Furthermore, the Commission Recommendation on a common European data space
for cultural heritage [18] encourages member states to digitise their cultural heritage
between 2025 and 2030 to improve its preservation, with particular reference to heritage
at risk. It recalls how “the development of advanced digital technologies, such as 3D,
artificial intelligence, machine learning, cloud computing, data technologies, virtual reality
and augmented reality” has created great opportunities and that “cultural heritage assets
digitised in 3D can be a source of relevant knowledge on climate-related impact, adaptation
and resilience (e.g., 3D allows non-destructive analysis of assets, visualisation of damages
and information for restoration, conservation, etc.)”.

In July 2020, the European Council approved Next Generation EU [19], a fund with
a value of EUR 750 billion to support member states in the aftermath of the COVID-19
pandemic. In Italy, the National Recovery and Resilience Plan (Piano Nazionale di Ripresa
e Resilienza—PNRR) [20], a programme of reforms and investments over a 2021–2026
timeframe, was introduced in 2021 to manage Next Generation EU funds. The objectives
were twofold: firstly, to address the economic and social damage caused by the pandemic;
and secondly, over a longer time frame, to resolve the structural deficiencies of the Italian
economy and to contribute to the digital and ecological transition. The programme, which
underwent a partial modification in 2022 [21], is divided into 16 components grouped
into six missions. Of these, the first, entitled “Digitalisation, Innovation, Competitiveness
and Culture,” and the fourth, “Education and Research,” address the themes of cultural
heritage in the context of the digital and ecological transition in greater depth.

In this context, the Ministry of Culture, through the National Digitalisation Plan (Piano
Nazionale di Digitalizzazione—PND) [22], which was drafted by the Central Institute for
the Digitalisation of Cultural Heritage Digital Library, intends to promote and organise
the process of digital transformation in the period 2022–2026 in accordance with European
directives. The process is oriented towards the preservation of collective heritage, repre-
sented by cultural assets, with the objective of making them more accessible to people and
fostering the development of new professional actors and services. With these assumptions,
the PND contributes to achieving some of the sustainable development goals (SDGs) of
the United Nations 2030 Agenda [23], namely, quality education, decent work, economic
growth, business innovation and infrastructure, and sustainable cities and communities.

The target groups are museums, archives, and other public and private cultural
institutions, as well as professionals such as artists, scholars, stakeholders, etc.

The PND, which includes a number of appendices, is a highly detailed document and
is divided into three sections. The first section, the vision, outlines the reference values and



Drones 2024, 8, 249 5 of 29

objectives. The second section, the strategy, lists the technologies and processes. The third
section, the guidelines, provides the operational tools.

The vision is to move from digital conversion to digital transformation. This shift
is not only a technological challenge but also a cultural one. It involves the creation of a
digital ecosystem [24] based on the relationships between objects and between objects and
people [25].

Cultural institutions should consider digitalisation as an integral aspect of their opera-
tions, rather than a standalone initiative to be implemented on an ad hoc basis. Rather than
viewing digitalisation as a marginal, secondary aspect, cultural institutions should view it
as an element closely connected to all the choices and actions they develop.

Among the purposes of digitalisation, the document [26] asserts that the digital copy of
the original, if acquired correctly and for documentation purposes, assumes informative and
cognitive value comparable to that of the asset itself, representing material characteristics
and the relative state of preservation. The digital resource thus becomes an active tool of
study and knowledge that enables simulations and, if consistently replicated over time,
supports monitoring processes.

The CHANGES project [27], which is funded by PNRR resources within Mission 4
‘Education and Research’, comprises nine spokes. These are characterised by horizontal
activities, including research, technology transfer, training, and the dissemination of re-
sults. The project is coordinated by eight state universities and one research organisation.
Specifically, Spoke 7, entitled ‘Protection and conservation of Cultural Heritage against
climate change, natural, and anthropic risks’, investigates the consequences for cultural
heritage caused by the impact of climate change, which accelerates the effects of natural
and anthropic risks. The investigation has been conducted with a multi-scalar approach,
including territory, historical cities, architecture, and mobile cultural artefacts. This ap-
proach allows the consideration of different scenarios and the addressing of both general
and specific issues. Spoke 7 selected artefacts of varying scales for the assessment of their
state of conservation and exposure to risks. Among these, Palazzo Pitti was also chosen for
assessing the potential for reusing the spatial data acquired during the survey campaign
described in more detail below and on which this study is based. The considerations
encompass the containment of the effects of degradation, which may be exacerbated by
climate change, and the potential impact on the safety of visitors to a monument that is
frequented by a large number of people.

In Italy, the protection of cultural heritage from the effects of climate change has been
achieved through the formulation of strategies and implementation plans that provide
guidance and good practices for monitoring and management in situations of risk from
natural and man-made hazards.

Following the impetus provided by the 2013 European Adaptation Strategy [28], in
2015, Italy adopted the “National Climate Change Adaptation Strategy” [29], of which the
operational instrument is the “National Climate Change Adaptation Plan” (Piano Nazionale
di Adattamento al Cambiamento Climatico-PNACC) [30], approved on 21 December 2023.

Both documents have a section dedicated to ‘Cultural Heritage and Landscape’. The
design of protection, control, and damage-prevention strategies derives from the assessment
of vulnerability and risks, the study of the heritage materials, with particular reference
to built heritage, and the associated types of degradation in relation to environmental
conditions. Among these factors, water plays a primary role. Intense and increasingly
frequent rainfall causes significant damage to buildings, in particular through accelerating
the deterioration of structures and wall surfaces. Considering the buildings in the Florentine
area built with the typical “pietraforte” sandstone, the action of rainwater causes the
dissolution of calcium carbonate present in the calcite veins and this mechanism can lead
to the decohesion of the rock, with the complete opening of the veins and the possible
detachment and falling of blocks, with possible personal injury and material loss.
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The results of prediction models suggest that the dissolution of carbonate stone ma-
terials will be predominantly due to precipitation and an increased atmospheric CO2

concentration in the near future [31].
The document, admitting its own shortcomings, outlines how the research on the

impact of climate change on cultural heritage has thus far been relatively limited and notes
the urgency of this issue. Furthermore, it underlines the dearth of observational data,
emphasising the necessity of continuous monitoring in order to correlate the degradation
of materials and systems characterising cultural heritage with climatic variables and their
changes. It highlights how downscaling is necessary if one wants to predict the impact that
changing climatic parameters have not only on historic centres and the landscape but also
on areas more specifically related to individual artefacts.

The Extraordinary National Plan for Monitoring and Preservation of Immovable
Cultural Heritage, adopted by the Italian Ministry for Cultural Heritage and Activities
in 2018 [32], defines the criteria for the selection of artefacts to be monitored and the
consequent conservation interventions, as well as the necessary control priorities. These are
determined based on specific indices of territorial danger and the individual vulnerability
of buildings, the instrumental control systems to be used, and methods for implementing
safety, conservation, and protection measures. The Plan also claims that monitoring the
state of cultural property in relation to risk situations has always been considered of
utmost importance, which over the years, on several occasions, has resulted in attempts to
implement suitable policies and tools. In order to ascertain the types and level of risk to
which a heritage building is exposed, it is necessary to gain a comprehensive understanding
of the artifact and to conduct regular and systematic assessments of the asset’s condition and
the site in which it is situated. It also states that a “holistic” approach to data identification
is required, from the global to the particular and from the context to the artefact, using
high-resolution diagnostics to assess the individual structure or individual element of
the structure itself. To achieve this, it is necessary to integrate various technologies and
techniques like remote sensing, drones, photogrammetry, and sensors to apply to the
artefact, and periodic checks on the state of structural and material deterioration.

It should be noted that, as of the present date, the only operational (and only partially
updated) tool available for planning interventions on cultural heritage according to the
criterion of level of risk is the Cultural Heritage Risk Map [33], which has been elabo-
rated by the Ministry of Culture and is managed by the General Directorate for Cultural
Heritage Security.

The aforementioned Italian documents discuss these topics only in their general
aspects. However, it is important to remember that raw data must be interpreted and
evaluated. Processing is what turns data into information, and this requires a critical
approach. Therefore, it is essential that documentation and monitoring are designed and
carried out by qualified specialists, possibly with interdisciplinary skills. It is essential that
collected data be accompanied by metadata and paradigms that allow for the correct use of
the data, their quality and accuracy, their preservation, and the traceability of acquisition
and processing steps [34].

The topic also aligns with the Italian National Research Plan 2021–2027 [35], which
identifies ‘Humanistic Culture, Creativity, Social Transformation, Society of Inclusion’
among the major strategic research and innovation areas for development in Italy. “Dig-
italisation of protection, conservation and valorisation processes” is the title of the first
articulation of this strategic research area. Therefore, a current research topic focuses
on objectively quantifying the presence and effects of various forms of decay and then
calculating damage indices to prioritize conservation and preservation works [36]. The
present work is an example of the digital transition of the building analysis and monitoring
process, initiating the long-sought transition to preventive conservation, maintenance,
and monitoring [37] and, from a broader perspective, supporting the transition to digital
transition in the field of documentation and protection of cultural heritage.
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3. Palazzo Pitti and the Conservation of Pietraforte Sandstone

Palazzo Pitti is the largest and most magnificent mansion in Florence. The original
part of the building was built in 1452 on the order of Luca Pitti. According to Giorgio Vasari,
it may have been designed by Filippo Brunelleschi. In 1549, Eleonora of Toledo, the wife of
Cosimo de’ Medici (the future first Grand Duke of Tuscany), bought the whole property.
Even though the palace was already three storeys high, it is likely that the interior was still
under construction [38].

After Cosimo ascended the throne, the building grew in importance and was used not
only as a residence but also as the seat of the government. In the 19th century, it was briefly
the seat of the Kingdom of Italy. The palace’s current appearance is the result of a series
of later extensions. The U-shaped courtyard designed by Bartolomeo Ammannati, which
faces the hills behind the building, is one of the most important expansions. The courtyard
was built between 1561 and 1577 and, like the rest of the building, features impressive
rusticated stonework.

The façades of the courtyard were developed on three floors above ground level [39].
The architectural style employed by Ammannati involved the traditional superimposition
of the three classical orders—Doric, Ionic, and Corinthian—with rustic yet regular ashlars
(Figure 3).
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(a) the Doric order on the ground floor; (b) the Ionic order on the second floor; (c) the Corinthian

order on the third floor.

On the ground floor, the rusticated blocks are domed and close together The column
shafts and the wall were designed to accentuate the massiveness of the lower floor, which
serves as the foundation of the building.

The upper floors exhibit an alternation of rustic and plain stonework. On the second
floor, the rustic ashlars are squared, while on the third, they are domed. From an archi-
tectural perspective, this creates a strong and striking contrast between light and shadow.
However, this type of stonework involves the presence of numerous protruding elements,
from which some detachment of stone fragments can occur. This can lead to safety concerns
and challenges in the conservation of the work [40–42].

The façades were constructed using a local kind of sandstone, called pietraforte,
which was also used in many other Florentine buildings. The most important quarries
for this kind of stone were located behind the Palazzo Pitti and right in the place where
the courtyard was built. This sandstone is bluish-grey when freshly extracted, but over
time it takes on a characteristic brown colour due to presence of iron oxide. It typically
has complex stratification and calcite veins at different angles. Although the façade’s
stone texture is aesthetically pleasing, it compromises its consistency. This sandstone is
susceptible to spalling and the detachment of large fragments due to mineral solubilisation
and thermo-hygrometric cycles. As the rustication has overhanging elements, including
large projections, it is important to regularly inspect the condition of the façades and
promptly secure any elements at risk.
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These problems are dependent on the intrinsic characteristics of the stone and have
always been present, as evidenced by the numerous gaps in the façade and the metal
anchors used in the past to hold the broken blocks together (Figure 4).
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However, pollution and climate change, altering the intensity and frequency of rainfall
and the concentration of CO2, have exacerbated these detachment problems, accelerating
the degradation processes, and consequently increasing the building’s preservation issues
and the safety risks to people.

Motivated by the above considerations, a research agreement was established in 2020
between the administration of the “Gallerie degli Uffizi”, which is responsible for the
maintenance and preservation of Palazzo Pitti, and the University of Florence, to conduct a
comprehensive 3D survey of the building, aiming at providing the tools for successively
monitoring the building’s health. This agreement involved a comprehensive survey of
all interior and exterior spaces within the complex, which comprises over 1500 rooms
and houses four museums and other cultural heritage institutions. The documentation
encompassed both geometric and construction characteristics, as well as information
on finishes, materials, and the state of conservation. It also included details on their
management, use, and current and past designations. A three-dimensional information
system was designed to support knowledge of the building and its future management
and maintenance [43].

The survey was conducted utilising integrated geomatic techniques. This entailed
the establishment of a control network employing topographic and geodetic tools (GNSS
and a total station) and the utilisation of 3D scanning and structure-from-motion (SfM)
photogrammetry for the architectural survey [44]. Laser scanners were primarily used for
surveying the interior spaces, while the exterior ones, including all the roofs and façades,
were acquired through the integration of data derived from scanning and photogrammetry.

4. UAV Photogrammetric Survey on the Courtyard of Palazzo Pitti

The detailed survey of the façades of the courtyard of Palazzo Pitti was carried out
using UAV SfM photogrammetry, designing a suitable flight pattern in order to achieve
the required result in the most efficient way [45–47]. Among the factors to be properly
taken into account in the flight plan, the geometric and exposure characteristics played a
pivotal role. The dimensions of the courtyard are approximately 40 m × 50 m, with façades
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approximately 35 m high on three sides, while the south-east side is about 12 m high. This
implies that in July, when it was possible to carry out the survey, the lighting conditions
were changing rapidly during the day. Consequently, the time periods during which each
façade was in shadow were calculated, and the survey was conducted primarily in the
early morning or late afternoon, also in order to avoid the presence of visitors close to the
flight area.

On each of the three largest façades (the fourth is only one storey high), an average
of one target per column or window was placed. The coordinates of these targets were
measured with a total station. In addition, some easily recognisable natural points were
measured on the cornice below the roof, where it was not possible to manually place the
targets. This allowed for a redundant set of control measurements, to also take into account
the possibility that some targets could be damaged or removed. The elaborations presented
in the following sections focus on the south-west façade of the courtyard (Figure 5), whose
photogrammetric reconstruction was obtained by exploiting 18 control points (CPs) and
11 check points (ChPs).

tt
tt

ffi

ft

 

ttFigure 5. South-west façade of the courtyard of Palazzo Pitti with CPs (yellow dots) and ChPs

(red dots).

The drone used for the survey was a DJI Phantom 4 Pro, which has the camera
characteristics reported in Table 1.

Table 1. DJI Phantom 4 Pro camera specifications.

Specification Dimension (in mm) Dimension (in Pixels)

Focal length 8.8
Sensor 13.2 × 8.8 5472 × 3648

Pixel size 0.00241

The main products of the photogrammetric survey were planned to be a 3D model
and an orthophoto, whose spatial resolution (ground sample distance, GSD) was required
to be approximately 2 mm.

Images were taken orthogonal to the façade, at an average distance of 6 m, in order
to achieve the required spatial resolution (Figure 6). The terraces on the second and third
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floors, as well as the roof, exhibit a projection of approximately 1.5 m from the façade.
Consequently, the distance between the drone and the most prominent parts of the façade
was approximately 4.5 m. In these circumstances, it was necessary to operate the drone
manually, as the GNSS signal was irregular or completely absent within the courtyard and
at a short distance from the walls.

Table 1. DJI Phantom 4 Pro camera specifications.
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and at a short distance from the walls.

 

Figure 6. A photo of the DJI Phantom Pro UAV in flight, surveying the “Cortile dell’Ammannati”.

The camera network comprised a series of orthogonal photographs, with an 80% 
forward overlap and a 70% side overlap. This entailed that the strips were taken at 
approximately two-metre intervals. The acquisition of images was also extended beyond 
the eaves line to record the roof pitches. Additionally, images with an oblique axis were 
captured at the same distance to reinforce the camera network and to facilitate the detailed 
documentation of the side faces of the elements. It is important to note that the 
aforementioned terraces are equipped with cast-iron railings and protective nets, which 
would have prevented imaging the façade behind them. Consequently, the stripe 
configuration was implemented through pitching up and down over and under the 
terraces.

Each elevation terminates at a concave or convex angle to the adjacent ones. In order 
to ensure a safe distance from the walls, in the corners, photographs were taken along a 
vertical line with the axis oriented towards the intersection of the walls. These sets of 
images were subsequently employed in the production of the orthophotos of both the 
façades.

Figure 6. A photo of the DJI Phantom Pro UAV in flight, surveying the “Cortile dell’Ammannati”.

The camera network comprised a series of orthogonal photographs, with an 80%
forward overlap and a 70% side overlap. This entailed that the strips were taken at ap-
proximately two-metre intervals. The acquisition of images was also extended beyond
the eaves line to record the roof pitches. Additionally, images with an oblique axis were
captured at the same distance to reinforce the camera network and to facilitate the detailed
documentation of the side faces of the elements. It is important to note that the aforemen-
tioned terraces are equipped with cast-iron railings and protective nets, which would have
prevented imaging the façade behind them. Consequently, the stripe configuration was
implemented through pitching up and down over and under the terraces.

Each elevation terminates at a concave or convex angle to the adjacent ones. In order
to ensure a safe distance from the walls, in the corners, photographs were taken along a
vertical line with the axis oriented towards the intersection of the walls. These sets of images
were subsequently employed in the production of the orthophotos of both the façades.

In consideration of the optimal exposure times to achieve the requisite images in
the shade, in an effort to avoid motion blur, the flights were executed at a velocity of
approximately 0.3–0.5 m/s. In total, approximately 3000 images were captured for the
survey of the south-west façade. Although the drone was capable of saving images in the
raw format (DNG), the image buffer had a limited capacity, which may have resulted in
the loss of some frames, which motivated saving them in JPEG format.

Given the necessity of performing imaging in limited timeframes, flights were con-
ducted over several days. This necessitated meticulous planning and comprehensive
annotation of the metadata associated with each flight session. This was undertaken in
order to prevent gaps or overlaps and to ensure the generation of consistent results.

Nowadays, several photogrammetric tools and software are available on the market.
In the 2020 survey, all the photogrammetric processing tasks were performed with Agisoft
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Metashape Pro software. The photogrammetric model of the south-west façade exhibited
a root mean square error (RMSE) of 9.4 mm for the CPs and 8.1 mm for the ChPs, values
compatible with the error level of the realized topographic control network. The outcomes
included the creation of (i) a digital elevation model (DEM) with a resolution of 2 cm
(Figure 7), upon which the studies presented here were based, and (ii) a 2 mm GSD
orthophoto (Figure 8), which served as the cartographic basis for the 2D drawings. In
particular, all ashlars and stone blocks were identified manually with great precision
and this information has been used for the validation of the results of the current study.
(Figure 9).
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Figure 7. DEM of the south-west façade of the courtyard shown in Figure 1.
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Figure 8. Orthophoto of the south-west façade of the courtyard shown in Figure 1.
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Figure 9. Manual segmentation and classification of the stone elements of the south-west façade of

the courtyard shown in Figure 1. Each stone block is identified with a number, colours are related to

the classes of the architectural components.

5. Segmentation of the Façade Elements

Segmentation entails partitioning a set of entities into several subsets, each of which
is usually characterised by some kind of intra-set homogeneous characteristics. When
considering spatial data related to a 3D model, segmentation aims at grouping the original
data in different regions based on certain characteristic such as colour, intensity, typology,
or semantic information. Since both photogrammetry and laser scanning, the two most
commonly used 3D reconstruction techniques nowadays, produce point clouds as natural
output, a number of techniques have been recently investigated in order to properly
segment such data, when dealing with semantic segmentation of heritage buildings in
particular [48–53]. Among the different proposed approaches, it is typically possible to
distinguish between those directly dealing with the point cloud, which usually either
deploy neural networks [54] or exploit geometric features [55], and those based on image
segmentation instead. In the latter case, the image segmentation results should be properly
reprojected on the original point cloud [56].

Although the approaches mentioned above aim to deal with the point clouds pro-
duced for quite generic heritage buildings, some simplifications may be introduced when
considering certain specific cases, such as when dealing with only a building’s façade,
for instance. A dominant plane and its normal direction can usually be identified when
considering a façade; hence, a 2D representation of the façade can be easily obtained via
projecting the façade elements along the normal direction onto the dominant plane. The
obtained representation, being either an orthophoto or a DEM, depending on the specific
kind of operation that has been implemented, is clearly not completely equivalent to the
original data, but the information loss, in this specific case, is often quite marginal. Several
approaches have been tested for orthophoto segmentation, usually based on the use of
proper convolutional neural networks [57,58], as well as DEM [59]; the latter approach
usually aims at exploiting geometric information often including spatial derivatives, nor-
mals [60], or computations of level sets [61]. These approaches are often restricted to brick
segmentation, often on masonry walls [57–59,62,63].

Motivated by the above observations, this work, quite similarly to [59,64], imple-
mented geometry-based segmentation directly on the façade DEM (Figure 7). Since the
main goal of this work is to monitor the detachment of portions of ashlars and the assess-
ment of the riskiest elements, the purpose of the implemented segmentation procedure was
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principally that of automatically segmenting the ashlars. The DEM segmentation workflow
was as follows:

• Preliminary operations. The DEM may include areas outside of the region of interest
and/or areas not covered by ashlars. A simple depth threshold-based procedure was
used in order to determine the DEM regions sufficiently close to the ideal wall surface
to be considered ashlars. In our implementation, this corresponded to limiting the
analysis to points within a 1.1 m depth interval;

• Depth variation-based edge detection. This step aimed at discriminating the potential
object boundaries as those associated with depth variations in the DEM. A simple
thresholding mechanism was used to determine the norm of the DEM gradient with
such an aim, i.e., let z = f (x, y) be the DEM depth value corresponding to the (x, y)
coordinates and ∇ f (x, y) be the value of the gradient in (x, y), which can be estimated,
for instance, as follows:

∇ f (x, y) =
[

∂ f
∂x

∂ f
∂y

]

≈
[

f (x+1,y)− f (x−1,y)
2

f (x,y+1)− f (x,y−1)
2

]

, (1)

where, for simplicity of notation, x and y are assumed to represent the location of the
considered point in the DEM expressed in pixels.

Then, the following thresholding was applied to the norm of the gradient on all the

(x, y) positions in the DEM:

|∇ f (x, y)| > ∆z, (2)

where ∆z is a properly set depth threshold. An example of the thresholding results is
shown in Figure 10. It is worth noticing that several more complex alternatives can be
considered in spite of the described depth-variation-based edge detection approach, e.g.,
edge detection based on the Harris filter [65]. Nevertheless, in this work, other options
have not yet been considered because of the simplicity of the proposed method and the
reasonably consistent results obtained in the case study.

 

 

 

ff𝑧

Figure 10. Example of depth-variation thresholding results.
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• Connected components computation. Connected regions [66], of black pixels, i.e., not
previously identified as potential edges, were determined in the binary image resulting
from the previous step (e.g., Figure 10), considering 8 connectivity, i.e., black pixels
were in the same region if either they had an edge or a corner in common.

• Optimization of object boundaries. Object boundaries derived from the depth-thresholding
mechanism summarized in Equation (2) may be inaccurate, in particular when objects
have a rounded shape, as visible in Figure 11a,b. This typically results in partially
incomplete segmented ashlars (or, more in general, objects). Consequently, an opti-
mization procedure was implemented in order to reduce the above-mentioned issue.
With such an aim, first, the normal to the DEM surface in the neighbourhood area
of each object border was computed, i.e., on the pixels identified as potential edges
using Equation (2) (white pixels in Figure 10). Then, all the points of each border were
moved to the corresponding closest local maxima of the angular difference between the
normal to the surface and the z direction. Finally, a piecewise linear fit was computed
on the derived object boundary in order to reject the outliers, if any. The result of this
procedure for the region in Figure 11a is shown in Figure 11c.

  
(a) (b) (c) 
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Figure 11. Example of segmentation results: (a) UAV view of the examined area, (b) segmented

objects after depth-thresholding and computation of the connected components, (c) segmented objects

after boundary optimization.

6. Ashlar Classification and Risk Assessment

Risk assessment in buildings and infrastructures is a very important and popular topic,
attracting the interest of researchers from different fields [67–69]. Nevertheless, the specific
peculiarities of the façades of Palazzo Pitti require the development of ad hoc procedures
in order to properly deal with their monitoring and maintenance.

The risk of detachment of portions of stone blocks is related to a number of factors,
including the progress of lamination, the presence of discontinuities, cracks, and frac-
tures, material loss and colouration, and erosion and exfoliation phenomena, as well as
the geometric parameters described in detail below. In addition to material and decay
analysis, non-destructive techniques (NDTs) have been applied for effective assessment of
the façade’s conservation: sclerometric measurements through the Schmidt hammer test to
evaluate the stone surface strength and ultrasonic velocity testing to evaluate the consis-
tency of masonry and allow the identification of internal defects like fractures, voids, and
detachments [70]. Monitoring campaigns are periodically carried out on the various façade
of the Palazzo Pitti, including the removal of detached parts of stone or the consolidation
of blocks that need it; the last monitoring campaign was carried out in February 2022.

A first step in the risk assessment related to the detachment of ashlars has already
been investigated [71] by an interdisciplinary group, including geologists, restorers, and
geomatic experts. That work presented a method for managing both geometric data and
results obtained through NDTs in an integrated manner. With regard to the geometric data,
a virtual inspection was conducted manually on the same dataset used in the present study.
A number of key aspects were considered, some of which were derived from the 3D survey
output, while others were inferred by the virtual inspection of high-resolution, 3D-oriented
images. Materials, forms of decay, and previous restoration works were also mapped.
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On a test area, the co-occurrence of all of those key factors was considered and related
to the shape model of the façade, and further analysis was limited to overhanging elements.

The findings were corroborated through comparing the stone elements that were
identified as presenting criticalities with those selected by expert geologists and restorers
in a field investigation, thus validating the proposed approach as a valuable preliminary
analysis prior to fieldwork, capable of reducing the time it takes and therefore its costs.

Despite the outcomes of such comparison proving the potential of the adopted ap-
proach, the main limitation was clearly the significant need for human intervention in
the data processing and analysis. The present work aims to overcome the limitations of
the manual approaches described in the aforementioned paper to ascertain the viability
of deriving pertinent information to assess the risk of detachment of portions of stone
elements through a more comprehensive and extensively automated analysis of the shape
model, while the other previously identified factors influencing the criticalities of the blocks
are, at present, overlooked. Introducing the discarded factors in the automated analysis
will be considered in the future development of this work.

Analyses of a building conducted with a traditional approach require interpretation
and, therefore, involve the work of specialized personnel according to study and “training”
processes that can now be at least partially computerized. Courses in architectural history
basically use methods analogous to machine learning: images are proposed, from different
viewpoints, of buildings with some relationship to each other; comments on the images
correspond to the training information. The architectonic order is a formalized code—yet,
always declined in different ways—and its recognition in the elevation requires critically
applying a knowledge model. The architectural order can then be broken down into its sub-
elements, as well as the elements composing a general building, which can be identified and
organised into more or less complex structures, depending on the objectives of the study,
organising them, if necessary, into classes and subclasses [72–75]. In the masonry of Palazzo
Pitti, there is not always a correspondence between the architectural decoration, apparently
subdivided in three overlapping orders characterised by ashlars of different shapes and
surface finish, and the façade’s structure. In many cases, a single architectural element
consists of different stone blocks; in others, the same block is carved to represent different
architectural elements. Consequently, although at first glance the rustic order appears to
consist of homogenous elements, on a closer inspection it is possible to distinguish the stone
blocks from the ashlars (Figure 12). A single stone block used for masonry construction
constitutes the minimum spatial reference for diagnostic and structural analysis.

In this study, on the other hand, the segmentation was aimed at identifying the individ-
ual ashlars, and subsequent analyses were concentrated on those elements. In accordance
with this consideration, only a selection of the objects segmented as described in Section 5
was used for further analysis, in particular in order to (i) distinguish between different ash-
lar categories based on their shapes and (ii) compute a geometric-based ashlar detachment
risk map. The rationale mostly motivating the procedure presented in this section is that,
from a merely geometric point of view, the most protruding elements in the façade are those
that are supposed to be associated with the highest level of (geomentry-only-based) risk.
Hence, the above-mentioned restriction of object selection was implemented, considering
only areas where protruding elements were present and, on the other hand, considering
only objects within a certain area range, in order to select (almost) only ashlars.

Then, an unsupervised geometry-based classification of the segmented objects was
performed using K-means [76]. It is worth noticing that segmentation and classification
techniques can be used to support building information modelling (BIM) generation; e.g.,
semantic segmentation may be deployed, for instance, as a tool to support a scan-to-
BIM workflow. Despite such potential of an automatic segmentation and classification
procedure, the goal here was merely that of grouping the ashlars into categories according
to their shapes and exploiting such information in the computation of the geometry-based
risk assessment.



Drones 2024, 8, 249 16 of 29

ff

ff

tt

ff
ff

ff

 

(a) (b) 

ffFigure 12. Difference between ashlars and actual stone blocks. The apparently monolithic ashlars

(a) are sometimes actually composed of several stone elements (b).

The use of unsupervised classification was motivated by the need of reducing as much
as possible the human intervention in the analysis procedure, hence avoiding the need for
creating an ad hoc training dataset. Nevertheless, supervised classification will also be
considered in future investigations in order to check the potential performance of this kind
of approach. Among the unsupervised approaches, K-means was chosen for its simplicity
and limited computational complexity. Given a set of n vector data, where each data sample
xi is assumed to be a d-dimensional vector, K-means aims at partitioning the n samples into
K clusters by minimising the functional V given by the sum of the intra-cluster squared
distance with respect to the cluster mean µj:

V = argmin ∑
K

j=1 ∑i∈Cj

∣

∣

xi − µj

∣

∣

2
, (3)

where Cj is the j-th cluster. It is well known that the outcome of the algorithm depends on
the values {µj}j=1,. . .,K used to initialize it. Nevertheless, such dependence can be remark-
ably reduced via running several instances of the algorithm with different initialization
conditions, as was carried out in this work.

In the application considered in this work, each vector xi was associated with a
different object, i.e., a different ashlar, and K-means was used to automatically group the
ashlars into different categories based on their shape. K-means output clearly depends
on the specific vectors used to describe the object’s geometric characteristics. Taking into
account the specific characteristics of the ashlars in the considered façade, the following
geometric features were considered as input for the segmented objects for the K-means
clustering algorithm:

• object area,
• width (along the x direction),
• height (along the y direction),
• depth variability, computed as the median absolute deviation (MAD) of the depths in

the DEM area associated with the segmented object,
• variability of the horizontal angle of the surface normal with respect to the z axis,

computed as the MAD of the horizontal angles for all the object pixels.

The values of the geometric features reported above were centred and normalized
before being inputted in the K-means algorithm, in order to avoid an implicit differ-
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ent weighting between such factors. Nevertheless, future investigations will be dedi-
cated to determining whether the use of different weighting criteria may lead to better
classification results.

Then, a geometry-based risk index was computed for each of the segmented objects,
based on how much it protruded. In accordance with the previously presented motivations,
this index related to only the protruding volume of the considered ashlar. Let us consider
the example in Figure 13a, where the protruding volume has to be computed for the blue
ashlar; the red one is the one below it. In the computation implemented here, the upper
surface of the red one is extended along the y direction up to the top border of the blue
ashlar, hence defining the green solid shown in Figure 13b. The protruding volume is
hereafter considered as the subtraction of the green parallelepiped volume from the blue
ashlar one. The computation of such volumetric difference is achieved as follows:

• partitioning with a grid the projection of the blue ashlar surface on the x–y plane.
A natural choice for such partitioning is clearly to consider grid cells equal to the
DEM ones;

• for the grid cell of index (h,k), determining the corresponding parallelepiped of basis
area Ahk and size zhk along the z direction given by the difference of z depth between
the blue and green boxes corresponding to such a position. Then, the volume for
the parallelepiped is Vhk = Ahk × zhk, and the protruding volume is computed as

∑h,k(Ahk × zhk).
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Figure 13. Computation of the protruding volume: (a) current ashlar (blue) and the one below

(red); (b) extending the upper border surface of the red ashlar to the top border of the blue one;

(c) partitioning grid of the blue ashlar’s surface on the x–y plane; (d) parallelepiped defined on one

of the grid cells in (c), with z size derived from the different z depth of the blue and green boxes on

that cell.

The computation of the protruding volume presented above can easily be generalized
to the irregular shapes of the ashlars. It is worth noting that when ashlars have a rounded
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shape, usually approximately circular on any section on the y = k plane, the cell repre-
sentation may not provide a good fit to the real ashlar shape close to the two sides of the
ashlar. The ashlar section being approximately circular, the circle radius r was computed
as half of the ashlar width on the x direction. The area on the x–y plane of the ashlar
slice in correspondence with y = k can be approximated as πr2/2. Extending the volume
computation to this case and its generalizations is also trivial.

Assuming a constant value for the stone density, i.e., 2.6 g/cm3 [77], the protruding
volume was converted to an approximate mass value. Hence, the following metrics were
computed for each segmented object:

(a) the approximate mass m of the protruding volume;
(b) the linear density, that is m/∆x, where the mass m is defined as above, while ∆x is the

object width along the x direction;
(c) the weight of the protruding volume above each cell, i.e., for each cell in a segmented

object, only the portion of the protruding mass above the cell was considered.

7. Results

The segmentation procedure presented in Section 5 was applied to the DEM of the
south façade of the courtyard, obtaining the results shown in Figure 14.

 
 

 

 

Figure 14. Segmented objects according to the procedure described in Section 5.

In order to validate the obtained segmentation, a comparison was carried out with the
manually identified stone elements shown in Figure 15, which were drawn with CAD tools
on the orthophoto and were used here as a reference.

Since the main interest is in determining a geometrical vulnerability map for the
protruding ashlars in the façade, the analysis of the segmentation results presented here
and the subsequent vulnerability assessment reported here was limited to the area shown
in Figure 16. Table 2 provides a numerical assessment of the implemented automatic
segmentation procedure, reporting the following performance metrics: accuracy, F1-score,
the over segmentation index (OverSeg), median intersection over union (IoU), and the
median absolute deviation of the IoU values. Accuracy and F1-score are defined as follows:

accuracy =
TP + TN

TP + TN + FP + FN
, (4)
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F1 = 2
precision × recall

precision + recall
, (5)

where TP are the true positives, TN the true negatives, FP the false positives, FN the
false negatives, precision = TP

TP+FP , recall = TP
TP+FN . The OverSeg index, indicated as a

percentage, is defined as the number of real stone elements that are segmented in more
than one object divided by the total number of real stone elements automatically detected.
The IoU between a ground truth stone element and an automatically segmented object at
least partially overlapped with it is equal to the overlapping area between the two divided
by area of their union. It is worth noting that when a real stone element was segmented
into more than one object, only the automatically segmented object with largest overlap
with the real one was counted as TP, whereas the others were counted as FP. Figure 17
shows the IoU distribution limiting the analysis to only the correctly matched elements
(true positives).

 

= ் ା ்ே் ା ்ே ା ி ା ிே= 2 ௦  ×  ௦ ା  
்் ା ி, ்் ା ிே

Figure 15. Manually segmented stone elements.

Table 2. Automatic segmentation vs. manually identified stone elements.

Accuracy F1 OverSeg [%] Median IoU [%] MAD IoU [%]

0.89 0.94 11.8 71.2 7.9

The accuracy and F1 values in Table 2 can be considered sufficiently high to be quite
satisfying. However, the median IoU was not as high as the accuracy and F1. This value of
the median IoU can be explained through the relatively large number of over-segmented
stone elements (and a few of under-segmented ones), as shown in the OverSeg value in
Table 2 and the left side of the IoU distribution in Figure 17. Figure 17 also shows that very
few stone elements were identified with more than 90% IoU; this can probably be explained
by differences mostly in the object borders.
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Figure 17. Distribution of the IoU values for the matched stone elements.

From a visual inspection of the façade, the presence of ashlars of different shapes is
quite clear. For instance, in Figures 3 and 6, it is possible to distinguish at least the following
categories: quite large rounded and squared stone elements on the half-columns, smaller
squared elements on the sides of the half-columns, capitals, and less protruding elements
on the arches and keystones. In accordance with this observation and with a few tests,
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K-means algorithm was executed on the segmented objects, setting K = 5 and running 1000
instances of the algorithm with different initial conditions. The obtained classification is
shown in Figure 18. Given the obtained classification results, the five identified classes can
be quite well described as follows:

• Rounded large column elements (yellow);
• Squared large column elements (blue);
• Squared side column elements (green);
• Arch elements (orange);
• Rounded large column elements (light blue).
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Figure 18. Unsupervised (K-means-based) classification of the segmented objects.

Regarding the light blue elements in Figure 18, it is clear that they are concentrated on
the bottom left of the façade and that such a class is clearly a duplication of the first one.
Nevertheless, the algorithm dedicated a different class to these elements because of some
incorrect segmentations, leading to the formation of larger objects (under-segmentation
issue) with shapes different from those described in the other classes. It is also worth
noting that air conditioning systems installed on the façade (Figure 19) were also classified,
mostly in the “arch elements” class. Although a few elements in Figure 18 were identified
as wrongly classified (usually because of segmentation errors), the obtained classification
appears overall to be quite reasonable.

In accordance with the indexes introduced at the end of Section 6, the following figures
show the assessed mass of the protruding volume for each segmented object (Figure 20),
the corresponding linear density, normalized to its maximum value within the test area
(Figure 21), and the determined mass of the protruding volume over each point of the
detected objects (Figure 22).
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Figure 19. Air conditioning systems on the terrace of the second floor. Such elements can be wrongly 
classified.
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point of the detected objects (Figure 22).

Figure 20. Approximate mass of the protruding volume for each segmented object, computed as 
described in Section 6.

Figure 19. Air conditioning systems on the terrace of the second floor. Such elements can be

wrongly classified.

 

Figure 20. Approximate mass of the protruding volume for each segmented object, computed as

described in Section 6.

Figure 20 allows identification of the stone elements associated with the largest pro-
truding mass. Although this can give a general indication of risky locations, it is clearly
largely correlated with the stone size. The normalized linear density, shown in Figure 21,
allows partial reduction of the correlation with the stone size, while still highlighting
the most protruding regions. Finally, Figure 22 shows that the overhanging mass index,
normalized by its maximum value on the façade, may be useful to identify certain of the
locations within the stones that may more subject to detachment.
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Figure 21. Normalized linear density of each segmented object, computed as described in Section 6.

 

Figure 22. Normalized overhanging mass for each pixel of the segmented objects, computed as

described in Section 6.

8. Discussion and Conclusions

8.1. Strengths and Weaknesses of the Proposed Research

The integration of knowledge into computer systems offers a promising solution
to complex problems. Through considering geometric, structural, functional, and other
aspects, this approach can significantly enhance the efficiency and effectiveness of conser-
vation and preservation efforts. A pro-active approach towards monitoring has gained
importance in recent times, and an objective approach based on measures and indicators
has become the goal to pursue [78]. This study proposes the reuse of a 3D survey carried out
using geomatic techniques and the development of methods for analysing the resulting 3D
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model to support the identification of possible problems relating to the conservation of the
building and the safety of its visitors. It is appropriate to analyse the proposed approach’s
strengths and weaknesses by comparing it with the traditional mode of operation based on
macroscopic analysis and close on-site inspection by experienced operators. This involves
noting the number and type of calcite veins, open discontinuities, lamination, previous
restoration interventions, and registering NDT measurements.

In particular, strengths must be considered from a long-term perspective, in both
economic and technological terms. This encompasses, on the one hand, the economies of
scale triggered via standardised processes repeated over time, transforming analysis from
a one-off event to regular monitoring. On the other hand, technological developments,
particularly those that may be supported by AI, may also be considered.

The potential of the work can be outlined as follows:

- cost effectiveness for built heritage owner–managers and limited time needed in the
field, thus minimising the courtyard’s inaccessibility to visitors and the costs of an
aerial platform; the last monitoring campaign, carried out in February 2022, took two
operators working for seven days on the platform, plus one operator to move the
crane—during that time, the courtyard could not be visited by tourists;

- objectivity of the results produced, although this should not be confused with their
reliability. Rather, reliability refers to the parameters analysed but not to the represen-
tativeness of the model adopted to describe the real levels of risk;

- once the analysis workflow has been defined, it can be completed in a very short
computing time, thus contributing to the sustainability of repeating the process at
shorter time intervals;

- the results produced as an outcome of each measurement campaign are directly
comparable, if consistently realised in terms of resolution, georeferencing, etc., thus
enabling effective monitoring;

- field campaigns carried out in the past resulted in paper-based reports with obvious
problems of preservation and sharing, which are overcome by the digital transition in
this approach, which allows effective multidisciplinary comparison, on-line coopera-
tive work, remote consultation, and assessment by experts.

Current limits include the following:

- in this work, we have considered the effect of only the geometry of the examined ob-
jects, while cultural heritage conservation and restoration tasks concern the evaluation
and modelling of a multitude of critical factors influencing structural or material dete-
rioration. The more complex modelling approach proposed in [79] can be optimised
by automating certain steps, as is proposed in this paper;

- automatic classification was applied to the rusticated construction elements that make
up the columns, piers, and ashlars of the arches, and the infill above them. No criteria
have yet been defined for the automatic evaluation of the overhang of the blocks of
the stringcourse cornices;

- some stone elements are characterised by a complex three-dimensionality (as is the
case for the capitals of the different orders, the decorations of the arch keystones, etc.),
which has been neglected at this stage, having assumed the DEM as a significant shape
model, thus limiting the analysis to 2.5 dimensions and depending on its resolution (4
cm/pixel).

8.2. Relation with Previous Works

Despite several works having already been proposed in the literature for identifying
certain elements in building façades and for segmenting certain repetitive, quite regular,
elements, such as bricks on masonry walls [57–63], the direct usage of such methods on
quite complex façades of heritage buildings is often not so effective. This paper proposes
a geometry-based segmentation method, quite similar to those in [59,64], combined with
properly employed unsupervised classification that enabled distinguishing between dif-
ferent classes of ashlars. Despite some similarities with other segmentation methods, the
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obtained outcomes, i.e., the ashlar classification, have been used in a more general and
original procedure, leading to the computation of three geometry-only-based metrics that
can be employed in procedures to assess the detachment risk of portions of stones.

8.3. Future Research Outlook

The segmentation approach presented is based on the preliminary definition of geo-
metric parameters characterising the shape and volume of stone elements. This research
will continue investigating point cloud segmentation methods based on neural networks.
Some of the critical elements for evaluating the strength of stone ashlars are also particularly
minute and were not recorded in the point model, as was the case with calcite veins, for
example; however, the high resolution of the images allowed them to be recognized in
most cases, thus suggesting that segmentation systems based on oriented images should
also be considered in the future, in order to reproject the results onto the 3D model at a
later date. Indeed, further direction of the research development will have to concern the
extension of critical factors from merely geometric to diagnostic ones, characterising the
specific material considered and its state of preservation.

The implementation of automatic methods of analysis makes it possible to simplify
monitoring activities, which are indispensable in this case study, given the high attendance
by tourists. In particular, the repetition over time of survey campaigns using photogram-
metry from UAVs will be able to provide information to be compared with previous states,
allowing, for the first time, effective monitoring of the entire area under consideration.

8.4. Conclusions

Although considering a simplified approach with respect to the possible complexity
of a multicriterial analysis, the proposed research has achieved significant results in terms
of automating the segmentation and classification process, allowing the programming
of monitoring not only of the envelope of the façade surface but also of its individual
elements. For the time being, the factor assumed to prevail with respect to the danger of
stone detachment is the geometric one: the greater the overhang (and thus the weight of the
protruding portion) of the stone block with respect to the one below, the more damaging
the effect of its fall could be.

In conclusion, the research presented here contributes to the long-term goal of support-
ing the management of a historic monumental building and allows the prioritisation of con-
servation and preservation responses following periodic monitoring campaigns conducted
on the façades of Palazzo Pitti, identifying the stone elements presenting greater criticality.

Author Contributions: Conceptualization, L.F., A.C. and V.B.; methodology, L.F., A.C. and A.M.;

software, A.M.; validation, L.F., A.C. and A.M.; formal analysis, L.F. and A.M.; investigation, L.F.

and A.C.; resources, G.T. and V.B.; data curation, L.F.; writing—original draft preparation, L.F., A.C.,

A.M., E.P. and V.B.; writing—review and editing, A.C.; visualization, A.M. and V.B.; supervision, L.F.

and A.M.; funding acquisition, G.T. All authors have read and agreed to the published version of

the manuscript.

Funding: This project is supported by Spoke 7 Project PE 0000020 CHANGES-CUP B53C22004010006,

NRP Mission 4 Component 2 Investment 1.3, funded by the European Union–Next Generation EU. L.

Fiorini’s research activity is conducted as part of the National PhD course in Heritage Science (La

Sapienza University of Rome and University of Florence), A. Conti’s research activity is conducted as

part of the International Doctorate in Civil and Environmental Engineering (University of Florence).

Data Availability Statement: The raw data supporting the conclusions of this article will be made

available by the authors on request.



Drones 2024, 8, 249 26 of 29

Acknowledgments: The Geomatics for the Environment and Conservation of the Cultural Heritage

Laboratory (GeCO Lab-UNIFI), directed by Grazia Tucci, was in charge of the 3D digitalisation

project of Palazzo Pitti (2020–2022) in the frame of a research agreement with Le Gallerie degli Uffizi,

directed at the time by Heike Schmidt. The authors gratefully thank Elena Pozzi, responsible for the

Palace conservation, for the valuable insights and the fruitful dialogue. The authors gratefully thank

architect Roberta Raffa for her attention and care in the realisation of 3D models and 2D drawings.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design

of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or

in the decision to publish the results.

References

1. Directorate-General for Research and Innovation (European Commission); Sonkoly, G.; Vahtikari, T. Innovation in Cultural

Heritage Research: For an Integrated European Research Policy; Publications Office of the European Union: Luxembourg, 2018; ISBN

978-92-79-78019-6.

2. Vecco, M. A Definition of Cultural Heritage: From the Tangible to the Intangible. J. Cult. Herit. 2010, 11, 321–324. [CrossRef]

3. Rosén, F. The Dark Side of Cultural Heritage Protection. Int. J. Cult. Prop. 2020, 27, 495–510. [CrossRef]

4. Brimblecombe, P.; Grossi, C.M.; Harris, I. Climate Change Critical to Cultural Heritage. In Survival and Sustainability: Environmental

Concerns in the 21st Century; Gökçekus, H., Türker, U., LaMoreaux, J.W., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp.

195–205, ISBN 978-3-540-95991-5.

5. Sesana, E.; Gagnon, A.S.; Ciantelli, C.; Cassar, J.; Hughes, J.J. Climate Change Impacts on Cultural Heritage: A Literature Review.

WIREs Clim. Chang. 2021, 12, e710. [CrossRef]

6. Di Giulio, R. Digital Transition Strategies for Architectural Heritage. In ETHICS: Endorse Technologies for Heritage Innovation:

Cross-Disciplinary Strategies; Battisti, A., Baiani, S., Eds.; Springer: Cham, Switzerland, 2024; pp. 133–149, ISBN 978-3-031-50121-0.

7. Farella, E.M.; Rigon, S.; Remondino, F.; Stan, A.; Ioannidis, G.; Münster, S.; Medici, M.; Maietti, F.; Sánchez, A. Methods, Data and

Tools for Facilitating a 3D Cultural Heritage Space. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2024, XLVIII-2-W4-2024,

197–204. [CrossRef]

8. Directorate-General for Communications Networks, Content and Technology (European Commission). Study on Quality in 3D

Digitisation of Tangible Cultural Heritage: Mapping Parameters, Formats, Standards, Benchmarks, Methodologies, and Guidelines: Executive

Summary; Publications Office of the European Union: Luxembourg, 2022; ISBN 978-92-76-51316-2.

9. DHCE Expert Group Basic Principles and Tips for 3D Digitisation of Cultural Heritage|Shaping Europe’s Digital Future. Available

online: https://digital-strategy.ec.europa.eu/en/library/basic-principles-and-tips-3d-digitisation-cultural-heritage (accessed on

3 May 2024).

10. Fernie, K. 3D Content in Europeana: The Challenges of Providing Access. In The 3 Dimensions of Digitalised Archaeology: State-

of-the-Art, Data Management and Current Challenges in Archaeological 3D-Documentation; Hostettler, M., Buhlke, A., Drummer, C.,

Emmenegger, L., Reich, J., Stäheli, C., Eds.; Springer International Publishing: Cham, Switzerland, 2024; pp. 167–177, ISBN

978-3-031-53032-6.

11. European Council Lisbon European Council 23-24.03.2000: Conclusions of the Presidency. Available online: https://www.

europarl.europa.eu/summits/lis1_en.htm (accessed on 3 May 2024).

12. Hervás Soriano, F.; Mulatero, F. Knowledge Policy in the EU: From the Lisbon Strategy to Europe 2020. J. Knowl. Econ. 2010, 1,

289–302. [CrossRef]

13. About the Creative Europe Programme|Culture and Creativity. Available online: https://culture.ec.europa.eu/creative-europe/

about-the-creative-europe-programme (accessed on 3 May 2024).

14. Pasikowska-Schnass, M. Creative Europe Programme 2021–2027. Available online: https://www.europarl.europa.eu/RegData/

etudes/BRIE/2018/628229/EPRS_BRI(2018)628229_EN.pdf (accessed on 3 May 2024).

15. European Commission, Secretariat-General Communication from the Commission to the European Parliament, the European

Council, the Council, the European Economic and Social Commitee and the Commitee of the Regions. The European Green Deal.

Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2019:640:FIN (accessed on 3 May 2024).

16. Directorate-General for Education, Youth, Sport and Culture (European Commission). Strengthening Cultural Heritage Resilience

for Climate Change: Where the European Green Deal Meets Cultural Heritage; Publications Office of the European Union: Luxembourg,

2022; ISBN 978-92-76-48205-5.

17. Council Conclusions on the Work Plan for Culture 2019–2022. 2018; pp. 12–25. Available online: https://eur-lex.europa.eu/legal-

content/EN/ALL/?uri=CELEX:52018XG1221(01) (accessed on 9 May 2024).

18. Commission Recommendation (EU) 2021/1970 of 10 November 2021 on a Common European Data Space for Cultural Heritage.

2021; pp. 5–16. Available online: http://data.europa.eu/eli/reco/2021/1970/oj (accessed on 9 May 2024).

19. Council Regulation (EU) 2020/2094 of 14 December 2020 Establishing a European Union Recovery Instrument to Support the

Recovery in the Aftermath of the COVID-19 Crisis. 2020; pp. 23–27. Available online: http://data.europa.eu/eli/reg/2020/2094/

oj (accessed on 9 May 2024).

https://doi.org/10.1016/j.culher.2010.01.006
https://doi.org/10.1017/S0940739121000023
https://doi.org/10.1002/wcc.710
https://doi.org/10.5194/isprs-archives-XLVIII-2-W4-2024-197-2024
https://digital-strategy.ec.europa.eu/en/library/basic-principles-and-tips-3d-digitisation-cultural-heritage
https://www.europarl.europa.eu/summits/lis1_en.htm
https://www.europarl.europa.eu/summits/lis1_en.htm
https://doi.org/10.1007/s13132-010-0020-9
https://culture.ec.europa.eu/creative-europe/about-the-creative-europe-programme
https://culture.ec.europa.eu/creative-europe/about-the-creative-europe-programme
https://www.europarl.europa.eu/RegData/etudes/BRIE/2018/628229/EPRS_BRI(2018)628229_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/BRIE/2018/628229/EPRS_BRI(2018)628229_EN.pdf
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2019:640:FIN
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52018XG1221(01)
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52018XG1221(01)
http://data.europa.eu/eli/reco/2021/1970/oj
http://data.europa.eu/eli/reg/2020/2094/oj
http://data.europa.eu/eli/reg/2020/2094/oj


Drones 2024, 8, 249 27 of 29

20. Piano Nazionale Di Ripresa e Resilienza 2021. Available online: https://www.governo.it/sites/new.governo.it/files/PNRR_2021

_0.pdf (accessed on 9 May 2024).

21. Piano Nazionale Di Ripresa e Resilienza 2022. Available online: https://www.governo.it/sites/governo.it/files/PNRR_0.pdf

(accessed on 9 May 2024).

22. Istituto Centrale per la Digitalizzazione del Patrimonio Culturale—Digtal Library Piano Nazionale Di Digitalizzazione Del

Patrimonio Culturale 2022–2023. Versione 1.1. Available online: https://digitallibrary.cultura.gov.it/wp-content/uploads/2023

/10/PND_V1_1_2023-1.pdf (accessed on 9 May 2024).

23. United Nations Tranforming Our World: The 2032 Agenda for Sustainable Development A/RES/70/1. Available online: https:

//sdgs.un.org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf (ac-

cessed on 9 May 2024).

24. Sotirova-Valkova, K. A Pilot Conceptualisation of the Data Space Ecosystems for Cultural Heritage. Math. Educ. Math. 2024, 53,

92–98. [CrossRef]

25. Rovelli, C. Meaning and Intentionality = Information + Evolution. In Wandering towards a Goal: How Can Mindless Mathematical

Laws Give Rise to Aims and Intention? Aguirre, A., Foster, B., Merali, Z., Eds.; Springer International Publishing: Cham, Switzerland,

2018; pp. 17–27, ISBN 978-3-319-75726-1.

26. Istituto Centrale per la Digitalizzazione del Patrimonio Culturale—Digital Library Linee Guida per La Digitalizzazione Del

Patrimonio Culturale Ve Rsione 1.0. Giugno 2022. Available online: https://docs.italia.it/italia/icdp/icdp-pnd-digitalizzazione-

docs/it/v1.0-giugno-2022/index.html (accessed on 9 May 2024).

27. CHANGES—Cultural Heritage Active Innovation for Next-Gen Sustainable Society Extended Parnership. Available online:

https://sites.google.com/uniroma1.it/changes (accessed on 9 May 2024).

28. Report from the Commission to the European Parliament and the Council on the Implementation of the EU Strategy on Ad-

aptation to Climate Change. 2018; COM(2018) 738 Final. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/

?uri=COM:2018:738:FIN (accessed on 9 May 2024).

29. Ministero dell’Ambiente e Della Sicurezza Energetica Strategia Nazionale Di Adattamento Ai Cambiamenti Climatici. Available

online: https://www.mase.gov.it/sites/default/files/archivio/allegati/clima/documento_SNAC.pdf (accessed on 6 May 2024).

30. Ministero dell’Ambiente e Della Sicurezza Energetica Piano Nazionale Di Adattamento Ai Cambiamenti Climatici. Available on-

line: https://www.mase.gov.it/notizie/clima-approvato-il-piano-nazionale-di-adattamento-ai-cambiamenti-climatici (accessed

on 3 May 2024).

31. Bonazza, A.; Messina, P.; Sabbioni, C.; Grossi, C.M.; Brimblecombe, P. Mapping the Impact of Climate Change on Surface

Recession of Carbonate Buildings in Europe. Sci. Total Environ. 2009, 407, 2039–2050. [CrossRef] [PubMed]

32. MiBACT Piano Straordinario Nazionale Di Monitoraggio e Conservazione Dei Beni Culturali Immobili. 18/11/2020|0000866-

P. Available online: https://uss-sisma2016.cultura.gov.it/wp-content/uploads/2022/03/Piano-Straordinario-Nazionale-di-

Monitoraggio-e-Conservazione-dei-Beni-Culturali-Immobili_18.11.2020.pdf (accessed on 9 May 2024).

33. Carta Del Rischio—MiC ICR. Available online: http://www.cartadelrischio.beniculturali.it/ (accessed on 9 May 2024).

34. Wetzel, S.; Mäs, S.; Bernard, L.; Vorobevskii, I.; Kronenberg, R. Spatial Data Infrastructure Components to Provide Regional

Climate Information Services. Clim. Serv. 2024, 34, 100473. [CrossRef]

35. Programma Nazionale per La Ricerca|Ministero Dell’Università e Della Ricerca. Available online: https://www.mur.gov.it/it/

aree-tematiche/ricerca/programmazione/programma-nazionale-la-ricerca (accessed on 9 May 2024).

36. Randazzo, L.; Collina, M.; Ricca, M.; Barbieri, L.; Bruno, F.; Arcudi, A.; La Russa, M.F. Damage Indices and Photogrammetry for

Decay Assessment of Stone-Built Cultural Heritage: The Case Study of the San Domenico Church Main Entrance Portal (South

Calabria, Italy). Sustainability 2020, 12, 5198. [CrossRef]

37. Innovative Built Heritage Models: Edited Contributions to the International Conference on Innovative Built Heritage Models and Preventive

Systems (CHANGES 2017), Leuven, Belgium, 6–8 February 2017; van Balen, K.; Vandesande, A., Eds.; CRC Press: London, UK, 2018;

ISBN 978-1-351-01479-3.

38. Vasari, G. The Lives of the Artists; Conaway Bondanella, J., Ed.; OUP: Oxford, UK, 1991; ISBN 978-0-19-160548-2.

39. Ferretti, E.; Baldini, L.; Le Due, R. Ammannati e Vasari per la città dei Medici; Polistampa: Firenze, Italy, 2011; ISBN 978-88-564-0174-5.

40. Ferretti, E. Palazzo Pitti 1550–1560: Precisazioni e Nuove Acquisizioni Sui Lavori Di Eleonora Di Toledo. Opus Incert. 2006, I,

45–56.

41. Belluzzi, A. Gli Interventi Di Bartolomeo Ammannati a Palazzo Pitti. Opus Incert. 2006, I, 56–73.

42. Belli, G. Paramenti Bugnati e Architettura nella Firenze del Quattrocento; Firenze University Press: Firenze, Italy, 2019; ISBN

978-88-6453-905-8.

43. Bonora, V.; Meucci, A.; Conti, A.; Fiorini, L.; Tucci, G. Knowledge Representation of Built Heritage Mapping an Ad Hoc Data

Model in OGC Standards: The Case Study of Pitti Palace in Florence, Italy. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2023,

XLVIII-M-2–2023, 281–288. [CrossRef]

44. Bonora, V.; Maseroli, R.; Mugnai, F.; Tucci, G. GNNS Control Network Supporting Large Historical Building Architectural Survey.

Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2021, XLVI-M-1–2021, 87–91. [CrossRef]

https://www.governo.it/sites/new.governo.it/files/PNRR_2021_0.pdf
https://www.governo.it/sites/new.governo.it/files/PNRR_2021_0.pdf
https://www.governo.it/sites/governo.it/files/PNRR_0.pdf
https://digitallibrary.cultura.gov.it/wp-content/uploads/2023/10/PND_V1_1_2023-1.pdf
https://digitallibrary.cultura.gov.it/wp-content/uploads/2023/10/PND_V1_1_2023-1.pdf
https://sdgs.un.org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf
https://sdgs.un.org/sites/default/files/publications/21252030%20Agenda%20for%20Sustainable%20Development%20web.pdf
https://doi.org/10.55630/mem.2024.53.092-098
https://docs.italia.it/italia/icdp/icdp-pnd-digitalizzazione-docs/it/v1.0-giugno-2022/index.html
https://docs.italia.it/italia/icdp/icdp-pnd-digitalizzazione-docs/it/v1.0-giugno-2022/index.html
https://sites.google.com/uniroma1.it/changes
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2018:738:FIN
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2018:738:FIN
https://www.mase.gov.it/sites/default/files/archivio/allegati/clima/documento_SNAC.pdf
https://www.mase.gov.it/notizie/clima-approvato-il-piano-nazionale-di-adattamento-ai-cambiamenti-climatici
https://doi.org/10.1016/j.scitotenv.2008.10.067
https://www.ncbi.nlm.nih.gov/pubmed/19101018
https://uss-sisma2016.cultura.gov.it/wp-content/uploads/2022/03/Piano-Straordinario-Nazionale-di-Monitoraggio-e-Conservazione-dei-Beni-Culturali-Immobili_18.11.2020.pdf
https://uss-sisma2016.cultura.gov.it/wp-content/uploads/2022/03/Piano-Straordinario-Nazionale-di-Monitoraggio-e-Conservazione-dei-Beni-Culturali-Immobili_18.11.2020.pdf
http://www.cartadelrischio.beniculturali.it/
https://doi.org/10.1016/j.cliser.2024.100473
https://www.mur.gov.it/it/aree-tematiche/ricerca/programmazione/programma-nazionale-la-ricerca
https://www.mur.gov.it/it/aree-tematiche/ricerca/programmazione/programma-nazionale-la-ricerca
https://doi.org/10.3390/su12125198
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-281-2023
https://doi.org/10.5194/isprs-archives-XLVI-M-1-2021-87-2021


Drones 2024, 8, 249 28 of 29

45. Murtiyoso, A.; Grussenmeyer, P.; Koehl, M.; Freville, T. Acquisition and Processing Experiences of Close Range UAV Images for

the 3D Modeling of Heritage Buildings. In Digital Heritage, Progress in Cultural Heritage: Documentation, Preservation, and Protection,

Proceedings of the 6th International Conference, EuroMed 2016, Nicosia, Cyprus, 31 October–5 November 2016; Ioannides, M., Fink, E.,

Moropoulou, A., Hagedorn-Saupe, M., Fresa, A., Liestøl, G., Rajcic, V., Grussenmeyer, P., Eds.; Springer International Publishing:

Cham, Switzerland, 2016; pp. 420–431.

46. Palanirajan, H.K.; Alsadik, B.; Nex, F.; Oude Elberink, S. Efficient Flight Planning for Building Façade 3D Reconstruction. Int.

Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2019, XLII-2-W13, 495–502. [CrossRef]

47. Martínez-Carricondo, P.; Carvajal-Ramírez, F.; Yero-Paneque, L.; Agüera-Vega, F. Combination of Nadiral and Oblique UAV

Photogrammetry and HBIM for the Virtual Reconstruction of Cultural Heritage. Case Study of Cortijo Del Fraile in Níjar, Almería

(Spain). Build. Res. Inf. 2020, 48, 140–159. [CrossRef]

48. Matrone, F.; Grilli, E.; Martini, M.; Paolanti, M.; Pierdicca, R.; Remondino, F. Comparing Machine and Deep Learning Methods

for Large 3D Heritage Semantic Segmentation. ISPRS Int. J. Geo-Inf. 2020, 9, 535. [CrossRef]

49. Pellis, E.; Murtiyoso, A.; Masiero, A.; Tucci, G.; Betti, M.; Grussenmeyer, P. An Image-Based Deep Learning Workflow for 3D

Heritage Point Cloud Semantic Segmentation. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2022, XLVI-2-W1-2022, 429–434.

[CrossRef]

50. Wysocki, O.; Grilli, E.; Hoegner, L.; Stilla, U. Combining Visibility Analisys and Deep Learning for Refinement of Semantic 3D

Building Models by Conflict Classification. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2022, X-4-W2-2022, 289–296.

[CrossRef]

51. Croce, V.; Caroti, G.; Piemonte, A.; De Luca, L.; Véron, P. H-BIM and Artificial Intelligence: Classification of Architectural Heritage

for Semi-Automatic Scan-to-BIM Reconstruction. Sensors 2023, 23, 2497. [CrossRef] [PubMed]

52. Weinmann, M.; Jutzi, B.; Hinz, S.; Mallet, C. Semantic Point Cloud Interpretation Based on Optimal Neighborhoods, Relevant

Features and Efficient Classifiers. ISPRS J. Photogramm. Remote Sens. 2015, 105, 286–304. [CrossRef]

53. Weinmann, M.; Jutzi, B.; Mallet, C.; Weinmann, M. Geometric Features and Their Relevance for 3D Point Cloud Classification.

ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2017, IV-1-W1, 157–164. [CrossRef]

54. Qi, C.R.; Yi, L.; Su, H.; Guibas, L.J. PointNet++: Deep Hierarchical Feature Learning on Point Sets in a Metric Space. In Proceedings

of the 31st International Conference on Neural Information Processing Systems, Long Beach, CA, USA, 4–9 December 2017;

Curran Associates Inc.: Red Hook, NY, USA, 2017; pp. 5105–5114.

55. Shen, Y.; Lindenbergh, R.; Wang, J.G.; Ferreira, V. Extracting Individual Bricks from a Laser Scan Point Cloud of an Unorganized

Pile of Bricks. Remote Sens. 2018, 10, 1709. [CrossRef]

56. Pellis, E.; Murtiyoso, A.; Masiero, A.; Tucci, G.; Betti, M.; Grussenmeyer, P. 2D to 3D Label Propagation for the Semantic

Segmentation of Heritage Buildings Point Clouds. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2022, XLIII-B2-2022, 861–867.

[CrossRef]

57. Loverdos, D.; Sarhosis, V. Automatic Image-Based Brick Segmentation and Crack Detection of Masonry Walls Using Machine

Learning. Autom. Constr. 2022, 140, 104389. [CrossRef]

58. Agrafiotis, P.; Talaveros, G.; Georgopoulos, A. Orthoimage-to-2D Architectural Drawing with Conditional Adversarial Networks.

ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2023, X-M-1–2023, 11–18. [CrossRef]

59. Valero, E.; Bosché, F.; Forster, A. Automatic Segmentation of 3D Point Clouds of Rubble Masonry Walls, and Its Application to

Building Surveying, Repair and Maintenance. Autom. Constr. 2018, 96, 29–39. [CrossRef]

60. Makka, A.; Pateraki, M.; Betsas, T.; Georgopoulos, A. 3D Edge Detection Based on Normal Vectors. Int. Arch. Photogramm. Remote

Sens. Spat. Inf. Sci. 2024, XLVIII-2-W4-2024, 295–300. [CrossRef]

61. Cremers, D.; Rousson, M.; Deriche, R. A Review of Statistical Approaches to Level Set Segmentation: Integrating Color, Texture,

Motion and Shape. Int. J. Comput. Vis. 2007, 72, 195–215. [CrossRef]

62. Ibrahim, Y.; Nagy, B.; Benedek, C. CNN-Based Watershed Marker Extraction for Brick Segmentation in Masonry Walls. In

Proceedings of the Image Analysis and Recognition; Karray, F., Campilho, A., Yu, A., Eds.; Springer International Publishing: Cham,

Switzerland, 2019; pp. 332–344.

63. Kajatin, R.; Nalpantidis, L. Image Segmentation of Bricks in Masonry Wall Using a Fusion of Machine Learning Algorithms. In

Pattern Recognition. ICPR International Workshops and Challenges, Proceedings of the ICPR 2021, Virtual Event, 10–15 January 2021; Del

Bimbo, A., Cucchiara, R., Sclaroff, S., Farinella, G.M., Mei, T., Bertini, M., Escalante, H.J., Vezzani, R., Eds.; Springer International

Publishing: Cham, Switzerland, 2021; pp. 446–461.

64. Masiero, A.; Costantino, D. TLS for Detecting Small Damages on a Building Façade. Int. Arch. Photogramm. Remote Sens. Spat. Inf.

Sci. 2019, XLII-2-W11, 831–836. [CrossRef]

65. Harris, C.; Stephens, M. A Combined Corner and Edge Detector. In Proceedings of the Alvey Vision Conference 1988, Manchester,

UK, 31 August–2 September 1988; Alvey Vision Club: Manchester, UK, 1988; pp. 23.1–23.6.

66. Clark, J.; Holton, D.A. A First Look at Graph Theory; World Scientific: Singapore, 1991; ISBN 978-981-02-0489-1.

67. D’Ayala, D.F.; Copping, A.G.; Wang, H. A Conceptual Model for Multihazard Assessment of the Vulnerability of Historic

Buildings. In Structural Analysis of Historical Constructions: Possibilities of Numerical and Experimental Techniques, Proceedings of

the Fifth International Conference, New Delhi, India, 6–8 November 2006; Lourenco, P.B., Roca, P., Modena, C., Agrawal, S., Eds.;

Macmillian: New Delhi, India, 2006; Volume 1, pp. 121–140, ISBN 978-1-4039-3155-9.

https://doi.org/10.5194/isprs-archives-XLII-2-W13-495-2019
https://doi.org/10.1080/09613218.2019.1626213
https://doi.org/10.3390/ijgi9090535
https://doi.org/10.5194/isprs-archives-XLVI-2-W1-2022-429-2022
https://doi.org/10.5194/isprs-annals-X-4-W2-2022-289-2022
https://doi.org/10.3390/s23052497
https://www.ncbi.nlm.nih.gov/pubmed/36904701
https://doi.org/10.1016/j.isprsjprs.2015.01.016
https://doi.org/10.5194/isprs-annals-IV-1-W1-157-2017
https://doi.org/10.3390/rs10111709
https://doi.org/10.5194/isprs-archives-XLIII-B2-2022-861-2022
https://doi.org/10.1016/j.autcon.2022.104389
https://doi.org/10.5194/isprs-annals-X-M-1-2023-11-2023
https://doi.org/10.1016/j.autcon.2018.08.018
https://doi.org/10.5194/isprs-archives-XLVIII-2-W4-2024-295-2024
https://doi.org/10.1007/s11263-006-8711-1
https://doi.org/10.5194/isprs-archives-XLII-2-W11-831-2019


Drones 2024, 8, 249 29 of 29

68. Ellingwood, B.R. Risk-Informed Condition Assessment of Civil Infrastructure: State of Practice and Research Issues. Struct.

Infrastruct. Eng. 2005, 1, 7–18. [CrossRef]

69. Kumar, N.; Poonia, V.; Gupta, B.B.; Goyal, M.K. A Novel Framework for Risk Assessment and Resilience of Critical Infrastructure

towards Climate Change. Technol. Forecast. Soc. Chang. 2021, 165, 120532. [CrossRef]

70. Salvatici, T.; Calandra, S.; Centauro, I.; Pecchioni, E.; Intrieri, E.; Garzonio, C.A. Monitoring and Evaluation of Sandstone Decay

Adopting Non-Destructive Techniques: On-Site Application on Building Stones. Heritage 2020, 3, 1287–1301. [CrossRef]

71. Bonora, V.; Centauro, I.; Fiorini, L.; Conti, A.; Salvatici, T.; Calandra, S.; Raffa, R.; Intrieri, E.; Garzonio, C.A.; Tucci, G. Virtual

Inspection Based on 3D Survey Supporting Risks Detachment Analisys in Pietraforte Stone Built Heritage. Int. Arch. Photogramm.

Remote Sens. Spat. Inf. Sci. 2023, XLVIII-M-2–2023, 273–280. [CrossRef]

72. Malinverni, E.S.; Mariano, F.; Di Stefano, F.; Petetta, L.; Onori, F. Modelling in HBIM to Document Materials Decay by a Thematic

Mapping to Manage the Cultural Heritage: The Case of “Chiesa Della Pietà” in Fermo. Int. Arch. Photogramm. Remote Sens. Spat.

Inf. Sci. 2019, XLII-2-W11, 777–784. [CrossRef]

73. Korro Bañuelos, J.; Rodríguez Miranda, Á.; Valle-Melón, J.M.; Zornoza-Indart, A.; Castellano-Román, M.; Angulo-Fornos, R.;

Pinto-Puerto, F.; Acosta Ibáñez, P.; Ferreira-Lopes, P. The Role of Information Management for the Sustainable Conservation of

Cultural Heritage. Sustainability 2021, 13, 4325. [CrossRef]

74. Costamagna, E.; Spanò, A. Semantic Models for Architectural Heritage Documentation. In Proceedings of the Progress in Cultural

Heritage Preservation; Ioannides, M., Fritsch, D., Leissner, J., Davies, R., Remondino, F., Caffo, R., Eds.; Springer: Berlin/Heidelberg,

Germany, 2012; pp. 241–250.

75. Brumana, R.; Oreni, D.; Barazzetti, L.; Cuca, B.; Previtali, M.; Banfi, F. Survey and Scan to BIM Model for the Knowledge of Built

Heritage and the Management of Conservation Activities. In Digital Transformation of the Design, Construction and Management

Processes of the Built Environment; Daniotti, B., Gianinetto, M., Della Torre, S., Eds.; Springer International Publishing: Cham,

Switzerland, 2020; pp. 391–400, ISBN 978-3-030-33570-0.

76. Lloyd, S. Least Squares Quantization in PCM. IEEE Trans. Inf. Theory 1982, 28, 129–137. [CrossRef]

77. Coli, M.; Donigaglia, T.; Cristofaro, M.T.; Tanganelli, M.; Viti, S. Assessments on the Material Properties of the Pietraforte Stone of

Florence (Italy) in Conservation, Restoration and Construction. Case Stud. Constr. Mater. 2022, 16, e00986. [CrossRef]

78. Stovel, H. Origins and Influence of the Nara Document on Authenticity. APT Bull. 2008, 39, 9–17.

79. Centauro, I.; Vitale, J.G.; Calandra, S.; Salvatici, T.; Natali, C.; Coppola, M.; Intrieri, E.; Garzonio, C.A. A Multidisciplinary

Methodology for Technological Knowledge, Characterization and Diagnostics: Sandstone Facades in Florentine Architectural

Heritage. Appl. Sci. 2022, 12, 4266. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/15732470412331289341
https://doi.org/10.1016/j.techfore.2020.120532
https://doi.org/10.3390/heritage3040071
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-273-2023
https://doi.org/10.5194/isprs-archives-XLII-2-W11-777-2019
https://doi.org/10.3390/su13084325
https://doi.org/10.1109/TIT.1982.1056489
https://doi.org/10.1016/j.cscm.2022.e00986
https://doi.org/10.3390/app12094266

	Introduction 
	Digitalisation of Cultural Heritage and the Green Deal in Europe and Italy 
	Palazzo Pitti and the Conservation of Pietraforte Sandstone 
	UAV Photogrammetric Survey on the Courtyard of Palazzo Pitti 
	Segmentation of the Façade Elements 
	Ashlar Classification and Risk Assessment 
	Results 
	Discussion and Conclusions 
	Strengths and Weaknesses of the Proposed Research 
	Relation with Previous Works 
	Future Research Outlook 
	Conclusions 

	References

