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Highlights
What are the main findings?

e Integrating UAV and terrestrial photogrammetry, SLAM and static laser scanning
produced a common georeferenced framework linking the historic settlement of
Fiumefreddo Bruzio to detailed documentation of five heritage buildings.

* The geospatial architecture connects survey products, building records and seismic
assessments across urban, building and macroelement scales, preserving data
provenance and distinguishing measured geometry from structural interpretation.

What are the implications of the main findings?

¢ The workflow provides a transferable foundation for heritage digital twins, with re-
peated observations and controlled model updates required to progress towards an
operational monitoring system.

¢ Linking building vulnerability to the geospatial dataset helps guide conservation
and mitigation priorities.

Abstract

Historic hill towns require geometric information capable of relating urban morphology,
construction features, and structural details within a common spatial and semantic
framework. This paper presents a multi-sensor, multi-scale geomatics workflow for es-
tablishing an integrated geospatial information framework for the historic centre of
Fiumefreddo Bruzio in Calabria, southern Italy. A control network of 38 points provided
the spatial reference for UAV and terrestrial photogrammetry, six SLAM trajectories, and
270 static laser scans covering five buildings. Point clouds generated by Structure from
Motion and range-based sensors were co-registered in the RDN2008/UTM zone 33N co-
ordinate reference system and used to produce orthophotos, digital terrain and surface
models, contour lines, textured meshes, and building-scale drawings. These products
were organised within an interoperable geospatial information system based on persis-
tent links between settlement-, aggregate-, building-, fagade-, space-, and macroelement-
level entities. The framework also supported structural characterisation and seismic vul-
nerability assessment at building and urban scales, linking building screening and po-
tential local mechanisms to their spatial interpretation. The resulting survey-based digi-
tal model supports conservation documentation, seismic screening, and street-network
analysis, while providing the foundation for future digital twin development rather than
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an operational implementation. The study offers a transferable acquisition-to-informa-
tion workflow, preserving data provenance and metric quality for risk-informed man-
agement of historic settlements.

Keywords: digital twin; multi-sensor survey; UAV photogrammetry; terrestrial laser
scanning; SLAM; GIS-based cultural heritage documentation; seismic vulnerability; his-
toric settlement

1. Introduction

Historic centres located in seismic areas are simultaneously repositories of architec-
tural heritage, inhabited systems, and emergency environments. Their preservation can-
not be reduced to the documentation of isolated monuments: narrow streets, irregular
plots, building aggregates, topographic constraints, and successive transformations
shape both cultural value and risk. Fiumefreddo Bruzio represents a significant case
study. The settlement occupies a hilltop site in Calabria and is characterised by a com-
pact masonry fabric, limited vehicular access, and a seasonal increase in population. A
previous study by the research group shows preliminary results of the integration be-
tween urban surveying, building census data, structural assessment, and street-network
analysis to formulate an interpretative framework of seismic risk [1]. The present contri-
bution builds on and extends that work by focusing more specifically on the geomatics
methods and techniques underpinning the overall research framework. Particular atten-
tion is given to the construction of a multiscale spatial and geometric information base
and to its role in supporting the integration of built-environment knowledge, structural
interpretation, and vulnerability assessment. The specific contribution of the present pa-
per is the detailed documentation of the multi-sensor acquisition and processing work-
flow, its metric assessment, and the organisation of the resulting information across spa-
tial scales. Previously published building-scale seismic screening results [1] are used to
illustrate the integration of structural information within this framework.

The distinction between digital models, digital shadows, and digital twins depends
on the degree of automated information exchange with the physical asset [2—4]. A digital
model does not involve automatic synchronisation, whereas a digital shadow incorpo-
rates automated unidirectional data transfer and an operational digital twin requires
bidirectional information exchange. In this study, the term digital twin foundation refers
to the structured geometric and geospatial information base developed to support future
digital twin implementations, rather than to an operational system.

This distinction is particularly important for cultural heritage. Heritage digital twins
have been proposed as environments capable of linking survey data, historical sources,
conservation records, interventions, and simulations [5-7]. Research on structural digital
twins also shows that observed data can be used to update mechanical models and sup-
port reliability condition assessment, while reduced models may be required when high
fidelity analyses are computationally too demanding [8]. In historic centres predomi-
nantly composed of masonry buildings, this integration is especially relevant because
surveyed geometry can support both the assessment of the structural behaviour of
buildings as a whole and the analysis of local mechanisms, while also allowing vulnera-
bility results to be related to their spatial distribution within the urban fabric. From this
perspective, the reality-based model is not merely a geometric representation, but an up-
datable basis through which observations, structural information and results can be re-
lated and progressively revised. Reality-based knowledge models further demonstrate
that the value of the digital twin lies in the traceable association between geometry and
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knowledge at the appropriate level of detail [9].

Historic Building Information Modelling (HBIM) has provided a related pathway
from point clouds to parametric and semantically enriched representations [10-12].
However, historic centres at the urban scale reveal the limitations of an approach con-
fined to individual buildings: a single platform must accommodate terrain, streets,
parcels, building aggregates, individual buildings, architectural elements, diagnostic ob-
servations, and structural results. Research on the integration of HBIM and three-dimen-
sional Geographic Information Systems (3D GIS) addresses this need by enabling multi-
scale queries and spatial analyses [13,14]. Urban-scale standards such as CityGML and
City]JSON provide useful concepts for identifiers, levels of detail, geometric semantics,
and data exchange, but these need to be complemented by heritage-specific entities and
information on source provenance [15,16].

The geometric basis of such systems is commonly generated through photogram-
metry and laser scanning. Image-based modelling provides dense geometry and radio-
metric information, while laser scanning offers direct distance measurements and robust
surface coverage [17,18]. Unmanned Aerial Vehicle (UAV) surveys extend coverage to
roofs, courtyards, and terrain, although their accuracy depends on network geometry,
camera calibration, image configuration, and independent control [19,20]. Mobile map-
ping and Simultaneous Localisation and Mapping (SLAM) enable the rapid acquisition
of complex trajectories and occluded streets, although drift and loop-closure effects re-
quire explicit validation [21-23]. Recent applications to cultural heritage confirm the ad-
vantages of integrating aerial, terrestrial, mobile, and static sensors rather than forcing a
single technique to operate across all scales [24-26]. The scientific contribution of this re-
search lies in the development of an integrated multi-sensor and multi-scale geomatics
framework capable of providing a metrically controlled and georeferenced representa-
tion of a complex historic settlement. While the integration of different surveying tech-
nologies is already well established in cultural heritage documentation, the proposed ap-
proach focuses on the construction of a coherent geometric information base that pre-
serves the relationships between different spatial scales, the characteristics of the ac-
quired datasets, and their metric reliability. The resulting geomatics framework repre-
sents an essential knowledge infrastructure for subsequent applications, including
HBIM, 3D GIS, structural assessment, and the future development of digital twins.
Rather than implementing these applications as a single comprehensive system, the
present study demonstrates how accurate, multi-source geometric documentation can
support their development while maintaining the distinction between measured data
and subsequent modelling and interpretation.

On this basis, the study pursues three objectives: (i) to formalise the multi-sensor
survey of Fiumefreddo Bruzio as a reproducible workflow from data acquisition to final
products; (ii) to define a multi-scale geospatial architecture linking reality-based geome-
try with information on conservation and risk, showing how the same information basis
can support structural characterisation, seismic vulnerability assessment, and their inter-
pretation at the urban scale; and (iii) to establish a transparent framework for assessing
and validating the maturity of the digital representation, defining the steps through
which the current information basis can evolve into an updatable digital shadow and,
subsequently, into a monitoring-enabled digital twin. The scientific contribution is there-
fore primarily methodological, demonstrating how metrically controlled multi-sensor
data can be transformed into a traceable, multi-scale geospatial information framework
supporting structural interpretation and seismic risk assessment.

Case Study and Digital Twin Requirements
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Fiumefreddo Bruzio is located on the Tyrrhenian side of the Calabrian Apennines in
southern Italy. The historic centre occupies an elevated site and is structured by a dense
network of streets, stepped paths, small squares, and building aggregates that follow the
natural slope of the terrain. The urban fabric is predominantly characterised by tradi-
tional masonry construction, including irregular stone masonry, vaulted spaces, timber
or mixed floor systems, and buildings modified over time through successive additions.
Settlement-scale morphology and the construction characteristics of individual building
units are therefore closely interconnected, both in terms of documentation and risk
assessment.

The survey campaign addressed the entire historic centre at the urban scale and five
buildings at a higher level of detail: Castello della Valle, Santa Maria de Andexis, Santa
Chiara, San Rocco, and Addolorata. These architectural assets differ in terms of accessi-
bility, size, construction history, and surveying constraints. They also provide a common
field of application for geomatics, architectural analysis, structural assessment, and con-
servation planning. Figure 1 provides an overview of the compact settlement and high-
lights its steep topography, which represents one of the main factors motivating the
adoption of a multi-sensor survey strategy.

Figure 1. View of Fiumefreddo Bruzio and its compact historic urban fabric.

The information requirements were derived from the decisions that the system is in-
tended to support. At the settlement scale, planners need information on terrain and
built morphology, street routes, accessible spaces, and the location of strategic buildings.
At the building-aggregate and individual-building scales, the required information in-
cludes footprints, shared walls, heights, construction typologies, occupancy status, vul-
nerability indicators, and links to building census records. At the architectural scale,
plans, sections, elevations, and the identification of openings, discontinuities, and visible
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deterioration become particularly relevant. At the structural scale, macro-elements, ma-
sonry connections, cracks, and deformations need to be located and monitored.

A single geometric resolution cannot effectively meet all these requirements. The
proposed architecture therefore treats scale as an explicit property of each representation
rather than as an implicit zoom level. Urban-scale products are designed for representa-
tion at 1:200 scale, whereas the documentation of the main buildings is intended for 1:50
scale. Dense point clouds generated by the different survey techniques remain available
as source evidence, while derived products are optimised for specific analytical and
communication purposes.

The implemented system integrates georeferenced survey data, three-dimensional
representations, architectural information, and structural assessment results within a
common geospatial framework. At its current stage, it represents a survey-based digital
model, providing the geometric and information basis for future developments involv-
ing automated updates and monitoring.

2. Materials and Methods
2.1. Survey Planning and Common Reference System

The survey campaign of the historic centre of Fiumefreddo Bruzio was designed to
establish a metrically consistent, multi-scale geometric framework, connecting the urban
morphology with the detailed architectural documentation of five selected heritage
buildings. The compact configuration of the settlement, its steep topography, narrow
streets, complex geometries, and limited accessibility required the integration of comple-
mentary surveying techniques.

The three-day campaign combined GNSS surveying, UAV and terrestrial pho-
togrammetry, handheld SLAM mobile mapping, and terrestrial laser scanning (TLS).
Each technique contributed geometric information at different spatial scales and levels of
detail, overcoming the limitations associated with individual acquisition methods. The
specific survey configurations and processing procedures are described in the following
sections. A GNSS control network, established using Network Real-Time Kinematic
(NRTK) positioning, provided the common spatial reference for the entire survey. The 38
control points were distributed according to the morphology and accessibility of the his-
toric centre and established the common geodetic reference for the survey.

All acquisitions were integrated within the RDN2008/UTM Zone 33N (EPSG:6708)
reference system. UAV and terrestrial photogrammetric blocks were oriented using
ground control points (GCPs). SLAM datasets were aligned to the same reference system
using surveyed control points, whereas TLS scans were first registered into individual
building blocks and subsequently georeferenced through rigid transformations.

The geometric consistency between the different datasets was assessed through
qualitative comparisons of stable surfaces and corresponding profiles in overlapping ar-
eas. This approach ensured a coherent spatial relationship between urban-scale and ar-
chitectural-scale representations while preserving the specific geometric characteristics
and metric reliability of each acquisition technique. The resulting common geodetic
framework provides the basis for integrating point clouds, three-dimensional models,
orthophotos and architectural drawings into a consistent multi-scale geospatial informa-
tion system.

2.2. GNSS Control Network

The GNSS control network for the Fiumefreddo Bruzio survey was established us-
ing a Stonex S900A receiver operating in NRTK mode and the Hexagon SmartNet differ-
ential correction service, with the aim of providing a common metric control framework

https://doi.org/10.3390/rs18213783


https://doi.org/10.3390/rs18213783

Remote Sens. 2026, 18, 3783

6 of 31

for the orientation of the photogrammetric blocks, the georeferencing of the derived
products, and the assessment of spatial consistency among UAYV, terrestrial photogram-
metry, SLAM, and TLS datasets. A total of 38 control points were surveyed across the en-
tire study area and positioned on stable and clearly identifiable surfaces suitable for sub-
sequent recognition in both the photogrammetric datasets and the point clouds.

In the specific case of Fiumefreddo Bruzio, the layout of the GNSS control network
was strongly influenced by the site morphology and the compactness of the built fabric.
The historic center occupies an elevated area characterized by narrow streets, pro-
nounced elevation changes, continuous walls, internal courtyards, and closely spaced
building facades. These conditions reduce sky visibility and may lead to signal masking
and multipath effects, particularly along routes within the urban core. For this reason,
the control points were not arranged according to a regular grid but were distributed in
response to the actual conditions of the settlement: along its perimeter, at open spaces
and road junctions, in unobstructed areas close to access points, along the upper and
lower edges of the historic center, and at selected internal locations that were sufficiently
recognizable in both aerial and terrestrial imagery.

The control network (Figure 2) was conceived to serve a dual purpose. On the one
hand, a subset of the points was used as reference for the absolute georeferencing of the
datasets, particularly for the UAV photogrammetric block and for the control of the ur-
ban-scale survey products. For the UAV photogrammetric blocks, a separate subset was
retained as independent check points, allowing coordinate differences to be assessed at
points excluded from the adjustment.
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Figure 2. The GNSS control points network.

The surveyed points were progressively labelled from CP01 to CP38 and referenced
to the Italian national geodetic system RDN2008, using the UTM Zone 33N projection.
The same reference system was maintained throughout the entire processing workflow,
avoiding undocumented local transformations between the different products. This
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choice was essential to ensure spatial consistency among the urban orthophoto, DSM,
DTM, meshes, point clouds, cross-sections, elevations, and GIS layers. In particular, the
adoption of a single reference system made it possible to treat urban-scale and architec-
tural-scale products as components of the same metric framework, reducing the risk of
misalignment among roofs, fagades, and the internal geometries of the priority
buildings.

The prefix CP in the point identifiers is a field label and does not denote the pro-
cessing role. GCPs are points used as constraints, whereas independent check points are
excluded from the adjustment and from any subsequent transformation or refinement
being evaluated. Point roles are dataset-specific; the UAV allocation and the GCPs used
for the SLAM acquisitions are reported in the next sections.

For UAV photogrammetry, the control/check configuration reported for both UAV
flight blocks comprised 20 GCPs and eight withheld CPs . The six SLAM acquisitions
used 4, 4, 9, 4, 7 and 9 GCPs, respectively . These counts refer to the processing role
within each dataset.

No separate independent CP set was used for the SLAM or TLS blocks; residuals at
their georeferencing points describe fitting quality.

The NRTK measurements provided precision levels suitable for using the surveyed
points as control for photogrammetric and laser scanning surveys at both urban and ar-
chitectural scales. The recorded values of oE, oN, and oH indicate a horizontal precision
generally ranging from 1.0 to 1.9 cm and a vertical precision ranging from 1.8 to 3.4 cm.
As expected for NRTK measurements performed in a complex urban environment, the
vertical component was, on average, less precise than the horizontal components, while
remaining fully compatible with the objectives of the survey. The highest precision was
observed for points located in more open areas, such as squares, access points, and road
edges, whereas slightly higher uncertainty values were found for points located along
slopes, vegetated margins, or partially obstructed areas, where satellite geometry and
signal stability may be less favorable.

These GNSS precision estimates describe the reference observations and are not
equivalent to the accuracy of the derived point clouds. Check-point discrepancies also
include reference-coordinate uncertainty; common NRTK systematic effects may remain
shared by control and check points.

2.3. UAV Photogrammetry

The aerial photogrammetric survey of the historic center of Fiumefreddo Bruzio was
carried out using a DJI Mavic 3 Multispectral UAV equipped with its integrated RGB
sensor. The choice of platform was driven by the need to acquire a high-resolution
dataset over a compact historic settlement developed on a steep slope and characterized
by irregular roofs, closely spaced buildings, streets of varying width, and substantial ele-
vation differences between the upper and lower parts of the town. In this context, nadir
imagery alone would not have provided sufficient coverage of roof edges and the most
exposed vertical surfaces. For this reason, as previously noted, the UAV survey cam-
paign combined nadir and oblique image acquisition.

The UAV survey was organized into two separate flight blocks (Figure 3), acquired
at different altitudes, and designed to fulfill complementary metric objectives. The first
block, flown at a lower altitude, focused exclusively on the built-up historic center and
was intended to provide detailed documentation of the urban fabric, roofs, squares,
open spaces, and the main building edges. The second block, acquired at a higher alti-
tude, covered a wider area, including the surrounding hillside, access routes, adjacent
green areas, and the morphological relationships between the historic settlement and the
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local topography. This distinction made it possible to obtain two complementary levels
of information: a denser dataset suitable for detailed analysis of the built environment
and a more extensive dataset supporting the contextualization of the historic center
within its immediate territorial setting.

Figure 3. The two photogrammetric flights: the 35 m-altitude plan on the left and the 65-80 m-alti-
tude plan on the right.

The first flight plan over the built-up area was acquired at an average altitude of ap-
proximately 35 m above the rooftops, with an estimated Ground Sampling Distance
(GSD) of about 2 cm/pixel. This configuration was adopted to preserve a high level of
detail over roof surfaces and open spaces within the historic urban fabric. The images
were acquired along flight strips with high forward and side overlap and were comple-
mented by oblique imagery aimed at improving the documentation of fagades and roof
edges. For this block, the adopted overlap was 85% in the flight direction and 75% in the
transverse direction, values consistent with the need to ensure sufficient redundancy in
an urban environment characterized by pronounced geometric discontinuities.

The second UAV plan was acquired at a higher altitude, approximately 65-80 m
above the mean elevation of the survey area, with an estimated GSD ranging from 3.5 to
5 cm/pixel. The purpose of this flight was to extend the coverage beyond the built-up
core, including the surrounding hillside, external road network, paths, agricultural sur-
faces, and sparsely vegetated areas around the settlement. The products derived from
this block were used primarily for morphological contextualization, for ensuring conti-
nuity of the overall orthophoto, and for generating elevation models at the urban-territo-
rial scale. Compared with the detailed block, the higher-altitude flight prioritized areal
continuity and the overall stability of the model, reducing discontinuities along the mar-
gins of the historic center.

A total of 8850 RGB images were acquired, including both nadir and oblique views.
The nadir images provided the primary dataset for generating the orthophoto, DSM,
DTM, and contour lines, whereas the oblique images contributed to improving orienta-
tion robustness and the reconstruction of surfaces that could not be adequately observed
from above. In the case of Fiumefreddo Bruzio, oblique imagery was particularly impor-
tant along the margins of the historic center, where the compact built fabric produces
shadows, closely spaced vertical facades, and pronounced elevation differences over
short distances.

The coordinates of the image projection centers were acquired by the UAV’s inte-
grated GNSS system. The latitude, longitude, and ellipsoidal height associated with each
image were extracted from the metadata and checked prior to import into the pho-
togrammetric processing software. The projection-center coordinates, originally ac-
quired in the geographic RDN2008 reference system, were converted to the national pro-
jected reference system RDN2008/UTM Zone 33N using ConveRgo and the correspond-
ing transformation grids supplied by the Italian Military Geographic Institute (IGM)
[27]. This transformation was necessary to ensure consistency among the image projec-
tion centers, the ground-surveyed GNSS points, the GIS layers, and the final metric
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products.

The conversion of the image projection-center coordinates represented a critical
stage of the workflow, since the entire absolute orientation process depended on the con-
sistency between the image coordinates and the reference system of the control points.
After conversion, the coordinates were reimported into the photogrammetric project and
used as initial observations for image orientation. The reference system adopted for pro-
cessing was RDN2008/UTM Zone 33N, consistently with the GNSS control network de-
scribed in the previous section. This constituted the initial direct georeferencing stage,
providing a reference for the subsequent refinement with surveyed GCPs and assess-
ment at CPs.

Photogrammetric processing was carried out following a Structure-from-Motion
(5ftM) workflow. The first stage consisted of image orientation, including the estimation
of both interior and exterior orientation parameters. The combined use of nadir and
oblique imagery improved the geometry of the photogrammetric block, reducing the
limitations typically associated with urban surveys based exclusively on vertical
imagery.

After initial image alignment in Agisoft Metashape (version 2.1.1), camera-location
residuals were evaluated against the imported coordinates of the image projection cen-
tres (Table 1). The table reports the component RMSE values and the three-dimensional
“Total error” for this initial georeferencing stage. These residuals describe agreement be-
tween estimated and reference camera positions; they do not provide an independent as-
sessment of reconstructed surface accuracy.

Table 1. Coordinate-error summary for the initial direct georeferencing stage.

RMSE E (m) RMSE N (m) RMSE H (m) RMSE 3D (m)
0.032 0.026 0.038 0.056

For both UAV flight blocks, after the initial direct georeferencing, 20 of the surveyed
GNSS points were used as GCPs to refine the absolute orientation in RDN2008/UTM
Zone 33N, while eight were retained as CPs (Table 2). The CP coordinates were excluded
from the adjustment and used to assess the final photogrammetric solution indepen-
dently of the GCP constraints. This distinction was necessary in the case of Fiumefreddo
Bruzio because the compactness of the built-up area, internal elevation differences, shad-
ows cast by building facades, and the presence of marginal areas characterized by less
favorable imaging geometry could generate local deformations that would not be imme-
diately detectable from a visual assessment of the orthophoto alone.

The RMSE values reported in Table 2 are lower for the GCPs, which constrained the
adjustment, and slightly higher for the CPs, whose coordinates were excluded from it.
The GCP residuals describe the fit to the control network, while the CP discrepancies as-
sess the final orientation at the withheld points.

Table 2. RMSE of coordinate residuals at GCPs and coordinate differences at independent CPs for
the two UAV flight blocks.

RMSE E RMSE N RMSE H RMSEEN RMSE3D

Point Role Ne°
(m) (m) (m) (m) (m)
GCP 20 0.013 0.014 0.018 0.019 0.026
CcP 8 0.019 0.018 0.026 0.026 0.037

Each coordinate RMSE is the square root of the mean squared coordinate discrepancy. Horizontal
and three-dimensional RMSE values combine the corresponding component RMSE values in
quadrature.
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Following image orientation, depth maps and a dense point cloud were generated.
The depth maps provided the basis for the production of elevation models and the tex-
tured mesh. In particular, the UAV dataset was used to derive a DSM representing the
visible surfaces, a DTM obtained by filtering above-ground elements, a georeferenced
RGB orthophoto, contour lines, and a textured three-dimensional mesh of the entire his-
toric center and the surrounding hilly area. The products derived from the lower-alti-
tude flight were used for the detailed analysis of roofs and urban spaces, whereas those
generated from the higher-altitude flight were used to ensure spatial continuity and pro-
vide a broader territorial context.

Terrain classification for DTM generation required particular attention. The historic
center is characterized by closely spaced built surfaces, terraces, retaining walls, stepped
paths, and discontinuously distributed vegetated areas. Under these conditions, auto-
matic filtering may incorrectly classify low roofs, terraces, or walls as ground or, con-
versely, remove actual portions of the topographic surface in areas characterized by pro-
nounced discontinuities. For this reason, the DTM should be regarded as a derived
product requiring local verification, particularly along the margins of the settlement,
along paths, and within terraced areas. By contrast, the DSM preserves the complete in-
formation on visible surfaces and is therefore more suitable for the volumetric analysis
of the settlement and for assessing the continuity of the roofscape.

The urban orthophoto was generated using the surface model considered most ap-
propriate for accurately representing roofs and open urban spaces. The orthophotos
were exported at pixel sizes of 2 cm for the historic core and 5 cm for the surrounding
area. Maintaining two separate products avoided generating a single orthophoto that
would either be oversampled or, conversely, excessively generalized relative to the level
of detail actually acquired in the central areas of the historic settlement.

2.4. Terrestrial Photogrammetry

Terrestrial photogrammetry was used to document building fagades, confined spa-
ces, and surfaces that could not be adequately captured by the UAV survey. Images were
acquired with a Nikon Z7 full-frame mirrorless camera, equipped with a 20 mm lens and
a sensor resolution of 45 MP. Approximately 3500 images were collected. Camera-to-ob-
ject distances generally ranged from 10 to 20 m but were adjusted according to street
width, fagade height, and accessibility.

Image sequences were acquired along the facades with sufficient overlap between
consecutive photographs. Convergent images were added around corners, portals, tow-
ers, overhangs, and recesses, where conventional parallel image sequences would have
left gaps in the reconstruction. This acquisition geometry reduced the effects of occlusion
and helped connect adjacent fagade sections. The images were organized by building
and surveyed surface, and were checked for sharpness, exposure, and changes in illumi-
nation before Structure-from-Motion processing. The photogrammetric blocks were geo-
referenced in the common coordinate reference system using identifiable control points
and corresponding features shared with the UAV and TLS datasets.

High-resolution orthophotos were produced for the facades along the main route
through the historic center and for selected interior surfaces. The frescoes inside Castello
della Valle were photographed under controlled lighting to reduce reflections and varia-
tions in color and brightness (Figure 4). Orthorectification was carried out by projecting
the oriented images onto the corresponding three-dimensional reference surfaces.
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Figure 4. Orthophoto of a fresco inside Castello della Valle, prepared for representation at a nomi-
nal scale of 1:50.

2.5. Handheld SLAM Mobile Mapping

The SLAM survey of the historic center of Fiumefreddo Bruzio was carried out us-
ing a Stonex X120GO handheld scanner, with the aim of complementing the UAV
dataset and terrestrial photogrammetry in those parts of the settlement characterized by
greater occlusion, limited accessibility, and poor visual continuity. SLAM acquisition was
primarily concentrated within the built-up area and along the main peripheral pedes-
trian routes, where the dense urban fabric, narrow alleys, covered passageways, ramps,
stairways, and elevation changes made documentation based exclusively on photo-
graphic acquisition or individual static scans inefficient.

Six separate SLAM scans were acquired along trajectories incorporating loops and
return segments, each covering a specific portion of the historic settlement (Figure 5).
The survey was divided into six separate acquisitions to limit trajectory drift, reduce the
length of individual continuous paths, and maintain more effective metric control over
each surveyed sector. In a compact and irregular historic urban environment, a single
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continuous trajectory would have produced a more extensive dataset but would also
have been more susceptible to the progressive accumulation of errors, particularly along
sections characterized by few distinctive geometric features or abrupt elevation changes.

SLAM 5

SLAM 6

Figure 5. SLAM trajectories.

The trajectories were connected through GNSS-surveyed GCPs shared among ac-
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quisitions (Table 3). This configuration made it possible to establish a control chain
across the different SLAM blocks, avoiding the treatment of each point cloud as an inde-
pendent dataset to be subsequently aligned solely through geometric correspondences.
The common points were selected among those previously surveyed using GNSS NRTK
and were located in open spaces, terraces, small squares, intersections, and paths imme-
diately adjacent to the built-up area. The shared points linked the acquisitions to a com-
mon geodetic reference, supporting geometric continuity across neighbouring sectors.

The path of each scan was planned to maintain a regular walking speed while
avoiding abrupt rotations of the instrument and prolonged stops in areas affected by
moving people, vehicles, or vegetation. Within the historic settlement, the operator pri-
oritized looped trajectories, repeatedly returning to previously acquired open spaces or
intersections in order to provide favorable conditions for trajectory closure. Along paths
and terraced sections, where complete loops could not always be achieved, partial re-
turns and overlaps with known control points were introduced to limit the propagation
of drift.

SLAM acquisition was primarily aimed at ensuring geometric continuity along tra-
versable routes and spaces. Compared with the UAV survey, mobile mapping enabled
the documentation of the lower portions of building facades, underpasses, entrance
halls, elevation changes, and pedestrian connections that were not always visible from
above. Compared with static TLS, SLAM provided faster and more continuous coverage,
which was particularly useful for connecting different parts of the historic settlement
that could not be observed directly from a single scanning station. For this reason, the
SLAM dataset was not considered a replacement for static scanning but rather as an in-
termediate survey layer between UAV-based urban coverage and the detailed metric sur-
vey of the priority buildings.

The orientation of the six scans was carried out in two stages. In the first stage, each
trajectory was processed separately, preserving its internal geometry and visually in-
specting point-cloud continuity and local misalignments in revisited areas. The software
reports did not provide a numerical loop-closure error. In the second stage, the six point
clouds were transformed into the common RDN2008/UTM Zone 33N reference system
using the GCPs surveyed with GNSS NRTK. The use of shared control points between
adjacent scans made it possible to constrain their relative alignment and to verify geo-
metric continuity across the transition areas between neighboring sectors.

The qualitative assessment of the scans was carried out by comparing the SLAM
point clouds with the GCPs and with stable surfaces identifiable in the photogrammetric
and TLS datasets. The checks focused on paved surfaces, perimeter walls, thresholds,
building edges, parapets, terraces, and road sections that remained unchanged during
the survey campaign. These features were used to identify any residual rotations, hori-
zontal offsets, vertical discontinuities, or local deformations of the reconstructed
trajectories.

The six scans showed residuals consistent with the intended use of SLAM data for
ensuring urban-scale continuity and connecting the different datasets. Mean residuals at
the GCPs ranged from 2.4 to 3.5 cm in planimetry and from 3.1 to 4.9 cm in elevation,
with lower values observed in inner urban areas characterized by abundant vertical geo-
metric features and slightly higher values along vegetated paths and peripheral sections
(Table 4). These residuals describe the fit to the GCPs used for georeferencing.

Table 3. Survey configuration of the six SLAM scans and shared GCPs.

Scan Running Time Length (m) Used GCPs
SLAM 1 526" 326 CP01, CP02, CP03,
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Scan Running Time Length (m) Used GCPs

CP05

CP01, CP05, CP06,
CP07

CP04, CP12, CP11,

SLAM 3 10'05" 605 CP13, CP14, CP10,

CP8, CP6, CP5

CP14, CP15, CP16,
CP9

CP13, CP14, CP15,

SLAM 5 8'46" 526 CP16, CP18, CP19,
CP17

CP18, CP19, CP27,

SLAM 6 10'30" 630 CP37, CP38, CP20,

CP29, CP34, CP24

SLAM 2 7'06" 427

SLAM 4 8'31" 512

Table 4 reports the mean horizontal distance, mean absolute height difference and
maximum three-dimensional distance at the GCPs used to georeference each SLAM ac-
quisition. These statistics describe the georeferencing fit; they do not measure indepen-
dent accuracy along the trajectories.

Table 4. Georeferencing residuals at the GCPs used for the six SLAM acquisitions.

Mean Mean Absolute
. . Maximum 3D
Scan GCP (n) Horizontal Vertical K
Residual (m)
Residual (m) Residual (m)
SLAM 1 4 0.024 0.031 0.047
SLAM 2 4 0.027 0.034 0.052
SLAM 3 9 0.026 0.033 0.050
SLAM 4 4 0.029 0.038 0.058
SLAM 5 7 0.035 0.049 0.071
SLAM 6 9 0.032 0.046 0.068

The main limitation of the SLAM survey concerned the areas outside the compact
urban core, particularly the western paths and terraced areas, where vegetation, less reg-
ular surfaces, and a lower density of stable vertical features may reduce localization ro-
bustness. By contrast, within the narrow streets of the historic center, the presence of
continuous fagades, building edges, thresholds, and lateral walls contributed to greater
geometric stability of the trajectory, although careful handling was still required to limit
abrupt rotations of the instrument and sudden elevation changes.

The integrated SLAM point cloud was used to complete the three-dimensional rep-
resentation of the historic settlement in areas where the UAV dataset was partially oc-
cluded and where terrestrial photogrammetry did not provide sufficient spatial continu-
ity. In particular, the dataset supplied useful information for reconstructing pedestrian
routes, connections between different elevation levels, the lower portions of building
facades, and the links between open spaces and the entrances to the priority buildings.
In the case of Fiumefreddo Bruzio, the main contribution of SLAM was therefore to en-
sure geometric continuity between the urban and architectural scales, rather than to gen-
erate standalone final metric products.

The adopted procedure made it possible to integrate the mobile mapping data into
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the overall metric framework of the survey without assigning it an inappropriate role as
an absolute reference. The GCPs shared between adjacent scans enabled the connections
between trajectories to be checked and reduced the risk of local misalignments between
neighboring sectors.

2.6. TLS Scans

Terrestrial laser scanning was used for the detailed survey of five buildings: Castello
della Valle and the churches of Santa Maria de Andexis, Santa Chiara, San Rocco, and
Addolorata. The survey comprised 270 scan positions acquired with a FARO Focus3D S
120 phase-shift scanner. Stations were set up inside the buildings and in the surrounding
open spaces. The scanner has a nominal operating range of 0.6-120 m, a maximum mea-
surement rate of 976,000 points/s, and a field of view of 360° horizontally and 305° verti-
cally. The manufacturer reports a ranging error of £2 mm at 10 m and 25 m. At 10 m, the
ranging noise is 0.6 mm on surfaces with 90% reflectivity and 1.2 mm on surfaces with
10% reflectivity [28].

The resolution was set to 1/4 and the quality to 3x. Over the full angular range, this
configuration yields approximately 43.7 million points. Laser acquisition took approxi-
mately 3 min 45 s per position, increasing to about 6 min when colour-image capture
was included. For the complete set of 270 scans, this corresponds to roughly 27 h of ac-
quisition and a theoretical maximum of 11.8 billion raw points. Fieldwork took longer
because the estimate does not include positioning and levelling the scanner, moving be-
tween stations, checking the acquired data, or storing the files.

The station layout was adapted to the geometry of each building. Fragmented
rooms, narrow staircases, changes in level, and irregular connections between spaces of-
ten required short distances between consecutive setups. Additional stations were
placed near doorways and corridors to maintain overlap and reduce occlusions. The
point spacing given above refers to the sampling setting of the scanner. The density of
the recorded point cloud is not uniform and varies with range, angle of incidence, sur-
face reflectance, occlusions, missing returns, and filtering.

Data processing was carried out in Leica Cyclone REGISTER 360 (Version 2025.0.1).
A separate registration block was created for each building to resolve the relative geome-
try of rooms and connecting passages before georeferencing. Within these blocks, con-
secutive scans were aligned by cloud-to-cloud matching in their common areas.
Alignment was checked on stable masonry surfaces and on clearly recognisable architec-
tural features visible in neighbouring scans.

Registration quality was summarized using the mean cloud-to-cloud error, overlap
and strength reported for the retained scan links, together with visual inspection of sta-
ble masonry surfaces and recognizable architectural features (Table 5). These software
indicators characterize local registration consistency.

Table 5. TLS registration quality indicators and georeferencing fit statistics for the surveyed sites.

Georef. Fit
. Georef. Mean C2C Mean Mean
Building ) RMSE 3D
Points n. (m) Overlap (%)  Strength (%) (m)
m
Castello della
5 0.006 58 72 0.028
Valle
Santa Maria
. 4 0.005 61 75 0.025
de Andexis
Santa Chiara 4 0.004 64 78 0.023
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Georef. Fit
Georef. Mean C2C Mean Mean
Building ) RMSE 3D
Points n. (m) Overlap (%)  Strength (%) (m)
m
San Rocco 4 0.007 52 66 0.032
Addolorata 4 0.006 55 69 0.029

After local registration, each building block was georeferenced in the
RDN2008/UTM zone 33N coordinate reference system. The georeferencing used corre-
sponding architectural points identified in the TLS clouds, whose reference coordinates
were extracted from the already georeferenced photogrammetric and SLAM clouds. This
transferred the existing urban reference to the building interiors, where roofs and walls
constrain GNSS positioning, while retaining the relative geometry established during lo-
cal registration. The resulting point clouds could therefore be compared directly with the
photogrammetric and SLAM data and related to the roofs, exterior surfaces, and sur-
rounding urban fabric.

For the illustrative configuration in Table 5, five architectural correspondences were
used for Castello della Valle and four for each church, with reference coordinates ex-
tracted from the existing photogrammetric and SLAM clouds. The georeferencing fit was
summarized separately as the RMS three-dimensional distance between the transformed
TLS correspondences and their reference positions. Because these correspondences con-
strained the transformation, their residuals describe fitting quality rather than indepen-
dent positional accuracy.

The TLS point clouds were the main geometric source for drawing plans, elevations,
and sections at a nominal scale of 1:50. They also supported the measurement of wall
thicknesses, out-of-plumb walls, geometric irregularities, and discontinuities in the ma-
sonry. UAV and terrestrial photogrammetry extended the coverage to the roofs and the
wider urban setting and provided complementary radiometric information for the exte-
rior surfaces.

2.7. Point-Cloud Co-Registration and Integration

Point clouds acquired with the different sensors were integrated through a hierar-
chical workflow, while the sensor-specific datasets were kept separate. The UAV block
followed the two-stage georeferencing described in Section 2.3, and the SLAM clouds
were georeferenced using the surveyed GCPs. For TLS, local registration within each
building was followed by a rigid transformation into the RDN2008/UTM zone 33N coor-
dinate reference system using corresponding points extracted from the photogrammetric
and SLAM clouds. This sequence preserved the internal geometry of each TLS block and
avoided forcing a non-rigid adjustment between datasets with different resolutions and
accuracy levels.

The UAV, terrestrial-photogrammetry, SLAM, and TLS point clouds were compared
in their areas of overlap using stable, geometrically recognisable surfaces. In areas char-
acterised by markedly different point densities or measurement accuracies, filtering and
decimation parameters were adjusted for each dataset. The purpose was to obtain man-
ageable point clouds while retaining sufficient geometric detail and accuracy for the in-
tended representation scales.

These comparisons were qualitative and assessed consistency within the shared ref-
erence framework; they did not provide independent cross-sensor error statistics.

Each derived product retained a link to its source dataset, acquisition sensor and
date, coordinate reference system, processing parameters, and available metric checks.
Integration was therefore treated as the co-registration of multiresolution survey evi-
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dence rather than as the irreversible merging of all observations into a single point cloud
with no record of their provenance.

2.8. HBIM Potential Implementation

The proposed information framework adopts a multi-scale geospatial approach in
which reality-based geometric representations are associated with architectural, histori-
cal, and structural information.

The implemented survey products include georeferenced point clouds, textured
meshes, orthophotos, and CAD drawings derived from the integration of photogram-
metric and laser scanning datasets, as described in the following Section 4. The GIS com-
ponent enables these geometric representations to be related to spatial entities represent-
ing buildings and their associated information, including construction characteristics
and seismic vulnerability assessments.

Although the conceptual framework draws on HBIM principles, particularly the se-
mantic organisation of architectural information and the association between geometry
and attributes, the present implementation does not document the creation of a compre-
hensive parametric HBIM model or a BIM-to-GIS interoperability workflow.

Accordingly, HBIM is considered a potential extension of the proposed geospatial
architecture rather than a fully implemented component of the current system. Future
developments may introduce parametric representations of selected architectural and
structural elements, establishing explicit relationships between HBIM objects and their
corresponding GIS entities through persistent identifiers.

2.9. From Multi Scale Survey to Structural Assessment/Interpretation

The multi-scale survey is conceived not only as a geometric documentation layer,
but also as a basis for structural analysis. Georeferenced point clouds, textured meshes,
orthophotos, and CAD drawings (i.e., plans, sections) provide a detailed representation
of the geometry and configuration of the surveyed structures, supporting the identifica-
tion of the main features that influence their seismic response (e.g., storey heights, wall
thicknesses, openings, irregularities, out of plumbness, existing crack patterns, mutual
constraints within aggregates). When combined with the building census and with infor-
mation on construction characteristics and conservation conditions, these data are used
for the assessment, connecting the surveyed geometry to the assumptions required for
the structural analysis. In this way, the reality-based representation and the engineering
interpretation are maintained as interconnected components of the same geospatial
framework.

For seismic screening, the previous application to Fiumefreddo Bruzio [1,29]
adopted a hybrid quantitative—qualitative procedure to assess the global behaviour of
masonry buildings, based on the simplified methodology proposed by Ferretti, et al. [30]
. The procedure estimates the building collapse capacity in terms of peak ground accel-
eration (PGAc), combining an analytical evaluation of the shear capacity of masonry
piers with qualitative parameters describing construction quality and structural configu-
ration. The assessment of global response can then be complemented by simplified kine-
matic analyses aimed at studying possible local out-of-plane mechanisms. To this pur-
pose the identification of structural irregularities, openings, out-of-plumbness, and exist-
ing crack patterns are essential. These analyses are particularly relevant in historic ma-
sonry structures, where local instability may strongly depend on the geometry of indi-
vidual portions and on their connections with the surrounding structural system.
Moreover, high-resolution survey data provide a valuable basis for refining the analyses
of out-of-plane mechanisms exploiting the higher accuracy for the definition of geome-
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try and constraints required.

The building collapse capacity is compared with the corresponding seismic demand
calculated based on georeferenced position of the building, by means of an ad hoc devel-
oped QGIS processing plugin that computes seismic data starting from the MPS04
Seismic hazard grids as adopted by the Italian Building Code [31,32] and the seismic mi-
cro zonation dataset [33].

Within the proposed information architecture, the outcomes of structural assess-
ment can be linked to persistent identifiers associated with buildings or individual
macroelements, while retaining the information needed to reconstruct the corresponding
assessment process. Rather than storing structural results as isolated outputs, the system
can therefore relate them to the assumptions, parameters, analysis scenario and model
version from which they were obtained. This approach preserves a clear distinction be-
tween surveyed information and its structural interpretation and, at the same time, pro-
vides a traceable basis for subsequent updates. New inspections, observed damage or re-
peated surveys can thus be incorporated as additional information and used, where nec-
essary, to revise the structural assessment while preserving previous model states.

3. Results
3.1. Urban Scale Products

As introduced in the previous sections, the UAV photogrammetric block covering
the historic settlement produced an RGB orthophoto with a GSD of 2 cm, while the
larger-area block generated an orthophoto with a resolution of 5 cm/pixel (Figure 6). The
two products address complementary needs: the former provides a high level of detail
for the historic core, whereas the latter ensures spatial continuity with the surrounding
slope, access roads, and adjacent areas. Within the GIS platform, the orthophotos pro-
vide a reference base for verifying building footprints, spatially linking building census
records, and updating and integrating the street-network graph using the data already
available from OpenStreetMap. Information on the road network was further enriched
by recording the width of streets and paths, identifying potential points of interest, and
classifying individual segments according to accessibility and use, distinguishing be-
tween pedestrian streets, pedestrian streets accessible by residents’ vehicles only, drive-
ways, and unpaved tracks.
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Figure 6. RGB orthophoto of the historic centre and its immediate surroundings, with a ground
sampling distance (GSD) of 5 cm.

The DSM provides a continuous representation of the surveyed surfaces, including
buildings, vegetation, and other above-ground elements, whereas the DTM, derived
from the classification of ground points, describes terrain morphology, elevation pat-
terns, and associated slopes (Figure 7). In areas characterised by retaining walls, terraces,
low roofs, and narrow streets, point classification required local verification and correc-
tion, as filtering errors may affect the accurate representation of elevations, slopes, and,
consequently, contour lines.
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Figure 7. Digital terrain model (left) and digital surface model (right).

An additional product is the textured mesh (Figure 8), which provides a continuous
representation of the three-dimensional morphology of the historic settlement, the rela-
tionships between roofs, buildings, and terrain, and the overall volumetric articulation of
the urban fabric. Starting from the high-resolution mesh, a lightweight version of the
model was also generated through decimation, reducing the geometric complexity and
optimising the dataset for web-based visualisation and interactive access.

Figure 8. Textured reality-based mesh of Fiumefreddo Bruzio.

3.2. Building-Scale Products and Immersive Interface

As described in Sections 2.4-2.7, for the five buildings of greatest interest, the co-
registration of data acquired through TLS, terrestrial and UAV photogrammetry, and
SLAM made it possible to generate dense multi-source point clouds referenced to the
RDN2008/UTM zone 33N coordinate system. From these datasets, orthophotos of the
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main fagades and internal architectural surfaces were produced through projection and
surface development, including those documenting the painted decorations of Castello
della Valle. Vector drawings, including plans, elevations, and sections, were also pro-
duced at a nominal scale of 1:50 (Figure 9).

Figure 9. Unfolded orthophotos of the facades of the Church of San Rocco.

The CAD (Computer-Aided Design) documentation was developed on horizontal
and vertical planes defined from the point clouds, allowing the representation of room
layouts, wall thicknesses, openings, roof profiles, and decorative elements. The integra-
tion of orthophotos and vector drawings made it possible to document both the geomet-
ric configuration of the spaces and the material characteristics of the architectural sur-
faces, providing a rigorous metric and knowledge base for subsequent deterioration
analyses and specialist modelling activities.

To further support architectural-scale knowledge, an immersive virtual route was
developed as a complementary output to the metric products. The acquired route covers
a large part of the main street network of the historic centre, providing a continuous and
navigable representation of the urban space. Based on the collected data, a client-side
web application was developed, directly accessible through a browser, integrating
OpenStreetMap vector cartography with a 360° equirectangular video. The route, recon-
structed in a GIS environment and exported in GeoJSON format, is synchronised with
the video through timestamp-distance checkpoints, allowing variations in acquisition
speed to be compensated for while maintaining correspondence between geographic po-
sition and the currently displayed video frame.

A dynamic marker shows the real-time position along the route, while interactive
checkpoints provide direct access to specific points of interest. The immersive visualisa-
tion is implemented using Three.js and WebGL (Web Graphics Library), projecting the
video onto a spherical mesh, while the separate distribution of the frontend and multi-
media content across cloud services enables the efficient management of large video
files. The system therefore provides an integrated tool for heritage communication and
enhancement, complementary to the metric and cartographic products derived from the
survey (Figure 10).
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Figure 10. Web interface integrating the route map and 360° video.

3.3. Integrated Information Environment for Multi-Scale Vulnerability

The structural component provides a concrete example of how the geospatial data-
base can provide the basis for developing an updatable information environment.
Within the GIS environment, the geometry of each building can be linked to general
building information records, descriptions of the structural and construction characteris-
tics relevant to vulnerability assessment, and the preliminary identification of building
portions (e.g., facades, macro-elements) potentially susceptible to local kinematic mecha-
nisms during an earthquake. Figure 11 shows an example of the spatial integration of
structural data supporting the geospatial digital twin foundation for the Fiumefreddo
centre.

Building name Municipality Address
Palazzo XXX Fiumefreddo Bruzio
Total number of floors [ Average floor height | Average floor area Prevalent wall PP
including basements | [m] [m thickness [m] Churchiname Munic pality fddress
P 35 o 7 ] Chiesa deirAddolorata Fiumefreddo Bruzio | - --
Eom— Maintenance | Footprint Footprint height | Prevalent wall
Main material of the ypology Building Good connection width [m] [m] thickness [m]
A organization of the "
primary structure an preservation state | between elements
resisting system Poor 7.2 9.2 07
Uncoursed stone
Masonry masonry Low / Poor No Main material| Facade Number of first- Facads
TR e of the restraint order tie-rods on ¢
Floors / Ceilings Roof Foundations evata structure elements. the facade openings;
Wooden floors with Continuous shallow Masonry None 2 Small
terracotta tiles Flexible diaphragms | foundation in Iiregular / Non-regular
(mezzane) stone/squared blocks

Figure 11. Overview of the integrated information environment for vulnerability assessment.

Starting from the information obtained from the geomatic survey of the entire his-
toric centre and from the associated building information, a simplified seismic vulnera-
bility assessment was previously carried out in [1]. In particular, information like
building’s footprint, average wall thickness, opening ratio, average spacing between
walls and quality of the structural system combined with masonry mechanical proper-
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ties available from literature (e.g., [32]) allowed to determine the building collapse ca-
pacity in terms of peak ground acceleration (PGAc) using the quantitative-qualitative
approach mentioned in Section 2.9. Starting from the value of PGAc and the georefer-
enced position of each building, the capacity return period T, of the seismic action corre-
sponding to the occurrence of PGA at the building site location was evaluated using the
QGIS processing plugin mentioned in Section 2.9 Specifically, the return period T, is
computed by means of linear interpolation in log-space of known pairs (T,, PGA) pro-
vided by MPS04.

Figure 12 shows the seismic capacity of approximately 40 masonry buildings, ex-
pressed in terms of the estimated return period T,. The investigated stock includes one-
to four-storey buildings, mainly characterized by natural stone masonry and showing no
evident seismic strengthening interventions. This map provides the information related
to the global seismic behaviour of the buildings. Where appropriate, e.g., where ma-
sonry portions or facades susceptible to local collapse mechanisms (i.e., macro-elements)
were identified, using the survey results (irregularities, out-of-plumbness and existing
crack patterns), the procedure was complemented by linear kinematic analyses of their
potential out-of-plane response carried out in accordance with [31-33].
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Figure 12. Seismic capacity of a building stock expressed in terms of the return period T, of the
seismic action resisted by each building using screening results previously reported in [1]; exam-

ple of linear kinematic analysis result for an individuated macro-element.

The castle example demonstrates how high-resolution survey data can be used to
identify potentially unstable masonry portions (macroelements) and perform their seis-
mic assessment. Specifically, the three-dimensional model, along with its high-resolution
textured mesh, enables the precise detection of wall geometry, structural alignments,
openings, and visible crack patterns or discontinuities, which serve as the geometric ba-
sis for identifying the macroelements potentially subjected to local collapse mechanisms.
Furthermore, the 3D model allows for the exact extraction of geometric parameters, such
as the centre-of-gravity coordinates (Xg, zg) of each macro-element. Figure 13 presents
two identified potential collapse mechanisms for the castle and the corresponding re-
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sults of the linear kinematic analyses, expressed in terms of return period. In the applica-
tion of kinematic analysis, PGAc is evaluated dividing the ratio xg/zg by the confidence
factor FC = 1.35 and adopting the factor q = 2 according to [31,32]. The corresponding re-
turn period T, is obtained using the above mentioned QGIS processing plugin.

PGA = 3,5 [g]

Xg=0.77m
.G 2= 5.85m
PGA. =0.195g

E T, =331yrs

X5
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Figure 13. Individuation of possible local collapse mechanisms from the 3D model of the castle

with main data and results of the linear kinematic analysis in terms of return period (left) and T
interpolation (right).

The integration within the GIS environment of the seismic vulnerability analysis of
entire building as well as of macro-elements is important because the obtained results
are no longer isolated value in a calculation sheet: they become queryable properties of a
physical asset together with the geomatic survey products, material and structural char-
acteristics, conservation state. Global and local results can coexist in the same architec-

ture, but at different semantic and geometric levels, with explicit links between historic
centre, building, facade, macro-element.

3.4. Risk Informed Decision Support/Risk Management and Touristic Valorization

This section describes the potentiality of the framework proposed in integrating
vulnerabilities/possible collapses, obstruction of routes and emergency accessibility for
risk-management purposes together with touristic valorisation. Within a risk-based ap-
proach, the results of the structural assessment could support risk interpretation beyond
the scale of the individual building by accounting for the interaction between the built
fabric and the surrounding public space. In a compact historic centre even a local or par-
tial collapse may obstruct streets and passages that are essential for ordinary circulation,
emergency access and the evacuation of residents and visitors. The structural informa-
tion could therefore be combined with the street vulnerability and accessibility data al-
ready mapped within the geospatial environment, allowing to extend the preliminary
approach presented in [1]. This integration could make it possible to relate potentially
critical buildings, identified through territorial-scale vulnerability assessment, as well as
macro-elements susceptible to local kinematic mechanisms, to the function of adjacent
public spaces, thereby identifying situations in which structural damage could compro-
mise strategic routes.

The resulting framework would provide a basis for developing seismic scenarios in
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which the consequences of potential collapses are transferred to the street network.
Rather than considering only the capacity of individual buildings, these scenarios can
highlight possible obstructions, interruptions and changes in accessibility, thus helping
to identify priority areas for further investigation or mitigation. The framework may also
support the comparison of alternative intervention strategies by considering both the re-
duction in structural vulnerability and their effects on the overall functioning of the his-
toric centre.

This information could assist decision-making at different stages of seismic risk
management. Before an earthquake, it can guide detailed investigations and preventive
interventions towards buildings or masonry portions whose failure would have the
greatest consequences for emergency access and circulation. Following an event, the pre-
existing information could provide a reference for organizing inspections, recording ob-
served damage and rapidly reassessing the usability of streets and buildings.
Subsequent strengthening or stabilization measures could then be documented and eval-
uated in relation to the vulnerability initially identified and to the conservation require-
ments of the historic fabric.

As an example, Figure 14 illustrates a possible use of the detailed 3D model. The
model used for assessment of local collapse mechanism affecting a portion of the castle (
Figure 13) was exploited also for the preliminary conceptual design phase of a stabiliza-
tion solution designed to integrate structural, conservation, functional, and accessibility
requirements.
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Figure 14. Hypotheses of retrofit interventions of the castle: steel flooring system for connection

and internal walkways, designed by Prof. Eng. Arch. Paolo Faccio.

Finally, the three-dimensional reconstruction, combined with the structural stabi-
lization measures, may enable new forms of cultural interpretation and visitor engage-
ment. For the case study, this potential is particularly relevant to the castle, whose exte-
rior once featured frescoes by the renowned Italian artist Salvatore Fiume that have pro-
gressively deteriorated due to prolonged exposure to weathering. The geometric and
visual information collected through the integrated survey could support the video
mapping projection of the frescoes (Figure 15).
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Figure 15. Proposed video mapping projection: digital reconstruction of the original Salvatore

Fiume’s frescoes for site valorization.

Such an application would provide visitors with an immersive interpretation of a
partially lost artistic heritage without requiring direct intervention on the surviving fab-
ric. In this way, structural risk mitigation, digital documentation and cultural valoriza-
tion can operate within a single framework, improving the safe accessibility of the site
while supporting the communication and appreciation of its historical and artistic
significance.

4. Discussion: From Geometric Information to Structural and Seismic
Risk Interpretation

The relevance of the proposed multi-scale framework extends beyond geometric
documentation, as the same survey-derived information can support structural interpre-
tation at different spatial levels.

The activities carried out in Fiumefreddo Bruzio highlight how the construction of a
coherent information framework requires a multi-sensor strategy tailored to the urban
morphology and to the specific objectives of the survey. In a historic mountain settle-
ment, terrestrial and UAV photogrammetry, SLAM, TLS, and GNSS provide comple-
mentary capabilities and, when properly integrated, make it possible to mitigate critical
issues related to occlusions, confined spaces, trajectory drift, and positioning constraints.
The overall reliability of the system therefore depends not only on the nominal specifica-
tions of the individual sensors, but also on the geometry of the acquisition network, the
operating conditions, the calibration procedures, the adoption of a common reference
system, and the availability of independent control procedures.

The quantitative results (Tables 1, 2 and 4) provide evidence of the metric perfor-
mance of the proposed multi-sensor workflow. The UAV photogrammetric block
achieved a reported three-dimensional residual of 0.037 m on 8 independent check
points, compared with 0.026 m on the 20 ground control points used for orientation.
These results support the metric reliability of the photogrammetric dataset for the in-
tended urban-scale documentation.

The six SLAM acquisitions showed mean planimetric residuals ranging from 0.024
to 0.035 m and mean vertical residuals ranging from 0.031 to 0.049 m at the surveyed
control points. These values confirm the suitability of SLAM for connecting different
portions of the historic urban fabric, while also highlighting the need to distinguish its
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metric performance from that of the other surveying techniques.

At the architectural scale, 270 terrestrial laser scanning stations were acquired across
five heritage buildings, providing detailed geometric documentation for the production
of plans, elevations, and sections at a nominal scale of 1:50.

These results demonstrate the ability of the adopted workflow to combine datasets
characterised by different spatial resolutions and metric performances within a common
geodetic reference system. However, the reported residuals should be interpreted ac-
cording to the validation procedures adopted for each technique, rather than as a uni-
form accuracy estimate for the complete integrated model.

Regarding the impact of these spatial geometric uncertainties on the overall seismic
vulnerability assessment, it is worth noting that their effect is practically negligible com-
pared to other sources of uncertainty in the structural analysis, e.g., mechanical proper-
ties of historic masonry, boundary conditions, wall-to-wall and floor-to-wall connection
efficiency, together with the seismic action itself, including local site response due to soil
characteristics.

At the building scale, the availability of detailed and metrically consistent geometry
provides a basis for characterizing structural configuration and for refining the assump-
tions adopted in seismic assessment. At a higher level of detail, the three-dimensional
representation can support the identification and analysis of potentially vulnerable por-
tions of the structure, particularly where local mechanisms may influence the seismic
response.

This aspect is particularly relevant for historic masonry, where structural interpreta-
tion is often affected by incomplete knowledge and by the complexity resulting from
construction phases, transformations and interactions between adjacent units. Increasing
geometric resolution does not remove these uncertainties, nor does it replace the engi-
neering assumptions required by structural models, as mentioned above. It does, how-
ever, make such assumptions more transparent and verifiable by providing a common
spatial reference for observations and structural results. The proposed architecture
therefore preserves the distinction between measured data and structural interpretation,
while allowing both to evolve within the same information environment.

A further implication concerns the transition from building-scale vulnerability to
seismic risk at the scale of the historic centre. In a compact urban fabric such as
Fiumefreddo Bruzio, the consequences of structural damage are not necessarily confined
to the affected building, since local or partial collapses may interfere with the surround-
ing public space and alter accessibility during an emergency. Relating structural assess-
ment to the street network therefore provides a means of interpreting vulnerability in
spatial terms and of identifying critical interactions between the built fabric and the
routes required for evacuation or emergency access. The preliminary analyses presented
in [1] provide a first basis for this integration, which can be further developed through
revised structural assessments and scenario-based representations at the urban scale.

The main value of the proposed geospatial framework lies in maintaining explicit
relationships between measured geometry, structural assessments, and their spatial con-
sequences. This information structure can support the progressive revision of seismic
vulnerability and risk scenarios through repeated surveys and post-event observations,
while preserving the traceability of the original data and subsequent interpretations.

5. Conclusions

This study presents a multi-sensor and multi-scale geomatics workflow for the doc-
umentation and spatial interpretation of the historic centre of Fiumefreddo Bruzio. The
integration of UAV and terrestrial photogrammetry, SLAM, TLS and GNSS observations
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enabled the construction of a georeferenced geometric information base connecting the
urban fabric with the detailed architectural documentation of five selected heritage
buildings. The adoption of a common geodetic reference system ensured spatial consis-
tency among datasets acquired at different scales, while the complementary characteris-
tics of the surveying techniques allowed the complex morphology of the settlement to be
documented.

The main scientific contribution of this research lies not in the combined use of es-
tablished surveying technologies, but in the development of a metrically controlled,
multi-scale geomatics framework that extends beyond the production of three-dimen-
sional representations. The integration of datasets acquired with different techniques,
resolutions, and metric performances provides a common spatial reference while pre-
serving their geometric characteristics, metric quality, and data provenance. This ap-
proach establishes a coherent information base in which measured geometry can be re-
lated to architectural and structural information without losing the distinction between
direct observations and subsequent interpretations.

The integration of geometric information with structural and seismic vulnerability
assessments further demonstrates the potential of this approach. At the building scale,
detailed survey data support the geometric characterisation of masonry structures and
the identification of architectural elements relevant to global and local seismic behav-
iour. At the urban scale, the geospatial framework allows vulnerability information to be
related to the surrounding built environment and street network, supporting the spatial
interpretation of potential structural damage and its consequences for accessibility and
emergency management. In this way, the proposed methodology establishes a connec-
tion between architectural documentation, structural interpretation, and risk-informed
conservation strategies.

At its current stage, the proposed system represents a survey-based digital model
that can support future HBIM and digital twin developments. Future developments will
therefore focus on extending the proposed geometric and information framework
through parametric modelling, multi-temporal surveys, change detection, and the up-
dating of structural and seismic risk assessments. Particular attention should also be
given to the evaluation of uncertainty in the integration of heterogeneous datasets, en-
suring that the metric quality and provenance of the original observations remain acces-
sible throughout subsequent modelling processes.
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Abbreviations

The following abbreviations are used in this manuscript:

CAD Computer-Aided Design
cp Check Point
DSM Digital Surface Model
DTM Digital Terrain Model
EPSG European Petroleum Survey Group
GCP Ground Control Point
GIS Geographic Information System
GNSS Global Navigation Satellite System
GSD Ground Sampling Distance
HBIM Historic Building Information Modelling
IGM Italian Military Geographic Institute
NRTK Network Real-time Kinematic Positioning
PGAc Peak Ground Acceleration at Collapse
RDN2008 Rete Dinamica Nazionale 2008
RGB Red, Green, Blue
RMSE Root Mean Square Error
StM Structure from Motion
SLAM Simultaneous Localisation and Mapping
TLS Terrestrial Laser Scanning
UAV Unmanned Aerial Vehicle
UTM Universal Transverse Mercator
WebGL Web Graphics Library
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