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DRONES AND DIGITAL INNOVATION:
A NEW SCENARIO IN DIGITAL DIMENSION

SANDRO PARRINELLO, ANNA DELL'AMICO

University of Pavia, DICAr - Department of Civil Engineering and Architecture

Digitalisation, intended as the conversion of analogue
dimensions and quantities into digital information, is the
mechanism that nowadays governs entire social and societal
systems on a global scale. The transition from analogue to
digital systems has wholly changed everyday actions and
the ways of communicating, reading, storing, and using
information, which found in the digital a new form of content
transmission. The slow process of data and information
adapting and adjusting to this new condition involves all
the spheres of knowledge which find new horizons and
propensities in this revolution. Occupying a new role within
the digital world is among the individual's most imminent
concerns when confronting society, thus establishing a digital
relationship with the things he makes, the materials he works
with, the works he creates, and the people with whom he
shares thoughts, spaces, and culture, which become digjital
themselves.

Just as Renaissance man understood the world around
him from a different perspective employing a different
configuration of mathematical and geometric principles;
today, it is necessary to acquire a new literacy level that could
be defined as “technological literacy™, a renewed type of
language and expression that marks and characterises our
time.

The massive use of these procedures contaminates daily
life, customs, and habits, marking out different generations?

17

(Y, Z, millennials, etc.) who, on the contrary, become almost
unaware of digital extensions. The neurological connection to
these digital prostheses, upon which Cronenberg still these
days bestows a dystopian meaning, is now well attested, as
well as how they can alter the perceptual systems that govern
the entirety of living and inhabiting a specific space.
However, the structural specificities that characterise the
digitalised space make it reveal an abundance of possibilities
and potentialities, actively configuring a new platea?.
It constitutes an abstraction that, even now, although it
begins to appear understandable, at the same time eludes
comprehensive scrutiny.

By accessing a new digital stage, it is possible not just to
picture an immersive projection of what is our real world,
which was already widely imagined, theorised, and finally
put into practice, but also a hybridisation of the two systems
that penetrate one another right down to their most intimate
structures®.

When talking about digital transformation and evolution,
the term wave is often associated with it since technological
change is comparable to an overwhelming ocean wave, and
it changes just as fast®.

Indeed, many people today feel overwhelmed by technology
and all its opportunities. Still, suppose we try to figure out
how to master the wave via cultural insights and scientific
research and investigating methods and systems; in that
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Figure 1. As the digital returns to the real, also in the world of drones the
ambition to see from above corresponds to that desire to fly that leads
man to try to soar through the use of drones or devices of various kinds.
Technological innovation and the possibilities of harnessing different kinds
of engines converge in a landscape of tools and equipment to promote the
flying man. Inspired by the world of comics, movies and science fiction in these

case, we will realise that, once the tide has gone, we will
be capable of navigating and moving forward toward new
directions. Digital acquisition disciplines are experiencing a
dizzying increase in the available technologies, contaminated
by digital development and a profound change in production
and social patterns.

The topic of the valorisation and preservation of the memory
of Cultural Heritage is closely connected to experimenting
with innovative processes of knowledge documentation,
management, and fruition. The development of
instrumentation for rapid on-the-move surveying leads to
generating new categories and acquisition protocols for
setting up models that could be used as tools for specialised
knowledge processes and for the dissemination and
preservation of the historical heritage memory.

This application holds particular resonance when it comes to
extensive surveying; the latest technological developments
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images we see some examples of vehicles that enable humans to fly. Several
companies are working on the design of light aircraft systems and vehicles
for humans. So far, powered flight suits have only been seen in video games
or science fiction films. A new frontier of transport using special rockets in a
backpack or on platforms could soon become the normalcy. Starting from left,
the first model designed in 1956 for the US Army, followed by CopterPack,

4

aim to improve mobile, wearable or transportable acquisition,
significantly reducing working time. Traditional scanning
systems and new digital photogrammetry algorithms are
combined in technological apparatuses together with
the latest Simultaneous Localisation and Mapping (SLAM)
algorithms, which allow the simultaneous construction and
monitoring of the three-dimensional point cloud model®.

In the last two years, Unmanned Aircraft Systems - (UAS),
commonly known as drones and initially originated for military
purposes - have become increasingly popular tools for aerial
data collection, specifically in many technical-scientific fields
related to the science of surveying, topography, engineering,
architecture, and agronomy. Through monitoring and
surveying activities, drones offer an opportunity to develop
constantly more efficient and faster photogrammetric and
videogrammetric acquisition protocols for environmental
management.



Jetman (Jetwing), Gravity Jet Suit, JetLev Flyer, Alauda Airspeeder MK3, Zapata
Flyboard Air, Jetman, Jetpack JB-10, Big Drone, Lazareth LMV 496, LIFT Aicraft
HEXA. The drone, in this case improperly understood in this way, becomes a
real vehicle through which one can not only experience the sky remotely, but
be transported through scenarios that still seem to belong to the world of
science fiction but are already reality.

Photogrammetric mapping applied to architectural and
engineering sciences finds a new application in the simplicity
and automation of today's solutions that enable professionals
to integrate these flying robots, available in a wide economic
range, within their consolidated workflows. The mapping of
extensive portions of land to produce metrically reliable high-
resolution 3D models that can eventually be prototyped is
a long-established practice. Thanks to digital development,
the world around us not only becomes more accurately and
rapidly representable but also digitally inhabitable.
Considering the Cultural Heritage documentation, drones
represent just one more tool to acquire extremely valuable
information in a very short amount of time.

Today, the scientific focus on this topic refers to the definition
of a vast spectrum of application possibilities, which is not
yet well-delineated and requires a scientific debate that takes
into account different technological and regulatory aspects.

19

SANDRO PARRINELLO, ANNA DELL'AMICO
Drones and Digital Innovation: a new scenario in Digital Dimension

Furthermore, new acquisition methodologies not only
influence the workflows and practice of specialists but also
affect how these are generated and transmitted through the
processing of digital representation models, i.e., CAD design,
3D Modelling, Rendering, Scripting, GIS, BIM, Simulation, Big
Data, and Machine Learning, to name only some of them.
Therefore, we continue to focus on how Cultural Heritage can
be digitised and measured through drones.

The event "D-SITE - Drones Systems of Information on Cultural
Heritage", in its second edition, aims at the admirable purpose
of staging the discussion at an international level, connecting
professionals and research institutes, for a conjoint definition
of the state of arts regarding the phenomenon of the UAV
utilisation in the Cultural Heritage fields.

The conference, jointly organised by the Department of
Civil Engineering and Architecture of the University of Pavia
and the Department of Civil Engineering of the University of
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Figure 2. The use of drones is becoming part of the definition of new strategic
programmes for the city of the future, and there are several Italian cities that
confirm their desire to evolve towards increasingly innovative technological
models to respond to new needs and new demands. From the transport indus-
try to security systems, the use of drones is conceived as an auxiliary system to
the operation of urban facilities

Salerno, focuses on topics concerning data acquisition and
management methodologies and processes, while it also
opens up the debate to those research areas focusing on
earth sciences and drone production.

The research actions collected within this volume result
from experimentations conducted by research laboratories
of excellence on a national and international level. This is a
collection of papers on the different application possibilities
of UAV technologies through an excursus on methodological
investigations and theoretical insights, which lays the
foundations for developing new analysis systems and the rise
of innovative multidisciplinary methodologjies.

From the application to fortified complexes, archaeological
areas, urban centres, landscapes, and complex territorial
systems, the proceedings of this conference bring together
the most up-to-date documentation practices carried out in
this field, providing a broad and multidisciplinary overview.
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Figure 3. In the film 'Spider-Man Far From Home', the illusions produced by
Mysterio, the villain of the Marvel episode, are generated by swarms of drones
controlled and programmed before the superhero fights.

As organisers of the event, we considered the involvement
and participation of the business sector in the initiative to
be fundamental for cultural exchange between academic
and corporate realities. This connection aims to promote
research developments in architectural representation and
documentation of Cultural Heritage by initiating synergetic
actions between university research centres and companies.
The objective is to transfer technology and investigate the
possibilities of optimising heritage digitisation services
through research activities based on a continuous exchange of
viewpoints stemming from different experiences and technical
expertise. Thus, the technical and theoretical foundations are
laid for developing innovative methodologies and systems
at the heritage service through scientific exchange between
professors and researchers dealing with these very issues.

Drones have found their use and strong appeal not only in
the technology sector but also in digital art, with cities such
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Figure 4. Pixel art composition, the process of archiving digital products for
global dissemination. Photo collage elaborated by the authors.
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Figure 5, 6, 7, 8. Some pictures of drone light shows, one of the first was held
in Shanghai on New Year's Eve 2020, (Figures 5, 6, 7). Light Show at Disneyland
in Santa Monica, California (2021) Hundreds of drones flew in a controlled
pattern to create outlines of Baby Yoda, the Handmaid, and Captain America's
Shield over the Santa Monica Pier (Figure 8).

as Shanghai employing swarms of drones for communication
campaigns, high-tech performances or art installations since
2020. Art and technology are increasingly interconnected,
exchanging languages and new forms of expression.

This could almost make people think of drones as an art
form from the future, a trend of the near future. Let us think
of the most recent performance organised on the occasion
of the Venice Biennale, when Studio DRIFT (Ralph Nauta and
Lonneke Gordijn) used a swarm of drones for their Venetian
performance. The multitude, set to fly coordinately inside
the church of San Lorenzo (Venice, Italy), consisted of one
hundred small glowing drones that synchronously staged a
typical dynamic of the natural world.

Here the digital becomes again a simulation of the reality in
an ongoing dichotomy and quest to replicate, via the digital,

features belonging to the real world; in this concrete case,
the motion of the "artificial creatures" simulates the typical
behaviour of the animal kingdom, such as schools of fish,
colonies of insects, flocks of birds, and herds of mammals,
that use to move in large groups, resulting in complex self-
organising systems. This is called 'swarm intelligence' and is
an example of collective intelligence. The topic is now more
relevant than ever and subject to constant developments
and updates; the use of drones, together with the training
of people qualified to pilot them, is exponentially increasing
thanks also to the different application possibilities involving
various fields: from engineering disciplines to the art and film
sector to the management of emergencies, the monitoring
of agricultural land, and the use for the creation of virtual
models in the building sector.
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The evolution of technology and the adoption of rules and
regulations will contribute, whether we like it or not, to shaping
the collective system that will provide tomorrow's infrastructure
of a global civilisation. In the near future, communication
networks and digital memories will encompass most of how
data is represented and communicated. A virtual world can
prove to the collective intelligence to be as charged with culture
and beauty as it is dangerous if not governed wisely. The digital
extension opens up unknown itineraries for humankind, but to
make this happen, we need to invest in this new dimension’.
At the academic level, the propaedeutic action is to believe in
these new areas by promoting research and study activities
concerning data management systems. These actions will then
be directed toward the preservation, valorisation and scientific
dissemination of the obtained results.

NOTES

1 We are now in a situation in many ways not unlike 15th-century Europe.
With the onset of the Renaissance, secular certitudes dissolved and new
sciences, new arts, new philosophies, and new perspectives, both literal and
metaphorical, opened up new frameworks for understanding the world by
following new ways of interpreting and shaping it. See Ludger Hovestadt,
Oliver Fritz, Urs Hirschberg (2020). Atlas of Digital Architecture: Terminology,
Concepts, Methods, Tools, Examples, Phenomena. Germany: Birkhauser, pp.
34-40. However, the very term "Renaissance”, belies the meaning of new
birth, yet makes it clear that not everything attributed to that period was
"new"; much of this new conceptualization was based on ideas that had
already been understood, settled and used before. Nevertheless, the change
that took place then was categorical, wide-reaching and revolutionary, just
like the change that is taking place in these years in the field of technology.
For more on literacy, see Midoro, V. (2007). Quale alfabetizzazione per la
societa della conoscenza?. Ortona: Ed. Menabo, Ortona, Italy.
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Figure 10, 11, 12. Some art installations by Studio DRIFT: Breaking Waves
2022 (Figure 10) light performance with hundreds of illuminated drones il-
luminated the Elbphilharmonie Hamburg for their fifth anniversary (photo
credits moka studio); Franchise Freedom (Figure 11) at Burning Man 2018 is a
flying sculpture of hundreds of luminous drones in a bird swarming formation

(photo credits Studio DRIFT); Social Sacrific at Venice Biennale 2022, DRIFT
presents their first-ever indoor aerial drone performance (Figure 12), (photo
Credits Ossip van Duivenbode).

2 See Howe, Neil; Strauss, William (1991). Generations: The History of
America's Future, 1584 to 2069. New York: William Morrow & Company.
Neil Howe and William Strauss were the first to subdivide the generations
based on sociological behaviour modified by technological development.
They identified Generation Y as the class born between 1982 and 2000.
Also known as Millennials, they are masters of new technologies, they surf
social networks, and they spend every moment of their lives on the net from
morning to night. See Luca Tomassini (2015) Connected Lives. The challenge
of the future in the digital age. Milan: Franco Angeli. Recently, Barclays,
together with the University of Liverpool, proposed a different classification
based on data from a database that identifies Generation Y among those
born in 1981-1995. The classification refers to the UK target group, the data
is, however useful to understand where the differences that each profile
presents arise.

3 The term plateau is used in this context with the meaning of a "tray", i.e,,
basket of proposals that metaphorically generate new possibilities in the
field of digital Cf. Ludger Hovestadt, Oliver Fritz, Urs Hirschberg (2020). Atlas
of Digital Architecture: Terminology, Concepts, Methods, Tools, Examples,
Phenomena. Germany: Birkhauser, pp. 34-40.

4 Cfr. Lévy P.(1999). Cybercultura. Gli usi sociali delle nuove tecnologie. Milano:
Giangiacomo Feltrinelli Editore.

5 Cfr. Ludger Hovestadt, Oliver Fritz, Urs Hirschberg (2020). Atlas of Digital
Architecture: Terminology, Concepts, Methods, Tools, Examples, Phenomena.
Germania: Birkhauser, pp.34-40.

6 Cfr. Nespeca R. (2018). Towards a 3D digital model for management and
fruition of Ducal Palace at Urbino. An integrated survey with mobile mapping.
In SCIRES it, vol 8, issue 2, pp.1-14.

7 Cfr. Lévy P (1996). Lintelligenza collettiva. Per unantropologia del cyberspazio.
Milano: Giangiacomo Feltrinelli Editore. pp.125-126.
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ABSTRACT

The research is an opportunity to discuss topics of study in which
multidisciplinary areas related to geomatics, restoration and
representation that can collaborate for the preservation of damaged
historic buildings. In this regard, the contribution focuses on lowcost
technologies of acquisition, interpretation, reconfigurative operation
and use of an interactive digital space aimed at new forms of
documentation for the mountainous territory of Abruzzo. Object
of the survey and digital reworking is the Tower of Forca di Penne,
that in compatibility with a VR experience, could constitute also a
valid alternative to information sharing systems aimed at enhancing
Cultural Heritage.



3D MODELING FROM UAY FOR THE RECONFIGURATION OF OXDATION
SYSTEMS IN ABRUZZ0, THE CASE OF THE TOWER OF FORCA DI PENNE,
AN IMVERSVE ARCHVAL RESOURCE FOR THE LOST HISTORCAL HERTAGE

1. HISTORICAL INTRODUCTION

The tower of Forca di Penne is located in Abruzzo,
in the middle of the pass that constituted the
only passage of the Abruzzo Apennine ridge. The
position of the tower had great strategic value, both
economically and militarily. In the Middle Ages it was
used as a watchtower and until the last century it
played a crucial role during the transhumance of the
shepherds who moved from the Tavoliere of Puglia to
the Campo Imperatore plateau. With a square plan,
originally about 20 meters high, situated on a rocky
plain, it has very ancient origins and was restored
in the 15th century. Today it is in a critical structural
condition, caused by the two earthquakes of 2009 and
2016 (Figure 1). Traces of ribs are visible around the
structure, which testify to the presence of architecture
attached to the tower in the past.

Figure 2. Photogram taken from drone, part of the package for graphic
data processing in Metashape.
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The three windows in the remaining wall suggest that
the tower had four floors above ground. An interesting
document is a drawing from 1651 that illustrates the
stages of the route of the “Tratturo Magno”, a wide
strip of land used during transhumance: it would
testify to the presence of a second tower forming a
small castle (Brusaporci, 2016).

2. THE SURVEY

The careful inspection of the area of interest for the
survey led to the conclusion that the survey by means
of a UAV system was effective. The site where the
remains of the tower are located has a conformation
suitable for the photogrammetric survey carried out
by drone, as the artefact stands on a spur that looks
out over the wide surrounding valley, open on all sides
and free of obstacles. The large surrounding space
facilitates the aerial maneuvers of the drone and allows
photographs to be taken with a good depth of field. The
only hindrances were the strong wind blowing from the
north and direct sunlight, which in some places made it
difficult to take the photographs (Figure 2). The drone
used for the acquisition of the photographs is the DJI
Mini 2, a low-cost drone that stands out for its excellent
resistance to wind speed: 8.5-10.5 m/s (scale 5) is the
declared resistance, but a recent experiment carried out
by the site www.droneitalia.online (in which some drone
models are compared during flight in a wind tunnel)
shows that the MINI 2 withstands a good 12 m/s + 12
seconds of turbulence, far beyond the maximum limit
set by the data sheet. The integrated camera has a
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Figure 3. Camera alignment and sparse point cloud in Metashape
software.

Figure 4. Metashape dense point cloud of the current state of
conservation of the tower.
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1/2.3" CMOS sensor with 12MP, an 83° FOV lens with
35mm equivalent 24mm format, an aperture of /2.8
and a shooting distance of 1 m at co; the maximum image
size (the format used for the survey is 16:9) is 4000x2250
and the supported file formats are jpeg/dng (RAW). The
photographs taken for the survey are 4000x2250 pixels at
a resolution of 72 dpi, the exposure time is 1/500 sec, ISO
100, focal length is 4 mm. In order to carry out a correct
survey of the structure, a flight plan was structured in
two phases: the first phase consisted of a helical flight
at a distance of 20 meters (90 photographs) starting
from the base of the tower (also framing a portion of
the surrounding terrain) and ending at the top of the
structure; the second phase consisted of 8 elevation
changes (one for each elevation and for each edge of
the structure) starting from the base and ending at the
top (130 photographs) at a distance of about 5 meters.
Considering the average distance of 20 meters of the
helical flight, the distance of the central points between
two pixels is estimated to be around 8 mm in real space
(taking the vertical surface of the tower as a reference).
Therefore, the GSD, measured based on the camera
parameters and the pixel dimensions of the shots, is
8mm? (Palestini, Basso, 2017). The software used for data
processing is Agisoft Metashape, with which the four
phases for processing the three-dimensional model based
on the Structure from Motion algorithm were managed.
The first phase is the alignment of the photographs in
which the software analyses the photos finding the
corresponding points of each shot generating the ‘point
cloud based'(Figure 3). This consists of key points that the
software needs for the second stage of the process, the
generation of the dense cloud, from which the software
extracts information about the color and plastic detail of
the objects (Figure 4). With the consequent process of
manipulation of the dense cloud, which involves cleaning
the excess points that are not useful for the construction
of the 3D model, we arrive at the construction of the mesh,
the third phase of the processing. The fourth phase of the
survey processing is the creation of the texture (in this case
of 16k) and the export of the 3D model in the.obj format
(Figure 5) (Palestini, Basso, 2020).
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3. DigmaL CONFGURATION OF THE CURRENT AND
HSTORICAL MODEL

The phases of digital reconfiguration under study
contemplate multiple implementation steps that can
be structured on the optimization of models generated
by photogrammetry in relation to the actual state,
together with the manual polygonal modeling of 3D
assets and different modular elements, related to the
construction of alternative historical configurations
proposed in the subsequent phase of virtual

migration. The digital reconfiguration must therefore
start from the analysis of environmental UAS data

of a space constituted by a structural complexity
related to damaged buildings, towers and traces
of walls, and related to the rendering of the wide
surrounding territorial spaces® In the operations of
coding, optimization and generation of 3D textured
assets, a series of software and plug-ins are used,
through which it is possible to edit ex-novo models,
representative of the previous conditions based
on historical sources and graphic documents, and
explorable models of the actual state related to the
'structure for motion’ survey obtained by drone and
integrated methods (Argelaguet et al. 2016).

Figure 5. East-west elevations of the tower processed in high detail on Zbrush software to acquire colour and depth data.
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4, ACTUAL STATE RECONTRUCTION WORKFLOW

Regarding the creation and editing of the macro spatial
spaces and high detail environments related to the tower
area, the self-modeling operations were developed
directly using Agisoft Metashape for meshing, through
which it was possible to generate a hyper-detailed
polygonal model that included a correct arrangement
of normals, a UVMap for assets already structured with
relative textures, and the Color Vertex Map component,
useful for an export configuration compatible with
most compositing software®. The models obtained
are then scaled and exported to Pixologic Zbrush,
according to some of its excellent features, such
as automatic retopology, HD detail cloning, non-
destructive management of vertex color components

Figure 6. Model related to the historical reconfiguration of the tower using
Zremesher retopology tool of Zbrush.

and correction functions and UVmap creation (Basso,
Vattano; 2020). The first operation was then to duplicate
each 3d asset in two versions, one subject to polygonal
optimization through ZRemesher, which allowed a quad
retopology based on morphological recognition of the
model through Al functions Voxel based (Figure 6), so
as to obtain a lighter version of the same 3d object
without generate shape artifacts, and the other version
with the native HD detail, consisting of millions of
polygons, which preserves both the color component,
through Vertex Color and Texture, and the original very
dense polygonal resolution. Thus it was decided to
take two different paths, on one side bringing forward
the project only contemplating the use of the models
at maximum resolution, to be able to use them at an
experimental level directly within the Unreal 5 platform,
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Figure 7. Unreal Engine 4 and 5, game visualization of the digital current

state scenario and asset management.
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on the other side we used the canonical optimization
workflow* to proceed on the more stable RTR Unreal 4
and Twinmotion®. For both procedures, but especially
in the one where the goal is that of the retopological
simplification, Zbrush 2022.5, was used by integrating
various proprietary tools, such as the very useful
Historical brush or the new Project BasRelief tool, or
third-party plug-ins, compatible directly within the
software, such as ZWrap, capable of cloning detail and
color of the sample model at high density on the target
model optimized through ZRemesher® (Basso, 2020).
The obtained textures related to the Diffuse, Occlusion,
Bump/Displacement and Normal Map channel are
used for the creation of complex shaders ensuring a
photorealistic visual result for the virtual tour on Epic
Games software: Twinmotion, Unreal Engine 4 and 5
(Figure 7).

5. HISTORICAL RECONFIGURATION WORKFLOW

Researches on visual elaboration tools aimed at the
documentation and digital communication of Cultural
Heritage always inspect a correct description of the
three-dimensional geometry in a possible historical
configuration, integrating the 3d acquisition of the
actual state, data useful to recover the scale and the
metric disposition of proportional elements, with

.bd_l b b &

Figure 8. Original survey of the fortress of Forca di Penne dating back to
the 17th century, presumably by the land surveyor of the Kingdom of the
Two Sicilies.

knowledge concerning historical aspects related
to uses, customs and styles of the time, basically a
peculiar interpretation of the architectural space that
allows comparisons, verifications and overlapping. A
historical reconfiguration thus implies the analysis of
graphic elaborations that unfortunately, in the specific
case study under analysis, have not been received in
large quantities. The problem lies in the fact that much
historical information is present in maps and treaties
of war but there is no detailed survey on the site’
and no particular archaeological investigations on the
ascertained Roman pre-existence have been received.
From the historical information received in the Annali
and in the Corografia of Antinori, it can be deduced
that in the medieval period up to 1600, the hamlets
surrounding the tower of Forca di Penne, which in reality
at that time was a small fortified fortress, housed the
monastery of San Vito and a small center (Feud of the
Baron of Carapelle)® (Figure 8). Therefore, itis necessary to
reconstruct through historical sources, but also through
the few pre-earthquake photographs, the configuration
of the tower before its almost total destruction. On
the one hand, models have been recreated through
photomodelling of cloneable modular elements, such
as parts of walls and curtain walls of existing buildings,
sharing the same stone (and brick) building technique,
acquired in neighboring villages (Figure 9). On the other
hand, we opted for a completely manual modeling of
new elements based on the graphic and descriptive
sources that were received, in order to recreate the
scenario assets and elements that could be visualized
from a distance. At the operational level, the modeling
flow was based on the decomposition of compositional
elements through criteria of similarity of material or other
characteristics taking into account the subsequent RT
visualization. This procedure has allowed the continuity
of the operation in the passage from the modeling
software to the other of visualization without incurring
any interruptions (Figure 10). The digitized models
have been developed in particular using M.O.I 3d, for
what concerns the nurbs modeling of macro-structural
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Figure 9. Creation of assets relative to the walls of Forca di Penne from
photogrammetric scanned data. The 3d asset is processed for export to RT virtual
platforms to be used as a modular clone instance in historical configuration.

elements (the perimeter walls, the towers or the stone
portals) while for the props, that is the outdoor assets, it
has been preferred to use some functions of polygonal
modeling within Zbrush or Maxon Cinema 4d.

0. VIRTUAL MIGRATON ON  TWINMOTION__UNREAL
ENGINE 4 AND D PLATFORMS

The real-time graphics rendering technology of
Unreal Engine has now reached levels of photorealism
comparable to those of the most popular pre-computed
rendering engines based on CPU processors, with the
advantage of eliminating calculation times by returning
the possibility of exploring digital scenarios in real
time in a fully interactive manner. The interactive 3D
reconfiguration of Forca di Penne covers the 1600s,
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Figure 10. Unreal Engine 5 RT rendering of the historical 3D reconfiguration
of the hypothetical buildings adjacent to the tower.

when the fortified fortress still retained its integrity,
having however already lost its strategic importance
and population density, and the current period, in which
it is possible to explore the tower taking full advantage
of the 3D scenario inferred from the image-based
survey (Basso, 2016). The scenario reconfigurations,
before switching to the Unreal Engine 4 platform,
are first built on Twinmotion, which offers shortcuts
and easy-to-use element management, mapping
and arrangement of direct and indirect light sources
(Figure 11), taking advantage of the older version of
the Unreal Engine®. The detailed digital terrain and the
cloning of vegetation instances, far simpler procedures
on the Twinmotion platform, were also imported
correctly into Unreal. BPR shaders'®, managed by both
platforms, give the optimized model the detail of the
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Figure 11. Unreal Engine 5 RT rendering of the historical 3D reconfiguration
of the hypothetical buildings adjacent to the tower.

original high-resolution model, correctly simulating
the behavior of real materials, such as translucency,
reflection and refraction. Epic Game's lighting software
gives us real time Raytracing/Path Tracing, working with
the hardware acceleration support of the new NVIDIA
RTX GPUs, eliminating light map computation time and
making minimal use of Unreal’s ‘Build’ feature for ‘texture
Baking®. Finally, the experimentation of Unreal Engine 5
Preview (Figure 12), which can support RTR visualization
even of high polygonal weight/bytes assets, thanks to
the compatibility of the Unreal ‘uproject’ format, offered
the possibility to manage the lighting through the new
dynamic lighting systems ‘Lumen GI' and new and more
photorealistic rendering parameters (Screen Tracing,
Distance Field Resolution Scale, Async tick physics, etc.),
together with a smoother compositing flow thanks

35

Figure 12. Using Nanite algorithm of Unreal Engine 5 to handle millions of
polygons, UVMap visualization.

to the integrated 'Nanite’ system, ignoring at each
representation scale, the polygonal weight of each single
element’?. Thanks to the combined use of these two
main algorithms, geometry can be visualized in much
greater detail than before, obtaining normal detail at full
resolution, while also calculating indirect illumination at
a lower resolution for much faster real-time performance
and with less expenditure of computational resources.

0. CONCLUSIONS

The research focuses primarily on the experimentation and
comparison of different Image based photogrammetric
survey methodologies, integrating the use of the drone
with ground shots, in order to obtain concrete three-
dimensional data relating to the digitization of a large
and complex environment, which due to catastrophic
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upheavals it has considerably changed its structure,
almost completely losing its original appearance. The
data acquisition thus aims to disseminate information
on the historical architectural structure through a digital
reconstruction whose goal is to recover the lost historical
configuration using only low-cost means, within
everyone's reach, through a fluid workflow. In conclusion,
a possible choice to develop an integrated project,

{2
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Figure 13. Unreal Engine 4, tower actual state reconstruction, digital spaces
in different weather and environmental conditions (summer and winter) in

gamification modality.

aimed at compiling a serious game based on these
interactive digital environments, in compatibility with the
VR experience, conceptually enhances even more the
innovative reference system, which nowadays constitutes
a valid alternative to information sharing methods aimed
at enhancing Cultural Heritage. (Figure 13).

NOTES

1GSD =d: D = f:H = 8 mm where d is the size of the pixel obtained as a ratio
of the sensor size and the number of pixels in each frame in the same size
(data contained in the EXIF of the photos); sensor size 1 / 2.3 ", sensor length
in millimeters 6.4, length in pixels of the shot: 4000, ratio: 0,0016; D is the
distance of the central points between two pixels (8mm); f is the focal length
(4mm) and H is the distance from the vertical surface of the tower (20000).

2 Digital Elements that need polygonal simplification to obtain a model
suitable for the passage on interactive platforms.

3 Each polygon of a mesh can in fact store a RGB color value (an average of
the color applied to the three or four vertices that constitute the polygon
itself, and possibly a monochromatic black and white value that the computer
interprets as Depth map, usable to obtain, through some generative
algorithms, not only the eventual albedo channel, that is the effective
component of material color applied to the model without effects of light
and shadows, but also particular effects that affect the visual plastic rendering
of the 3D asset, such as transparency, environmental occlusion, Bump or
Normal map.

4 Useful to generate the detail exploiting the Normal maps and the
Displacement Maps applied to the simplified versions of the relative 3d
models.

5 The latter procedure has greater compatibility with almost all real time
rendering engines both off-line and on-line (e.g. SketchFab).

6 Once a new quad mesh has been obtained for the 3d models, it is therefore
possible to increase the subdivision levels in a non-destructive way, thus
maintaining the lower polygonal levels.

7 Other than the survey conducted by the Royal Guard by order of the
Kingdom of the Two Sicilies in 1800, which conveys rather superficial
graphical information.

8 The fortified construction was of strategic interest for the control of the
territory and was composed in synthesis of some buildings that inside the
walls housed the shelters of the soldiers and wooden warehouses, while next
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to the tower under study, there would have been a lower tower, at least one
floor lower, also connected to the walls and that today has not left obvious
traces if not a protrusion in the corresponding perimeter embankment.

9 Twinmotion is an excellent shortcut for speeding up times, thanks to its full
compatibility with the more powerful Unreal Engine 4, on which the already
composed scene was then imported with exceptionally fast results thanks to
the Data-Smith system.

10 BPR (Physically based rendering) perfectly simulates the behaviour of light
on materials in a photorealistic manner. Quick and practicable approximations
of the bidirectional reflectance distribution function and the rendering
equation are of mathematical importance in this field. Photogrammetry
can also be used for a more correct encoding of physically correct material
properties. Shaders can be used to implement physically correct/unbiased
PBR principles.

11 The new versions of Unreal use new lighting rendering algorithms instead
of the methodology called Texture Baking, where light and shadow effects
are directly imprinted on textures, greatly easing the burden of calculations
and defining lighting once so that it does not have to be recalculated for
each frame during interactive exploration, a methodology that is very useful
for less powerful hardware but negligible in view of the powerful new GPU
architectures.

12 The level of detail is managed automatically, through proprietary Al
algorithms, and no longer requires manual setting for the LOD of individual
meshes.
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ABSTRACT

This paper presents the digitization of 12 cultural sites displaced along
the railway line Porto-Vigo. Carried out within the RAILtoLAND Erasmus+
project, the 3D survey integrated UAV, TLS and GNSS-RTK acquisitions in
order to generate effective reality-based models to support travellers in
discovering the Railways Landscape thanks to a mobile geo-localised app.
The obtained results demonstrated the flexibility of digital reproduction, able
to offer not only an accurate documentation of the state of conservation of
cultural sites, but also to enable effective ways for their promotion.



DATA INTEGRATION AND OPTIMIZATION FOR CULTURAL HERITAGE
FRUITION. |HE CASE STUDY OF THE RAIL TO LAND PROJECT

1. INTRODUCTION

The digital representation of landscape is a very
challenging field, above all according to the need
of representing and creating narratives about
multidimensional and complex systems. In fact, the
landscape is featured by different interdependent
dimensions: the spatial dimension, the time dimension,
the perceptual dimension and its meaning’s resignation.
Thus, the codification and signification of such
multifaceted heritage result in a complex work of
interpretation. Till now mainly maps and digital terrain
models played a major role in the scenario of analysis
and interpretation of landscape, but their objectiveness
and technical appearance is often lacking in terms of
communication and common acceptance.

Similar general challenges are deeply boosted in the
project RailToLand (RTL)!, which aims to represent in
an innovative way the railways landscape and heritage.
The values of this heritage and the particular perception
arising by crossing territories with a train trip was
already envisaged by Ettore Sottsass in (Sottsass 2009).
The book is a collection of instant pictures, with related
captions, of worlds and realities that rarely we are able to
see, but even more to observe, assimilate and describe
in such an immediate and essential way.

Building up on our expertise in digital representation of
Cultural Heritage, a specific approach was the cultural
focus on the landscape. It means to highlight what is
generated by man in the landscape in terms of life and
customs, knowledge, identity, symbols and meanings,
artistic representations, development of ideas, etc. In
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this context the use of digital technologies was intended
to promote the Cultural Heritage systemized by the
railway, also exploiting the visualization of 3D models. A
secondary goal in this experimentation was also to verify
the potential of digital tools for the democratization
of Cultural Heritage. This way the RTL project aims of
involving the target population in decision-making
processes and designing landscape enhancement
inititives, as expected by European Landscape and Faro
Conventions (Europe Council Treaty Office 2005).

2. THE RAlL TO LAND PROJECT

The survey and drawings, here presented, are part of
a larger project: the RAILtoLAND, Collective ideation
platform to develop innovative tools to communicate
the European Cultural Landscapes by train. It is a project
co-funded by the Erasmus+ programme which aims to
explore the social and educational value of the railway
landscape as a common heritage and as a catalyst for
the consolidation of European identity and the formation
of local cultures. The project involves 6 partners from
Italy, France, Spain and Portugal, selected on the basis
of their expertise to deal with different project goals.
The themes of the train and travel act as the fil rouge
of the project: the railway is seen as an infrastructure
characterising the territory, a way through which the
cultural landscapes of Europe can be appreciated from
a new perspective.

The main output of the RTL project is a geo-localised
mobile app accessible for free, which is not only a
container of educational information, but also an
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Figure 2. Block diagram of the proposed methodology.

interactive virtual laboratory promoting culturally and
historically relevant points of interest (POI) through the
recreation of a journey. Due to the specificity of the
content and functioning of the application, for now it
has been designed for a pilot project, focusing on the
Porto-Vigo railway line.

The core of this application is the “Experience” tab
which enables to inform and entertain the user,
who has the possibility to explore the landscape
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thanks to different multimedia such as panoramic
images, videos and 3D models of Built Heritage and
landscapes.

For this reason, one of the expected outcomes
of the digitisation process was a set of 3D models
having both lightweight and high visual quality, to be
effective in supporting travellers in discovering the
railway landscape in a fast and intuitive way.

The RTL project is aligned with the purposes of the
European Landscape Convention: the population is
involved in decision-making processes and in the
design of actions for the understanding, appreciation
and conservation of landscapes.

In particular, it proposes formal and informal
learning dynamics that privilege learning in
an international and intercultural  context.
To do this, it tests innovative educational

methodologies aimed at improving horizontal skills
and competences in communication, creativity and
critical thinking. One of these is the “Learning by
doing” training week to be held during June 2022
in Cagli (Marche region): this will allow all project
participants to meet, discuss, confront each other
and participate in a workshop dedicated to data
acquisition and processing, experimenting new media
in support of co-design practices.

3. PRIOR WORKS

3D technologies for digital surveying and visualization
provide effective solution for Cultural Heritage
documentation and dissemination (Galeazzi 2017 ;
Liuzzo et al. 2020 ; Cardaci et al. 2020).

Concerning digital surveying, is well known that each
technology has its own advantages and disadvantages
(Baltsavias 1999).

The possibility to combine the use of different tools
allows to offset the individual weaknesses, exploiting
the strengths of each technique (Barba et al. 2020).
In particular, the integration of Terrestrial Laser
Scanning (TLS) and digital photogrammetry using
Unmanned Aerial Vehicle (UAV) offers the potentials of



both active and passive sensors, enabling terrestrial and
aerial acquisitions for a complete documentation and
digital reconstruction of the investigated object (Liang
et al. 2018).

Asfordissemination, reality-based models have proven
to be extremely effective in making CH accessible
through easy-to-use applications, spreading cultural
awareness of heritage assets to a generic public (Clini
et al. 2022 ; 2020 ; 2019). One of the main challenges
in this field remains getting from the huge amount
of data gathered during the survey campaigns 3D
models performing in this regard (Bertacchi et al.
2022; Garcia-Leon et al. 2018).

4. METHODOLOGY

Aimed at enhancing and promoting the Cultural
Landscape crossed by the railway, the RTL project
includesamongitsIntellectual Outputs the elaboration
of high-quality 3D models to be implemented as
narrative element of a mobile app (Quattrini et
al. 2021). Starting from the list of 50 POIs located
along the Porto-Vigo line, pertaining to different
categories (Built, Natural and Cultural Heritage),
12 POIs were selected to be 3D surveyed (Figurel).
Facingthesecasestudies,themethodologicalapproach
was mainly driven by the need of documenting widely
differing cultural sites, ensuring a complete digital
reproduction.Therefore, the integration of UAV, TLS
and GNSS-RTK was mandatory, making possible also
the visualization of the surrounding territory, being
the Cultural Landscape the storyline of the whole Rail
to Land project.

The following paragraphs describe the main
tasks carried out: data acquisition, referring to
the specifications of the used equipment and to
the different survey operations, data processing,
detailing procedures for each kind of acquired raw
data, for their integration and further optimization,
and finally the proposal for 3D models visualization
and exploitation within the mobile app (Figure 2).
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Figure 3. The technologies applied for the integrated survey.

4.7, Damn AcQuSITION

The survey campaign was carried out in five days,
moving from Porto to Vigo, by following the railway
from one POI to another. As previously stated, different
techniques and related tools were applied (Figure3).
Concerning the UAV photogrammetric acquisitions, a
DJI Mavic 2 was used. This drone weighs approximately
907g and it is capable of shooting image with a
resolution of 5472x3648 px. The camera is equipped
with a 20 MP 1" CMOS sensor and lens with a Field
of View (FOV) of about 77°. The camera is integrated
in the gimbal to maximize the stability of the images
during the flight. For each POl the image acquisition
was planned to provide first a comprehensive recording
also of surrounding landscape, then a more focused
one on the object. Taking the example of Ponte Seca,
three flights were performed. The first one was carried
out flying over an area of 250x200 m, following a “grid”
plan at a constant altitude of 40 m from the ground
and with the lens inclination set at -90° to capture
zenithal pictures. The second and the third ones were
symmetrically performed on the two sides of the bridge
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Figure 4. Ponte Seca, Durraes, Portugal. Shown in red, the flight pattern
to take zenithal pictures of the whole area, in orange and yellow, the two
symmetrical flights focused on the bridge structure.

from 15 m, flying parallel to the vertical surface with the
lens inclination set at 0° and an inclination of -10° and
-20° for the last two rows focused on the upper part of
the bridge. The first flight was automatically performed, the
second and the third manually, in both cases a minimum
image overlap and sidelap of 70% was provided. All the
acquisitions related to the different POIs were similarly
executed, aiming at a Ground Sampling Distance (GSD) of
5 mm for the surrounding landscape and of 2 mm for the
specific POI (Figure 4).

The TLS acquisitions were carried out using a Leica
RTC360, scans were particularly useful to survey areas not
documented by UAV and to gather geometrically accurate
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data of the different POIs. The scanning resolution was
set at 6.3 mm@10 m and panoramic images were taken
from the scanner to colorize TLS point clouds.

To provide data geo-referencing, Ground Control Points
(GCP) were displaced within each surveyed area. Being
visible both to UAV and TLS, they were detected using a
Spectra Precision SP60 in RTK mode (Figure 5).

4,2, DATA PROCESIING

For each cultural site, the different raw data were
first separately processed. UAV raw images were pre-
processed using Adobe CameraRaw, then imported in
Agisoft Metashape to be automatically aligned. After
this first step, GCPs were manually recognized within
the images and the alignment was optimized also
removing some of the detected key points, evaluating
their reconstruction uncertainty, reprojection error, the
number of images in which they appear and projection
accuracy. A dense cloud was finally built restricting
the limit box to the area of interest. Taking as example
the Forte Lagarteira, 745 pictures were aligned and
8 GCPs were placed on the images, obtaining after
the optimization an average GCPs error of 1.619 cm
(0.783 px). A dense cloud made of 16.4k of points was
built setting the limit box to an area of 150x150 m.
TLS pointclouds were pre-aligned during the survey
campaign thanks to the Leica Field 360 app, that allows
an auto-alignment based on the Visual Inertial System
technology of the Leica RTC360. Using the software Leica
Cyclone, the alignment was optimised and registered.
Again, with reference to the Forte Lagarteira, a maximum
RMS error value of 1 cm was obtained among all the
registration pairs. GNSS data were also imported within
the same software, manually recognizing the GCPs,
also the final TLS pointcloud were georeferenced. The
data integration, which were already referred to the same
coordinate system (ETRS89/Portugal TM06), was carried
out with the same software used to process TLS data. The
UAV densecloud was imported and aligned to the TLS
pointcloud, obtaining among the different surveyed POIs a
maximum RMS error value of 2 cm (Figure 6).



Before going through the 3D modelling phase,
to remove redundant data, for each POl the final
TLS pointcloud and densecloud were imported in
CloudCompare. This software allows to estimate
the distance between a reference point cloud and
a compared one, making possible to select points
on the second one that are further of a set distance.
Having a higher level of precision, TLS pointcloud was
set as reference, comparing to it the UAV densecloud,
whose overlapping points were deleted (Figure7).
The 3D modelling phase was structured to get a final
output optimized for visualization on mobile devices.
The point clouds of each POI were imported in Agisoft
Metashape to automatically triangulate a 3D meshes.
The obtained geometric reconstructions are rich in
details, but also large sized files.

To get more affordable outputs to be managed within
a mobile app, 3D meshes were cleaned and fixed in
Meshlab, removing topological errors and unwanted
parts, filling holes and smoothing surfaces.
Thelow-polyversionswerethenobtained using retopology
filters, also applying UV unwrapping and baking normal
from the high-poly models to keep the same visualization
level of detail. Finally, each optimized model was
imported in Agisoft Metashape to be textured (Figure8).
The final outputs demonstrated the flexibility provided
by data integration in generating high-quality digital
reproduction of the heritage sites investigated.

The integration of different technologies for data
acquisition and procedures for data processing offers
not only the opportunity of an accurate documentation,
but also to enable effective ways for the storytelling and
promotion of complex cultural sites thanks to visually
high-detailed but lightweight models (Figure 9).

4,3, DATA VISUALIZATION

The processed data will then be displayed on a mobile
device, within the special application where the PQOIs will
be both listed and visible on a map, alongside the route
taken by the train. Each POI will then be enriched with
information, photos, also taken by drones, 360° images
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Figure 5. Raw data from different survey applied technologies.

and 3D models that can be accessed by the user
through the Discover tab. In this way, the experience
of the journey is amplified: users can access heritage
beyond what is visible from the train, discovering not
only the architecture and landscape of the point of
departure and the point of arrival, but also those they
pass through on the train.The 360° images and the 3D
models will allow the user to virtually visit monuments
and infrastructures that they will pass through during
their journey, but that sometimes, due to the speed
of the train, they will not be able to see. The user
will be able to rotate and manipulate the 3D model
of the POI inserted in its context and interact with
some clickable hotspots in order to obtain further
information about the artefact, while thanks to the
360° images he will be able to immerse himself and
enjoy some of the fundamental places of his journey.
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Figure 6. Lagarteira Fort, Vila Praia de Ancora, Portugal. To the right, the close-range photogrammetry sparsecloud (439K points) showing the 8 GCPs
and the densecloud (16M), to the left, TLS single stations pointcloud and the final TLS pointcloud (270M points), also georeferenced thanks to the GNSS
RTK data.

Figure 7. Paco Fort, Viana do Castelo, Portugal. View of the TLS pointcloud overlapping the close-range photogrammetry densecloud.
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5, CONGLUSIONS AND FURTHER DEVELOPMENTS
Concerning the railway and the huge quantity of
natural landscape and human artefacts, the digital
solution here presented might deeply boost the access
to heritage influencing the perception. The main idea
of the app, to turn the journey in an experience that
goes beyond going from the origin to the destination,
is convincingly carried out and will be tested in the
next months.

An additional result is the cross-fertilization of skills
obtained so far inside the RTL partnership, that will be
also increased in the final steps of the project by the
residential learning activity under the supervision of
our research group.

This meeting will also be an opportunity to discover the
tracks of the railways that ran through the inner area
of the Marche Region with a view to a recovery image
(already partly in progress) for tourism purposes.

The outcomes and the synergies created by RTL
therefore fully reflect the objectives of the “European
Year of Railways"% to encourage the use of the
train not only as an ecological and safe means of
transport, but also as a symbol of a more united and
interconnected Europe.

NOTES

1 Erasmus+ KA203 project Rail to Land - Collaborative platform
to design innovative tools for communicating European cultural
landscapes from the train. Lead partner Polytechnic University of
Madrid, 2019-1-ES01-KA203-065554 (2019-2022). The UNIVPM
unit (scientific responsible Ramona Quattrini) has in charge the 3D
contents and narrative about landscape and heritage from the train as
well as the organization of learning activities that will be held in Cagli
in 2022. More details on https://railtoland.eu/

2 The EU has designated 2021 as the European Year of Rail (EYR).
The European Commission initiative wants to highlight the benefits
of rail as a sustainable, smart and safe means of transport. A variety
of activities has put rail in the spotlight throughout 2021 across the
continent, to encourage the use of rail by both citizens and businesses
and to contribute to the EU Green Deal goal of becoming climate-
neutral by 2050.

Figure 8. Cao Fort, Vila Praia de Ancora, Portugal. High-poly and low-poly 3D model comparison.
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Figure 9. Current and opposite page. Vinha Fort, Viana do Castelo, Portugal. The densecloud obtained from UAV images and the TLS pointcloud are merged into
a single georeferenced pointcloud, by meshing it, the high-poly 3D model is obtained and optimized in a low-poly one, that is finally unwrapped and textured.
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ABSTRACT

The essay shows a research aimed at building a digital database of Sardinian
military architectures of Second World War. Following an activity of cataloguing
employed in other case studies in Sardinia and Spain, this contribute deepens
the knowledge of the IWW heritage placed in the territory of Quartu
Sant'Elena (CA). The examples identified show different levels of accessibility,
a limit that can be exceeded with the use of drones. This choice also allows to
extend the survey area to the landscape surroundings in turn to investigate
the territorial system reaching a good level of documentation that needs to
be shared. The main goal becomes to communicate this Cultural Heritage;
this result can be reached through an interactive map to which different types
of bunker information are linked and can be viewed and consulted by users.



DESIGN MODELS AND LANDSCAPE FORM OF SARDINIAN VWY
HERITAGE. THE SIMBRIZZI LAKE IN TERRITORY OF

QUARTU SANT ELENA

1, SArDINIAN [TWW MILITARY ARCHITECTURES,
KNOWLEDGE AND ENHANCEMENT OF A CULTURAL

HERITAGE

Bunkers and batteries built during the Second World
War and the network of towers built starting from the
16th century characterize Sardinia’s coastal landscape.
Both architectures belong to the historical Cultural
Heritage, however, while the coastal towers are
protected and the interested by restoration and
enhancement projects, the bunkers are not involved
in these programs, even though they represent the
oldest ruins of reinforced concrete in 20th century
modern architecture. These contemporary sentinels
are still present, silent, and immobile along the
sandy coasts and the edges of the ponds, apparently
still guarding the isolated creeks and rural routes,
controlling the communication routes of land and
sea, hidden and intent on scanning the sky and a
landscape embellished by them through the use
of forms that tend to blend chameleon-like with it
(Figurel). Therefore, today, in an era of sustainable
progress and recovery of the historical built heritage,
perhaps the time is right for these architectures to be
reused. To this aim is necessary to define a complete
cognitive framework of the existing heritage with
a cataloguing work that has already done for the
Atlantic Wall in terms of typological aspects (Rolf
1988) and restoration (Virilio 1994) and in Sardinia for
historical-cultural aspect (Carro, Grioni 2014), census
architectural-landscape value (X,Y,Z 2020, 2021) and in
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the most recent period involving Spanish researchers
(Martinez-Medina 2016) and the heritage inherited
from the Civil War (Martinez-Medina, Molina, Juan-
Gutiérrez 2019).

However, at the moment there is a lack of attention
for the Sardinian military architectures of Second
World War, with a subsequent lack of planning for
their preservation and valorization.

For this reason the first and the most important step
of the research has been to create a digital database
to support the process of knowledge of these
heritage and to highlight their important rules in the
characterization and understanding of the landscape
they were built in.

To this aim it is necessary to identify what kind of data
is needed and which tools can be used to achieve
the desired results. In this case the information must
be such as to provide a description as complete as
possible of every single object as well as their relations
with the landscape context. Necessary information
includes dimensional and geometric data, materials,
state of decay, the geographic position and other
points of interest near the single bunker.

An integrated survey becomes the way to achieve
all the information required to build digital models
and thematic maps. This work is not enough; it is
necessary to communicate this Cultural Heritage
(Parrinello et al. 2019); a result that can be reached
through an interactive map to which different types of
bunker information are linked and can be viewed and
consulted by users.
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Figures 1. On the cover and above: some examples of bunkers in the territory of Quartu sant'Elena (CA).

2. THE SMBRIZZI LAKE, DATA ACQUISTION AND
DESIGN OF THE DIGITAL GFO-DATABASE

The design of the geo-database requires the
choice of a cartographic base to link the data
obtained through the use of integrated survey and
representation methods.

This choice fell on the regional technical map in scale
1:10.000, a geo-referenced map compatible with the
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historical series of aerial photos and historical IGM
maps. The latter are particularly useful because they
show the defence project carried out in the 1940s
and allow to plan the field operations and verify the
location of the individual bunkers built in the 1942.

These maps show in the study area the project of
numerous bunkers organized to create a line of
defence of inhabited centres and Cagliari in particular.
This line was called the “containment arch of Quartu



ANDREA PIRINU, RAFFAELE ARGIOLAS, NICOLA PABA

Design models and landscape form of Sardinian IIWW Heritage. The Simbirizzi Lake in territory of Quartu Sant’Elena

sant’Elena” and included a vast coastal territory and the
hinterland to the east of the regional capital. A portion
of this line of defence was planned along the roads that
through the rural landscape of Quartu sant'Elena led to
Cagliari. Along this path there is Lake Simbirizzi, a place
characterized by a landscape of great interest although
currently in a state of decay and abandonment. Here we
find numerous small groups of bunkers, some of which
are the subject of our investigation.

This subdivision of the small artefacts, designed with
models adapted to the morphology of the site and
modified if compared to the schemes indicated in
the archival documents, becomes functional to the
surveying operations but not only.

Figure 2. Survey area (ortophoto generated by point cloud with 0,025 m/
pix of GSD).

In order to create a digital interface capable of
communicating this heritage, the survey area is divided
into macro and micro sectors that can be viewed and
queried by users.

The survey area, that contain a great part of the defence
line, has been divided in different areas as “Simbirizzi/
Buoncammino” “Ganni” within the rural inland,
"Poetto”, "Capitana”, “Flumini” along the coastline and
"Quartello” within the urban area, each of them divided
into sector.

As already applied in other case studies, the surveying
operations take place at the architectural scale, in
order to produce a catalogue of the plan schemes (for
a comparison with the models provided by the Military
Engineers) and acquired dimensional and material
characteristics of the bunkers, and at the landscape
scale to define three-dimensional models.

The bunkers identified in the area “Simbirizzi/
Buoncammino” are 24 and each of them is surveyed
through photogrammetric methods using the UAV
(unmanned aerial vehicle) that integrate the necessary
direct survey applied inside the small artefacts. The
use of the drone is a low-cost alternative to aerial
photogrammetry both for topographic survey of
small-areas and for architectural and archaeological
(Ebolese et al. 2019, Pepe, Costantino 2021).

The flights were performed with a DJI MINI 2 drone
with a MTOM (Maximum Take Off Mass) of 249 grams
equipped with a camera with a 4:3 sensor 12.4 MPX
and a FOV (Field-of-View) of 83°, equivalent to 24mm
compared to the 35mm format. Different flight plans
have been planned for the restitution of a model of the
survey area (Figure 2) and of each bunker.

The first were set on a cross-meshed trajectory at a
maximum altitude of 110 meters, taking advantage
of the maximum permissible flight altitude, which
guaranteed a GSD (Ground Sample Distance) of 4.1 cm/
pix. The distance between the strips of 50 metres and a
cruising speed of 6 m/s was maintained with an interval
between shots of 5 seconds; this choice has led an
overlap of at least 70% both longitudinally and laterally.
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BUNKER 02 (48 m a.s.l)

1

BUNKER 03 (56 m a.s.l)
BUNKER 01 (47 m a.s.l)

Figure 3. Bunker 01. Environmental section.

The flights for the survey of the bunkers were set with
orbit trajectory and camera facing the axis of revolution,
shooting images at different altitudes and distances
between 20 and 40 meters.

Image processing using the SFM process was managed
with the Agisoft Metashape software.

After analysing the quality of the images in order to process
only those without imperfections, the process followed
with the construction of the Sparse Cloud, analysed and
treated so that all the photos were aligned correctly.

Last step has been the calculation of the dense cloud;
it measures for the Territorial survey (300 x 350m):
65.539.000 points, Bunker 01: 2.092,000 points, Bunker
02: 1.317.000 points, Bunker 03: 2.312.000 points.
Starting from the data acquired different models were
produced; among these the environmental sections
that allow to observe the relative position between each
bunker and his and its relationship with the landscape
context (Figure 3).

3. Comvunicatng WWII BULT HERITAGE

Once the structure and contents of the database
were established, so that they could facilitate the
knowledge and awareness of the architectures studied,
it was decided to develop a prototype of a web-based
portal. This portal consists of two main components:
the interactive map and the consultation sheets.

BUNKER 04 (33 m a:s.l)

The first one acts as an overall viewer of the themes
and as an access point to the sheets (Prus et al. 2020);
the sheets provide detailed information on the single
artifacts (De Fino et al. 2020).

Figure 4. Bunker 01. Mesh model obtained by point cloud.
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Figure 5. (@) An example of clusters and mimicry thematism. (b) The shapes thematism and the general sheet.

3.7 INTERACTIVE AP

For the realization of the map, Leaflet,s library was used
(Agafonkin 2018; Edler, Vetter 2019); it allows the setting
and the configuration of maps based on the main online
cartography services, such as Google Maps or Open
Street Maps. Among the basic functions of Leaflet there
are tools for the creation and management of Marker
that, starting from the geographical coordinates, are
positioned on the map and made interactive; a marker is
associated to each bunker detected, whose characteristics
are read directly from the database. The reading phase is
entrusted to a routine in Ajax which, allowing a dynamic
update of the page, deals with querying the database
and returning the requested data in JSON format. The
thematisms are managed through layers containing the
various markers. In order to ensure a better readability
of the map at very small scales or in the presence of
numerous markers, these have been managed through a
Leaflet expansion for the clustering of the markers (Figure
5a); the clustering is independent from the symbology
for the thematisms, thus allowing its use in combination
with the set of icons for the representation of mimicry
systems or basic geometries (Figures 5a, 5b). As shown
in the images, by controlling the layers, it is possible to
switch the individual thematic elements for an overall
view of the bunkers at the various scales; by clicking on
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the clusters, the library zooms in to allow the expansion
of the cluster and view the individual objects. Each object
is clickable to open a general sheet containing basic
information about the bunker as well as a link to the detail
sheet. The contents of the sheets, general and detailed,
will be discussed in more detail in the next chapter.
The layers control allows to change, in addition to the
thematisms, also the base cartography; in the figure
6a is shown the combined visualization of satellite
photos, by Google Maps, and of the thematism of
the identified systems. In particular, the thematism of
the systems is represented by overlaying on the map
polygons whose vertices are represented by bunkers;
the interaction with the polygons opens a drone photo
that includes the entire area of the system, flanked by a
mosaic of images of individual bunkers belonging to the
system (Figure 6b). Each of these images can be clicked
on to open the detail sheet for the selected bunker.
Leaflet also allows the overlapping of images and maps,
which can also be managed as layers; in this specific case
it was decided to make visible extracts of IGM cartography
in which the bunker systems are present (Figure 7). This
overlay allows to analyse the differences in positioning
compared to the initial project, as well as to see how
infrastructures and territory have changed; this can be useful
for the study of the original positioning of the bunkers in
relation, for example, to their defensive functions.
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R B

Figure 6. (a) The systems thematism on satellite photos. (b) Wide view of the area of a system and interactive detail photos.
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Figure 7. Example of the overlay feature: historical IGM map on actual map by Open Street Map.

3.2 CONSULTATION SHEETS

As said, the interactive map is flanked in its function
of consultation by two types of sheets: one of general
synthesis accessible through the direct interaction with
the markets on the map (5b), and one of detail accessible
both from the general sheet and from the wide photos of
the area. The general sheet contains an explanatory photo
of the artifact in question and a series of information such
as the year of construction, the materials used and a brief
description of the accessibility to the bunker.
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Regarding the detail sheet (Figure 8), this contains
the most common information that may be useful to
study these architectures. The list of items displayed,
the same in the database, is the result of a progressive
implementation articulated during the progress of the
surveys and the increase of the case studies analysed.
Each bunkerisassigned a unique name thatallows a quick
recognition, in terms of geographic area and system of
belonging; in addition to the name each bunker has anID,
also unique, for easier management within the database
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Name  Simbirizzi S5_01 Id Qseol

Location  Close to the Simbirizzi lake

Elevation ASL  47Tm Defensive function

Present on IGM map Yes No Year 1942

Description

Measures  Surverplu Wall thicknesses

Materials Reinforced CLS W7 v Shape  Pentagonal
Accessibility 2 e e ma (s sy | Decay state Good
Graphical drawings Cartography.
istorical document Photographic directory.
Back |

Coordinates 39°14'426"™N 91308 4'E

Main road and coast

total external perimeter 105 mq, external perimeter 74,45 mq (only volume, without access), inner v

min  0.80m

max

Figure 8. Detail sheet related to one of the bunkers. On the up right the routable 3D model.

and consultation systems. There is also information
on the location of the bunker, such as geographical
coordinates, a textual description of the location and
the altitude above sea level. These are followed by
data regarding the defensive function, the year of
construction and whether or not it is present in the IGM
cartography. In addition, a synthetic description of the
artifact is provided for those specific characteristics that
are difficult to classify and/or standardize. With regard
to the physical dimensions of the object, where possible
the classic information of width, depth and height are
provided, accompanied by the wall thicknesses; the
latter are indicated by a range between a minimum and
a maximum. When the articulation of the construction
is excessively irregular for it to be possible to describe
its dimensions effectively, a link to a survey scheme is
provided in place of the dimensions. Finally, among the
information provided, the data on the materials used, the
identifiable basic shapes, the state of accessibility to the
surrounding area and to the bunker itself and the state
of conservation of the latter are all included in the sheet.
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At the end of the sheet, links are proposed to possible
additional elaborations, such as the quoted scheme
of the surveys, the cartography in which the bunker
can be identified, a collection of historical documents
relative to the single artifact or to the typology it
belongs to, and finally a photographic archive of
the materials produced during the survey phase.
The information listed is flanked by one of the significant
photos shown on the side of the sheet. All the entries in
the sheet are extracted directly from the online database
through a routine written in Ajax for query execution.
For a better understanding of the individual bunkers, it
was decided to offer the user the additional possibility
to view within the detailed sheet, even the 3D model
produced by the photogrammetric survey; the model
shown can be both a cloud of points and a mesh model
generated directly from the point cloud and can be
orbited at will by the user in order to view it in its entirety.
For the visualization of the model inside the sheet the
library threejs was used; through its loaders, it can
manage and visualize numerous formats inside of an
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iframe opportunely inserted in the structure of the
sheet. In this way it has been possible to concur the
access to all the present information in the database
through a dynamic web page, consultable exclusively
through browser and without the use of other software.

4. CONCLUSION

A deepening of knowledge is certainly necessary for the
construction of a database aimed at the recovery and
enhancement of the architectural and landscape heritage
of the Second World War. But this is not enough to
increase the attention of a large audience. The creation of
an intuitive portal, and therefore immediately accessible
to a wide range of users, can be the key to raising
awareness and a new attention to these "stubborn ruins”.
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The proposed contribution shows a first application to
a restricted area but rich in elements of sure interest,
an implementable system easy to consult, whose main
potential is given by the use of relatively simple web
tools and, now, extremely widespread. If often the
dissemination of “uncommon” architectures implies the
use of extremely specific informative tools, the present
contribution tries to demonstrate how the dissemination
and awareness of architectures too often underestimated,
canbenefitfromanarticulated butnotcomplexapproach,
also suitable for users outside the scientific community.
Tools such as interactive maps, nowadays commonly
used for the most common activities, can also be
used as a first approach to targeted issues such as
the preservation of defensive architecture of the
twentieth century.
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ABSTRACT

The 3D digital survey techniques are a real advantage for managing the
complexity of the architectural heritage, for the UAV tools allow reach
places that are difficult to access. Aerial photogrammetry also investigates
and models the landscape of which the architecture is an integral part.
This paper aims to analyze complex architectures and the landscape in
which they are. It describes the first results of the architectural analysis
with a geometric/metric algorithm that integrates the UAV cloud
point models longitudinal and transverse sections, defining geometric
deformations. The procedure is applied to the case study of San Casto
castle in Sora, Lazio.



JAVS FOR THE ANALYSIS OF GEOMETRICAL DEFORMATION OF
FORTRESSES AND CASTLES. THE CASE STUDY OF SORA CASTLE

1. INTRODUCTION

Surveying and drawing have always been privileged
tools for investigating, knowing, and understanding
the architectural and Cultural Heritage. As Migliari
stated, "the architectural survey is the reconstruction of
the project of the studied work. [...] Survey is a process
of knowledge" (Migliari, Roma 1999, p.33). These
disciplines are beneficial for understanding the design
matrices of ancient and medieval architectural heritage
based on the iterated use of recurring geometries.
The interpretation of architectural complexity is today
even more facilitated by the 3D virtual survey and the
modeling technologies that iconically reproduce real
objects, restoring a coherent perception of the artifact’s
raison d'étre. SfM photogrammetric procedures, for
example, and the use of UAVs are fundamental to
document complex architectural systems such as
fortresses or castles or any heritage located in difficult
and sometimes inaccessible sites and to analyze the
close relationship between architectural artifacts
and place. SfM technology returns 3D models and
digital orthoimages of objects with high precision by
processing point clouds and recorded digital images.
In particular, shortrange digital photogrammetry offers
crucial opportunities, such as automatic orientation and
measurement procedures, 3D vector data generation,
digital orthoimaging, and digital surface modeling.
In addition, the Unmanned Aerial Vehicle (UAV) and
Structure from Motion (SfM) algorithms also meet
the needs for versatility, effectiveness, and portability
required by current analysis standards. Thus, precise
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documentation, or rather a photograph of state of the
art of Cultural Heritage, is essential for its protection
and vital for the scientific studies carried out during
the restoration process. These new tools can then be
used for knowledge and understanding but also to
identify and describe degradation phenomena and any
structural deformations that reduce the performance
of existing structures.

The research aims to develop a systematic study that
can serve as a qualitative and partly quantitative
method for analyzing the deformation of architectural
objects, focusing on the study of the individual
components of the building.

The experimentation involved the San Casto Castle
located in Sora, a small urban center in southern Lazio.
The methodology involved a survey in the geographical
region of all existing fortresses (towers or castles),
including any linguistic repetitions in the organization
of architectural spaces. The interest in this geographical
area arises from the presence of numerous fortified
architectures, which gave rise to the phenomenon
known as the "construction of fortresses." Again,
digital GIS technology was of great help. Subsequently,
attention was paid to the single selected case study
on which the digital surveys were performed, the
drone photogrammetric surveys. The articulation
of the postprocessing and the identification of the
geometric algorithm capable of reading coherences or
inconsistencies between the geometric digital model
simplified on a theoretical basis and the empirical one,
obtained with the acquisition of the state of things, are
described in the paragraphs subsequent.
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Figure 1. Geolocalization of the castle of San Casto in the database
FortLiriGIS. It highlights how the Sorano Castle was a historical fulcrum
of a defensive system around which satellite fortresses were articulated.

2. Case STUDY; THE SaN CasTo CasTLE

This paper focuses on the San Casto castle in Sora, in
the region of southern Lazio, created for the control
over a geographically significant territory. Rocca Sorella,
subsequently transformed into the castle known as San
Casto, had a fundamental role in the Duchy of Sora,
which constituted a vital fiefdom located on the border
between the Kingdom of the Two Sicilies and the Papal
State (Beranger, 1981). It represented a critical gate,
considered an ingressu regni because it allowed access
to the Kingdom of the Two Sicilies (Rosa, 2010, p.19).
The hypothetical historical evolution of the fortress is
described in three main phases (as shown in figure 3).
The architectural layout presents a first early medieval
nucleus, most likely surrounded by circular towers; then
it had a subsequent extension with the insertion of a
keep in the more or less central area of the original core
built with more regular masonry, and then bastions
arose for the defense against firearms. Enlargements
and transformation occurred over time due to violent
earthquakes and destructions provoked by the struggles
for control over territory. The Sorano castle was also
equipped with numerous accessory fortifications,
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11th century

13th century

15th century

Figure 2. HBIM elaboration by the author. Historical evolution of the San
Casto castle, based upon archival and historical research.

being at the top of a defensive system articulated on
the mountain and formed over the centuries by various
elements such as walls, isolated towers, and ground
roughness. In the second half of the fifteenth century,
the new buildings for military purposes were arranged
to defend the fortress in the pivotal points of the entire
hill of San Casto, and many of the existing walls were
strengthened and extended. Judging by the remains,
they also raised towers along the curtain walls. The
defensive measures were accurate and updated to
more modern canons of war engineering. The set of
fortifications reached its peak in the viceregal period
when a complete rationalization of the existing defenses
was carried out, including the expansion of the castle.
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3. METHODOLOGY
3.7 3D DiGITAL DOCUMENTATION: TOOLS AND
PROCEDURES

A digital photogrammetric survey was performed to
reconstruct the geometry of the complex and coherent
structure of the castle San Casto. The survey was
carried out adopting the capturing scenario technique
with the drone DJI Mavic Pro 1II, taking 581 frames in
favorable sunlight conditions to limit shadows and no
wind to guarantee at least 50% overlapping of images,
using a camera with 12Mpx resolution. The drone has
been set up to move at a speed of 2 m/s, taking photos
every 2 seconds, in timedshooting mode. It followed
two routes, starting at 3 pm till 6 pm on the 20th of
November 2021; the flight altitude was 70mt.

The alignment of frames in the post-processing, using

™ Drone DJI Mavic Pro II

.| Path n.1
Path n.2

Frame n. 581
'S Frame size 12Mpx

| Date 20.11.2021
Time 15:00-18:00

Height of fly

Figure 3. Project of the survey conducted on the case study San Casto
Castle and flight technical data.

the open-source software Meshroom, generates
a dense point cloud, subsequently transformed
into a textured model. A return cloud point has
been created, corrected, layered, and imported
into 3D modeling software. Point cloud orientation
operations were performed with Autodesk's ReCap
Pro software. The subsequent processing phases
were dedicated to sampling and rotation with the
freeware CloudCompare software of the point
clouds. The sampling process allows obtaining a
regular distribution of the cloud points by removing
redundant or superabundant points. The last phase of
the elaboration process is dedicated to converting the
point clouds into formats that allow their visualization
and manipulation in the software used for the 3D
drawing and modeling operations.

3.2. ELABORATION OF THE THEORETICAL MODEL
BASED ON THE DIGITAL RECONSTRUCTION

The accurate digital reconstruction allowed the
development of a 3D digital model, geometrically
corresponding to the empirical one. Then it was
possible to identify and isolate the different towers of
the castle, defining the geometry for each type and
creating a theoretical model to which they can refer
(the circular tower, square and polygonal one).

3.3, GEOMETRIC ALGORITHM FOR THE COMPARISON
OF THEORETICAL AND EMPIRICAL DIGITAL MODELS

The definition of a geometrical-mathematical-based
model, elaborated after the digital reconstruction,
constitutes a more precise reference for analyzing
deformations occurring on the towers. This paper
shows the procedure applied to the one circular tower
remaining in the San Casto castle. The procedure
consists of two stages. The first step concerns the 3D
digital modeling of the architectural components of the
building, which returns their most probable geometry
based on the most recurrent architectural typologies
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Figure 4. Elaboration of the HBIM model based on the digital reconstruction.

of the time. Based on the digital survey, the second
phase models the state of the art, returning the actual
geometry, which could contain any discrepancies to
the geometric/theoretical model.

The crosssections and longitudinal sections were
performed on the geometric model and then on the
point cloud with the free Cloud software to understand
the reliability of the theoretical model. Sections with

62

A

a span of 2 m were obtained according to the size of
the masonry blocks. Furthermore, the choice of the
distance between two consecutive sections is also
determined by the awareness that it is the minimum
dimension in which any deformation of the legible
element of the wall occurs. The shape of the different
sections was reported and analyzed, on the same
reference system allowing the comparison of the
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Figure 5. 3D digital model from UAV survey of San Casto castle, in Sora. Geometric analysis of the bastion.

tower's two models, theoretical and empirical. The
overlapping makes it possible to subtract the area of
the theoretical section from that of the empirical one,
to indicate the deformation of the element. Figure 7
shows that the deformation is a typical tendency of
the cylindrical structures, called “ovalization,” giving a
qualitative analysis of the deformation.

4, CONCLUSION

SfM technologies are of great help in enhancing the
existing building heritage and in the increasingly
accurate and complex analyses required by the current
time. In this paper, the author tested a procedure
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based on digital photogrammetry from drones to
verify the reliability of the geometric virtual models
obtained with traditional processes and defined as
theoretical because they are based on a simplified
3D reconstruction of the real object. The procedure,
divided into two phases, through the use of a
geometric algorithm, compares the theoretical model
with the empirical model obtained from the digital
photogrammetric survey.

This procedure allows us to appreciate any deviations
between the two geometries and intercept any
structural deformations. The identified procedure
is relatively fast, inexpensive, and requires limited
manual processing. Future developments concern the
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Figure 6. Geometric model and empirical model: Cross-sections in the XY plane with a span of 2 mt.

possibility of verifying, with the same methodology,
any structural deformations with the insertion of
fixed points on the building organism, iterating the
procedure over time and experimenting with it both
on the castle of San Casto and in other fortified
structures of the apparatus, the defensive system of
southern Lazio.
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ABSTRACT

The object of the present research is Euryalus Castle in Syracuse. The
complexity of the archaeo-logical site has led to a methodological
approach based on the use of integrated surveying tech-niques and on
their combination for the modeling of significant cultural sites with UAV
applications. Site surveying and the critical analysis of historical sources
aimed at the construction of a virtual geometric model which makes it
possible to distinguish the on-site archaeological remains from what has
been lost becoming an absence.



UAS APPLICATIONS FOR THE PROTECTION CF ARCHAEOLOGICAL HERITAGE
~ROM THE INTERPRETATIVE COMPLEXITY OF ABSENCE TO
3D VISUALIZATION OF EURYALUS CASTLE

1. INTRODUCTION

The protection of Cultural Heritage represents one of
the objectives and at the same time one of the biggest
challenges of our time. In particular, the implementation
of digital technologies for the representation and
interpretation of Cultural Heritage contributes to
its protection and access. Nowadays, the scientific
community considers digital technology a key driving
force for the development of new paradigms for Cultural
Heritage understanding (Clini et al. 2021), anyway, its
application to Cultural Heritage is a constantly evolving
branch of research in an ongoing validation process.
This digital transition involves the implementation
of methodologies aimed at Cultural Heritage virtual
reconstruction with the creation of 3D models which
adopt scientific replicable approaches. During 3D
modeling procedures the consolidated system of data
acquisition from laser scanning technology has been
supported and, in some cases, even surpassed by
terrestrial and aerial photogrammetry. More specifically,
UAS (Unmanned Aerial System) based photogrammetry
allows fast and accurate mapping of Cultural Heritage
(Valenti et al. 2021).

Its application to large and complex archaeological
sites is a very interesting field of research which
enables the processing and restitution of visually high-
quality products. The present study! focuses on the
implementation of different survey methodologies
and their combination for the modeling of significant
cultural sites applying UAV technology to the case study
of Euryalus Castle in Syracuse (Figure 1).
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Such a vast archaeological context and its morphology
cause problems due to the difficulty of unitary
perception and access to disabled Vvisitors. The
purpose of the study is to develop a methodological
scenario implementing the appropriate instruments
of the ongoing digital transition along with the
advancement of representation technology according
to a scientifically valid process. The present study has a
dual purpose: the methodological and visual points of
view. Firstly, the research presents a survey operational
area implementing integrated techniques focusing on
data acquisition from different UAVs. The aim of these
operations is the construction of a 3D model of the
surviving archaeological site as a further instrument of
knowledge and as Cultural Heritage on its own easily
accessible to a larger audience.

Figure 1. The archaeological site of Euryalus Castle.
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Figure 2. Point cloud from TLS and scan station position.

Secondly, the research deals with the topic of
reconstruction giving shape to the “absent structure” of
Euryalus Castle through an accurate revision of historical
sources and of previous studies. 3D reconstruction aims
at helping researchers and users to conceptualize the
historical building as a whole, including the missing
parts obtained from the dialogue between the surveyed
area and the assumptions made by scholars such as
Francesco Saverio Cavallari (1810-1896) and Luigi
Mauceri (1850-1940).

2 RELATED WORK

The Digital Era or Information Age has radically
changed the way people communicate bringing a
great turnover on the field of Cultural Heritage as well.
Virtual representation and 3D digital reconstruction
of monuments and archaeological sites are extremely
important for the protection and access to Cultural
Heritage allowing the spread of information for tourist
and scientific purposes.

In this context, there have been significant developments
in Humanities Computing or Digital Humanities (Scianna
et al. 2020), a computer-based field of study, research,
teaching with computing applications in all areas of
research, analysis and dissemination of knowledge.
The applications of computer-based methodologies,
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languages and instruments to Humanities, including
archaeology, involve fields of study such as digital
communication, protection and enhancement of Cultural
Heritage. In particular, the applications of innovative 3D
data acquisition technology to archaeology allows 3D
exploration of archaeological sites and the restitution of
detailed digital models (Campana et al. 2014; Ippolito
2015; Monego et al. 2019; Cannella 2021).

The already existing TLS 3D data acquisition systems
(Terrestrial Laser Scanners) are supported by automatic
digital photogrammetry based on Structure from Motion
(SfM) algorithms for a fast virtual model reconstruction
from a set of photos. Recently, innovative UAS systems
areincreasingly implemented for the acquisition of aerial,
nadir and oblique, imagery improving the applications
of automatic digital photogrammetry to a wide range
of complex sites and architecture (Achille et al. 2015;
Waagen 2019; Arza-Garcia et al. 2019; Demetrescu et al.
2020; Anastasios et al. 2021).

SfM and TLS are different strategies which are being
combined and exploited for survey operations because
correct 3D data acquisition is fundamental for the
construction of virtual environments. Even if it is a
relatively young discipline, virtual reconstruction is, at
the same time, a scientific instrument for the expert
users, extending the approach towards the recording
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Figure 3. Survey operations with SkyRobotic SR- SF6 Hexacopter.

and managing of a great amount of data useful for
future researches and as a dissemination tool designed
to promote awareness among non- expert users.

3. 3D SURVEY

The present study adopts a combined record acquisition
methodology which exploits survey potential through
terrestrial laser scanning and UAV photogrammetry.
Obtaining point cloud restitution of complex
environment with a good range of geometric accuracy
represents a strong point for these technologies. Data
acquisition campaign was carried out in two different
moments. Firstly, the study concentrated on the analysis
of the northern sector of the castle (Valenti et al. 2020)
surveyed with Leica ScanStation C10% More specifically,
6 scans were taken and automatically combined with
the recording of 6 targets. Scan resolution was 0,006m
at a distance of 10m (Figure 2).

Secondly, the study included the whole archaeological
site. Therefore, it was not necessary to integrate the
previous survey with UAV photogrammetric survey able
to reduce acquisition time and to allow the restitution
of a detailed 3D model. These devices are widespread in
archaeology being versatile and cheap for the surveying
of wide areas and for the collection of accurate spatial
records. Unmanned Aircraft Systems can be employed

69

in high-risk situations and can reach inaccessible areas.
Moreover, UAV data not only improve acquisition time
and mapping accuracy also their processing provides
3D models which give information about geometric
features, materials and about the monitoring of Cultural
Heritage. In particular, two drones were used, the
SkyRobotic SR- SF6 Hexacopter for the acquisition of
nadir imagery (Figure 3) and the DJI Spark quadcopter
for the acquisition of closer oblique imagery.

The hexacopter was equipped with a Sony 20.2 MP
digital camera. Flight plans were filed in laboratory
assuming a 5-10 min period each with a 65% setting of
the overlap and sidelap of the photos (Figure 4).

r

Figure 4. Flight plans of the area of interest.
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Also, in order to obtain a distance lower than 1cm from
the GDS (Ground Sample Distance) the flight altitude
was set to 30m.

The second drone was used for the acquisition of oblique
imagery at a closer distance and in particular several
flights were conducted in manual mode and photos
were shot every 2-3sec to guarantee an optimal image
overlapping. The average flight altitude was set to 10m.

4., POST-PROCESSING AND DIGITIZATION

Survey operations provided the restitution of three
different dense point clouds, the first obtained from TLS
surveying, thesecond obtained fromthe photogrammetric
reconstruction of nadir imagery acquired from UAVs
and the third one obtained from the photogrammetric
reconstruction of oblique imagery acquired from UAVs.

Data imported from terrestrial laser scanning have been
processed with Cyclone software while data imported from
drone have been separately processed, with 3DF Zephyr.

Zephyr has been also used to merge all dense point
clouds. More specifically, the dense point cloud acquired
from TLS surveying was imported as .pts file into 3DF
Zephyr environment and other two dense point clouds
have been aligned with the previous one. It was
necessary to generate a first coarse alignment and then
after manually detecting 4 GCPs (Ground Control Points)
it was possible to register the control points defining
as a static object the point cloud generated from TLS
and as mobile objects the other two-point clouds.
The introduction of GCPs before the construction of
the polygonal model is extremely important when
operating with different sensors and platforms. Any SfM
software requires at least 3GCPs to achieve resizing,
rotation and position of the model. The last steps of
the procedure dealt with the generation of a mesh from
the point cloud and the creation of texture files which,
combined, defined the appearance of the final model
(Figure 5). The proposed multi-sensor approach provides
the construction of 3D photorealistic models able to
investigate, manage and analyze shape and dimension of
represented objects in terms of accuracy and resolution.
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Figure 5. Mesh model with camera position.

5. EURYALUS CASTLE; COMPARISON  BETWEEN

CAVALLARI'S AND MAUCERI'S SOURCES

Euryalus Castle, established by the great tyrant of
Syracuse, Dionysius I, together with the fortification of
the same name, to protect the city from land and sea
sieges, goes back to 4th century b.C. and in the course
of time has been adapted and transformed according
to the different demands. From 19th century until the first
decades of 1900s the castle has been the object of different
researches and archaeological excavations conducted by
Francesco Saverio Cavallari, Paolo Orsi and Luigi Mauceri
who provided lots of information useful for its constructive
analysis.The bibliography used in preparing the present
research is represented by Francesco Saverio Cavallari’s,
Adolf Holm's® and L. Mauceri's* writings, in particular
Mauceri's, where the authors conducted a careful survey
to describe each single part of the Castle reporting specific
features with the publication of dimension tables. The
instrumental and photogrammetric survey, the 3D model
constructed by the Laboratory of Representation of
SDS, Syracuse (University of Catania) gave the possibility
to compare FS. Cavallari's and A. Holm’s planimetric
restitution (Figure 6, Table X) and L. Mauceri's (Figure 7,
Table I), from 1883 and 1928 respectively, which present
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Figure 7. Plan of the Euryalus Castle made by L. Mauceri.

some differences and incongruities also with reference
to the status quo. The fundamental differences deal with
the area where the pincer fortifications are located. Not
only there is a difference about the thickness of the walls
and their angles, also, at the back of the entrance there
are parallel protective walls, not indicated in Cavallari's
text, which were used to conceal the near posterns.What
is also missing in Cavallari's planimetry is any trace of
the old tower going back to the period earlier than the
construction of the five towers.

71

This is probably due to the fact that the area has been
brought to light only in the early 1900s, as Paolo Orsi's
writings confirm®.

However, there are some clear elements which Cavallari drew
in plan, not included in Mauceri, dealing with other structures
close to the already mentioned fortifications, which Cavallari
assumed as extensions of the cranked fortification (Figure 8
letter a) connected with the frontal wall.

The missing correspondences, for example, are clearly
illustrated in Figure 8 where the perimeter colored in
blue mark the parts present in Cavallari's plan but not in
Mauceri’s, vice versa is meant for the red parts.
Studying the sources has been extremely important to
understand the historical and cultural context where
the castle was built and to understand the phases and
transformations it has undergone in the course of time to be
adapted to the present techniques and military strategies.

0. A 3D THEMATIC MODEL ABOUT LUIGI MAUCERIS
CONJECTURAL HYPOTHESIS

The carried-out observations have brought out the
creation of a thematic model of the Castle (Figure 9) which
was made starting from the 3D model of the existing
situation generated from the point cloud with reference to
the conjectural reconstruction proposed by Luigi Mauceri
(Figure 10, Table II) and to the drawing particulars assumed
for the tower front (Figure 11, Mauceri, 1939 p.55).

This phase dealt with the metric comparison of the different
portions of the castle between the 3D model in full scale
and the 2D drawings in planimetry and in the section of
the central courtyard of the castle in order to analyze and
determine the correspondences between the two surveys.
Moreover, after an accurate observation of the 3D
model of the castle, some incongruities arose about
Luigi Mauceri's hypothesis as, at present, there are traces
neither of towers nor of fortifications. So, three different
themes have been considered about the model which
can enable a better interpretation of the conducted
study.The first theme deals with the parts of the castle
corresponding to the status quo and to Mauceri's
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reconstruction (visible in grey); the second category
highlights the portions which have been hypothesized
and whose correspondence or trace cannot be found, in
particular, the towers flanked by the wall enclosing the
third moat (visible in red); finally, the third theme refers
to the very few, but perfectly clear, elements present in
the situation as it is, not marked in Mauceri's planimetry.
The research, supported by instrumental survey, can
be considered a first step towards a new historical
investigation and towards a critical interpretation taking
into account all the tangible surviving elements and at
the same time a possibility of digital enhancement of
the stunning and immense Cultural Heritage.

Figure 8. Orthophoto of the castle highlighting the discordant elements
between the Cavallari and Mauceri plans.

Figure 9. Thematic model created on the basis of instrumental and photogrammetric survey and bibli-ographic sources.
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/. RESULTS AND CONCLUSIONS

The conducted research can be summarized in three
main phases: data acquisition, data processing, virtual
reconstruction (Figure 12).

In the first phase bibliographic research was integrated
with information acquired from survey operations carried
out on site. In the second phase data were processed
creating a photorealistic polygonal model. Starting from
there it was possible, then, to make some hypotheses
which enabled the creation of a virtual geometric model
where it is possible to distinguish what is still existing
and what is definitely lost.

The thematic model allows the syncretic visualization of
historical evidence coming from previous surveying and
appears as a visual instrument of the detected anomalies.
The experimentation connected with the present study
outlines an operative workflow which could represent a
new strategy aiming at the development of knowledge
and dissemination of Cultural Heritage. The purpose is
to promote virtual tours of Cultural Heritage still existing
in the form of ruins and to appreciate what is still visible
and at the same time to visualize the complexity of an
absence through the suggestion of a reconstructive
hypothesis, offering everybody a complete and complex
perception of a structure extended over a vast area.

NOTES

1 Authors would like to thank Lieutenant Colonel AAra.n. M.
Fanciulli and Inspector R. Cosentino for their authorization to fly over
the concerned area; the Parco Archeologico of Neapolis in Siracusa
represented by Director Architect C. Staffile and Dr. A. Musumeci for
their authorization. Translation by Dr. M. Granca-gnolo. The study
conducted within the research program named “Visibile e Invisibile:
percorsi interdiscipli-nari per una fruibilita diffusa dei beni Museali.
Ricerca-Azione per una didattica inclusiva” (University re-search
PIA.CE.RI 2020-2022) is the result of the collaboration between the
two authors. In particular, R. Valenti wrote the following paragraphs
Introduction, Results and conclusions; E. Paterno wrote the para-
graphs Related work, 3D Survey, Post-processing and digitization; G.
Cusmano wrote the paragraphs Eu-ryalus castle: comparison between
cavallari's and mauceri's sources, A 3D thematic model about Luigi
Mauceri's conjectural hypothesis.
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Figure 11. Section corresponding to the central courtyard of the castle
with a view of the internal front composed of the five towers, designed
by L. Mauceri.

2 Scanning provides 3D coordinates for each point on the surface of the object
with the measurement of 2 angles (azimuth and zenith angles) and distance.
This value can be obtained with the Time-of-Flight principle (ToF) measuring
the distance on the time taken by the laser signal (with an infrared wavelength)
to travel the double trip from the device to the object.

3 Cavallari FS., Holm A. with the collaboration of engineer Cavallari C. (1883).
Topografia archeologica di Siracusa. eseguita per ordine del Ministero della
pubblica istruzione. Palermo: Tipografia del Giornale «Lo Statuto»; Cavallari F.
S. (1893). Euryalos e le opere di difesa di Siracusa con talune annotazioni sulla
popolazione della Sicilia: seconda appendice alla topografia archeologica di
Siracusa. Palermo: Tipografia Filippo Barbavecchia e figlio.

4 Mauceri, L. (1939). 1l castello Eurialo nella storia e nell'arte, Ristampa della I
edizione (1993), Catania: Edizioni Dafni.

5 Orsi P. (1904). Le notizie dagli scavi di antichita. Roma: Tipografia della R.
Accademia dei Lincei.
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Figure 12. Virtual reconstruction of the castle with photo insertion in the real context.
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ABSTRACT

The paper describes the digital survey project of the Verruca fortress, which
is located on the summit of Monte Serra, in the Pisan mountains. Today the
fortress is in a state of ruin, and recently a summer fire caused the loss of the
vegetation that had massified around the building, thus allowing to program
the analysis of the walls of the fortress to deepen its construction history and
state of material and structural conservation.

the fortress survey project integrates range based, image based and UAV
technologies, focusing attention on the methodologies used to ensure the
high morphological reliability of the data obtained from the survey, in a very
complex area to reach.

The results of the survey made it possible to reconstruct a whole series of
graphical drawings that made it possible to deepen the architectural and
historical analyzes on the fortress.




THE AERIAL PHOTOGRAMMETRIC SURVEY FOR THE
DOCUMENTATION OF THE CULTURAL HERITAGE:
THE VVERRUCA FORTRESS ON THE FisaN IMOUNTAINS

1. INTRODUCTION

The paper describes the digital survey project of the
Verruca fortress, which integrates range-based, image-
based and UAV technologies, focusing attention on the
methodologies used to ensure the high morphological
reliability of the data obtained from the survey in an
area that is very difficult to reach. (Figure 0)

The fortress is located on the summit of Mount Serra,
in the Pisan mountains with the aim of controlling
the valley of the Arno river, near its outlet to the sea.
It was built by the Pisans in the 10th century and has
always been considered of great strategic importance
for the maintenance of power (Francovich, Gelichi 2003).
Florence and Pisa in the 15th century fought over the
possessions and strategic points on the Pisan mountains
for a long time until the fortress was definitively taken
in 1503, the year in which it was visited by the great
Florentine military architects, Sangallo and Leonardo, at
the behest of Machiavelli (Pedretti 1972); immediately
afterwards the defenses are modernized, in such a
way as to be able to defend itself from the shooting
of firearms. A few years, due to the loss of strategic
importance of these lookout points, the fortress was
slowly abandoned. Today it is in a state of ruin, and
recently a summer fire caused the loss of the vegetation
that had massified around the building, thus allowing
to program the analysis of the walls of the fortress to
deepen its construction history and state of material
and structural conservation. (Figure 1)

In May 2019, a collaboration began between the
municipality of Vicopisano, on which part of the fortress
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property stands, and the Department of Architecture of
the University of Florence to carry out the architectural
surveys of the fortification; the fortress survey project
involved the experimental use of the most up-to-date
laser scanner, drone and GPS digital survey tools, to
create a highly reliable digital model; the fortress had
already been partially surveyed in the past finding
great difficulties in measuring the external parts, along
the steep slopes, where it is possible to see how the
building rests directly on the rocks that characterize
the Serra mountain and make it derive its name. The 3d
models deriving from laser scanner survey and drone
photogrammetry have been joined together in a single
highly reliable textured model. To ensure the reliability
of the digital models reconstructed with the different
acquisition techniques, particular attention was paid to
the comparison between the morphologies of the point
clouds obtained and to the simultaneous verification

4

Figure 1. View of the mountain top from the remains of the nearby
convent of San Michele alla Verruca.
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of significant points measured both in local and geo-
referenced coordinates; to ensure the reliability of the
individual models, it was also necessary to pay attention
to the data registration phase.

The results of the survey made it possible to reconstruct
two-dimensional and three-dimensional graphs that
allowed to deepen the architectural and historical
analyzes of the fortress; it raises a lot of interest in the
study of the evolution of fortresses at the end of the
15th century and in the activity as a military architect
both by Sangallo and by Leonardo da Vinci.

2. ARCHITECTURAL SURVEY
The position of the Verruca fortress does not present
optimal conditions to be able to plan the measurement
operations: the survey of the areas inside the walls is
not so complex, as the outside, which is arranged
on a steep slope with thick vegetation that does not
facilitate the passage of operators, instruments and
measurements. Despite this, some instrumental surveys
have been carried out in recent decades, which did not
however allow the detailed description of the walls,
and presented some approximations as regards the
morphologically more complex parts of the structures:
the need for a detailed survey to interpret, following
a scientific method, the state of conservation and the
evolution of the building led to the design of a more
modern and accurate survey campaign.
The recent arson attacks, which hit the top of Mount
Verruca, have at the same time partly favored the design
and implementation of new measurement campaigns,
adopting in this case digital data acquisition systems.
In particular, three different acquisition campaigns were
carried out:
* laser scanner equipment to create a model that
describes the morphology of the building in detail;
* SfM photographic acquisitions from the ground
to create three-dimensional models that describe
the materiality of the walls;
e aerial photogrammetry with the use of drones, to
create a mapped model of the whole complex.
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Figure 2. Range-based survey methodologies, used for the reconstruction
of the fortress.

In this article we will not go into the acquisition
methodology used for each acquisition campaign, which
will be further explored elsewhere, but in particular we
will deal with the photogrammetric survey from drone
and the integration with the other acquisition systems.

3. METHODOLOGEES

The laser scanner survey of the Verruca fortress was
designed to describe all the surfaces of the architecture
with a definition that would allow the graphic rendering
of the drawings necessary for the preparation of the
diagnostic investigations (Bigongiari, Pancani 2020).
The scans were carried out with the Leica RTC360
instrument, whose characteristics allowed the rapid
completion of highly reliable measurements: the scanner
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Figure 3. Image based and UAV survey methodologies, used for the reconstruction of the fortress.

in fact is able to measure over two million points per
second, creating hd panoramic photographs; the 5
cameras positioned on the edges of the instrument also
allow the recognition of the scene in which the scanner
is located and its movements, allowing the alignment
of the scans directly on the field. The result of the
acquisitions produced a point-cloud in local coordinates
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resulting from the alignment of 145 scans. (Figure 2)
The 3d photogrammetric survey was carried out with
the main purpose of producing rectified images of
the architectural surfaces to be used for diagnostic
investigations; to obtain this result it was useful to combine
acquisitions from the ground with the acquisitions
obtained from drone flights to solve some problems.
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The photographic survey of the Verruca was particularly
complex due to a series of environmental conditions
that made shooting difficult: the greatest difficulties
were encountered along the outer perimeter of the
fortification, which, being on the top of a particularly rocky
mountain, did not allow move easily around it to build
a three-dimensional model; moreover, the vegetation
around it, even if not particularly luxuriant after the fires,
forced constant movements and changes of framing
and definition on the wall surfaces, as well as causing
considerable differences in lighting due to the filtering of
light through branches and trunks. Beyond this, in some
areas it was impossible to resume the wall texture due to
the degradation caused by spontaneous vegetation.

The photographic shooting campaigns were therefore
organized to solve these difficulties and to obtain a

textured model that could describe the surfaces with a
definition at least on a 1:50 scale.

In choosing the correct instrumentation to use for shooting,
the condition of poor lighting was considered, which causes
dazzling points of light where the sun’s rays enter. For this
reason, it was necessary to provide for the use of tools that
were able to create high quality frames despite the light
present being significantly unfavorable for photographic
shooting. A full frame Sony A 7R Il camera (424 MP CMOS
sensor) mirrorless was used, in order to guarantee a high level
of definition, which was able to describe the walls in its details,
and a frame of good quality at the level of exposure: this
camera is able to return high quality frames even by setting a
rather high sensitivity, in such a way as to encourage shooting
without a tripod; the same camera body was mounted for
drone shooting, on the Leica Aibot AX20 model. (Figure 3)

Figure 4. Three-dimensional model after the reconstruction integrated by laser scanner and photogrammetry.
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To best reconstruct the surfaces of the fortress, it was
decided to shoot frames following three levels of
investigation: a first from the ground moving around
the object at close range, a second plane shooting
zenith images, a third still aerial but tilting the camera
to shoot at best the elevations.

Each of these photographic sequences, shooting objects
from different distances, required the use of lenses with
different focal lengths. For the first sequence, from the
ground, a Sony FE 28mm f / 2 28mm was used, ideal
for moving around objects even at close distances, less
than 2 meters: with this lens all the external and internal
surfaces of the fortification were acquired. A Sony Zeiss
Sonnar T * FE 55mm 1.8 ZA 50mm was used for the
second and third sequence, rotating around the fortress
at a more or less fixed distance.

The choice of the focal length was based on the study
of the resolution that must be guaranteed to the frames
in order to fall within the definition scales of the three-
dimensional model; if, in the case of the laser scanner
survey which is directly acquired in metric scale, it is
possible to evaluate the definition on the basis of the
set point grid, as regards the photographic survey, the
evaluation of the definition values must be designed
on the basis of the pixels with which the surfaces are
defined. The photographic acquisitions maintained a
ratio of at least 6px / cm with a minimum margin of
overlap between contiguous frames of 50%.

9 targets were also positioned on the ground and the
corresponding GPS coordinates were obtained, useful
for scaling and georeferencing the point clouds.

At the end of the data collection phase, 682 final
images were imported and oriented in the 3DF Zephyr
software during the 3D reconstruction process. The
photogrammetric point cloud was then joined to the
laser scanner point cloud to obtain an even more detailed
model, as well as scaled and georeferenced. (Figure 4)
Before proceeding with the data processing for the
reconstruction of the three-dimensional scene, a careful
quality control was made on the frames: although we
had always tried to keep within the safety shutter speeds
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Figure 5. Drawing of the plan of the fortress.

to avoid the blur effect in the photographic shots (Forti
2006), especially with regard to acquisitions from close
distances in which, moving around the object, one
incurs repeated changes in light exposure, the risk of
having frames out of focus or with incorrect exposure
had to be avoided. For this reason the frames in raw
format have been imported into a special software with
the aim of verifying their correct focus and adjusting
their parameters. In this way, the white balance was
equalized for all the shots so as to have a color as
uniform as possible. Due to the different light exposures
of the surfaces, it was also decided to limit the presence
of over-lit and shaded areas to a minimum, reducing
the Highlights and Shadow parameters to a minimum.
Finally, we tried to make the exposure of the surfaces
as homogeneous as possible by varying the parameter
according to the shutter speed of the frame.The data
from different acquisition systems were used to create
the technical drawings (plans and sections) according
to the traditional system that involves the extraction of
the geometries from the laser scanner point clouds, the
materiality of the surfaces from the photogrammetric
acquisitions: both databases have been suitably
subjected to data certification protocols in order to verify
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Figure 6. Drawing of the access elevation to the fortress.

the reliability of both the registration of the scans and
the calibration of the photoplanes on the point cloud
(Pancani 2017). (Figure 5, Figure 6) The verification of the
reliability of the reconstructions took place by comparing
the different three-dimensional survey systems: the
survey integrated different methodologies, producing
multiple digital copies of the Verruca with different
levels of reliability. We can synthesize the acquisitions
in three different reconstruction systems: laser scanner,
SfM and satellite. Two of these measurement methods
are able to provide a measurement within certain error
parameters: the single laser scan in fact, depending on
the model of instrument, guarantees high reliability,
in our case millimetric; in the same way, the GPS has
guaranteed centimetric measurements on the xy
plane; 1.2 cm on the vertical axis. Unfortunately, it is
not possible to say the same about photogrammetric
reconstructions, although the positioning of the trigger
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point is supported by the presence on the drone of a
high-precision GPS: in fact, the positioning of the trigger
point does not guarantee the correct reconstruction of
the point clouds that are influenced. from numerous
and different problems related to the light source
(Pancani, Bigongiari 2019). For this reason, after an
accurate control of the registration process, the laser
scanner survey was taken as the morphological basis,
whose polar coordinates were used to verify the control
points of the photogrammetric survey, both from the
ground and from the drone. At the same time, the union
between laser scanner alignment and photogrammetry
was experimented, obtaining interesting results in
terms of reliability of the mesh model: together with the
developers of 3d FLOW with whom a collaboration has
been active since 2019, there is the intention to improve
these algorithms for make the photogrammetric survey
even more an integrated survey.
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4. CONCLUSIONS

The Verruca survey made it possible to experiment with
numerous data acquisition systems in order to integrate
the results from the different instruments.

The three-dimensional model obtained by the drone,
necessary for the reconstruction of reliable textures, has
been verified to be reliable per cm compared to the laser
scanner model. Highly reliable drawings were obtained
which are useful for analyzing the state of conservation
of the architecture; thanks to the use of the drone it was
possible to measure points that were not accessible
until now. The research on methodologies by the
research group in collaboration with the software house
3d FLOW will be increasingly directed to the study of
rapid systems that integrate the use of laser scanner and
drone acquisitions to obtain increasingly reliable data.
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APPLICATION OF FAST SURVEY TECHNOLOGIES FOR KNOWLEDGE,
VALORIZATION AND CONSERVATION:
THE CASE STUDY OF RONDELLA DELLE BOCCARE

1. INTRODUCTION

The digitisation of Cultural Heritage is among the six
missions that the Italian government has set for itself,
to improve valorisation actions and tourism, based on
advanced accessibility, thereby eliminating physical and
social barriers for everyone.In the aftermath of the pandemic
crisis, Italy has set up a recovery plan outlined in the PNRR
(National Recovery and Resilience Plan)?, which represents
the investment programme planned by the state to benefit
from the Next Generation EU (NGEU)?. The three main
axes, also shared at the European level, are digitalisation
and innovation, ecological transition, and social inclusion.
Specifically for culture, investments will incentivise learning
processes (reskilling) and improve existing ones (upskilling)
(Guida 2021).

Focus on digitisation began in the mid-1970s: within
many European research institutes, major projects began
to digitise library materials and paper documents, the
consultation of which was allowed in the late 1990s. In the
same years, attention was also paid to art and architecture,
facilitating the sharing of three-dimensional manmade
artefacts (Niglio 2013). The desire to preserve the memory of
Cultural Heritage in a digital form arose from the increasing
natural and artificial threats, which include but are not
reduced to pollution and erosion caused by winds, and
to which digitisation was proposed as a possible solution.
Indeed, digitisation turned out to be a valuable means
for the protection, preservation, restoration, research,
dissemination of material, and promotion of tangible and
intangible assets.Through extensive actions, the European
Commission supports the cultural policy of its member
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states, focusing on digitisation and online access to cultural
material, as well as digital preservation and curation
activities (Caffo 2013). Digitisation of heritage is also one
of UNESCO's key points, promoted for the 20th anniversary
of the Memory of the World project®. UNESCO, together
with the University of British Columbia, has presented a
document, i.e, "The Memory of the World in the Digital
age: Digitization and Preservation™, which outlines the
digitisation and archiving principles and assumptions to be
followed to ensure knowledge of the world through digital
preservation.

Special attention is paid to the use of the term conservation
because “Conservation is [...] essential in defining and
maintaining cultural value [..]. Conservation of cultural
material is an intrinsic part of our need as a society to collect,
organise and display culture. It is a complex intellectual and
physical process that raises many ethical, technical and
philosophical challenges; and it is through those challenges
that we gain a better understanding of the world as it
was, as it is, and to some degree, will be” (Respini 2018).
While the advancement of digital technology allows for a
massive extension of the amount of data to be collected,
optimizing digital models, exporting databases in different
formats, and revolutionizing the ways in which heritage can
be enjoyed, on the other hand, we live in the awareness
that, due to their nature, digital resources are subject to a
continuous and inevitable process of transformation that,
in the light of the evolution of models and systems, may in
the future deny access to the very same digital products.
This topic is addressed in the Charter for the Preservation
of the Digital Heritage®, a text adopted by UNESCO; "Article
3" states that “The world's digital heritage is at risk of being
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Figure 1. “Prospect, Cutaway and Plan of the Washer known as the
Terraglio, 1700 drawing by unknown author (B.c.Vr, sez. Stampe, 1.9.99)"
(Zorzi M. (2019), Le mura di Verona. Da castrum romano a fortezza
austriaca: storia di un capolavoro d'arte militare, Treviso: Edizione
Chartesio, 2019, pp. 124-125)

Figure 2. Historical image depicting the plan and a detail of the access of
the Rondella delle Boccare before the Austrian intervention.

lost to posterity. Contributing factors include the rapid
obsolescence of the hardware and software which brings it
to life [..]" and “[...] Digital evolution has been too rapid and
costly for governments and institutions to develop timely
and informed preservation strategies” (UNESCO 2003).
The desire to preserve Cultural Heritage is demonstrated
by the cultural actions promoted by the UNESCO office
of the city of Verona, which was inscribed on the UNESCO
World Heritage List in 2000°. Many initiatives have
taken place since 1990, among which is the project
for the redevelopment and enhancement of the Cinta
Magistrale so as to integrate it with the city. In relation
to the desire to preserve the walls, several actions have
been carried out by the City of Verona, including the
implementation of the Verona Citta Murata project’,
with the intention of promoting and making known the
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different fortified elements that make up the Magistral
Walls (Parrinello 2018).

This initiative has stemmed from the uniqueness of the
system and has led to the creation of a 3D digital database
as a tool for the management of the UNESCO site, with
the aim of documenting its state of conservation and
materiality in order to activate enhancement processes.
The Veronese fortified system, built over 2,000 years and
more than 9 km long, consists of towers, washers, bastions,
forts, entrenched camps, storehouses, and barracks.
These elements are the results of continuous updates and
adaptations that began in Roman times and continued
throughout the Middle Ages. During the Renaissance,
when the Venetian Republic regained control, it decided to
improve Verona's defensive structures taking into account
new attack technologies and, therefore, modifying several
sections of the walls during the War of the Cambrai League.
Consequently, after the war, the walls were repaired and
adapted to the new needs by inserting embankments and
washers, or circular bulwarks. Thus, in order to strengthen
the medieval walls, multiple circular fortifications were
erected, including the Rondella della Bacola (1517-20),
which took over an existing defensive tower, the Rondella
di San Procolo (1520-22) built on the walls of the existing
imperial bulwark, and the newly constructed Rondella delle
Boccare (1518-22) (Figure 1) (Zorzi 2019 pp. 74-75).

The desire to include circular fortifications within the
medieval walls was due to their geometry, which
enabled the flanking firing and provided the possibility
of accommodating a greater number of artilleries either
on open-air upper squares or sheltered in blockhouses
equipped with low gunports, set up for grazing shooting.
As part of the extensive survey program of the city wall, a
survey campaign was carried out in October 2021 aimed
at digitising the spaces of the Rondella delle Boccare, a
circular-shaped bulwark located is in the northern part of
the city of Veerona, settling along the city wall that connects
the Breccia di San Giorgio with the Torricelle (Figure 2). The
fortification was built in the Renaissance period, specifically
between 1518 and 1522, when the city was ruled by the
Republic of Venice, who then began to plan fortifications
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Figure 3. Contesualization of the Rondella delle Boccare within the magisterial wall and aerial view of the bulwark.

to protect his territories. The reinforcements included
the addition of embankments, esplanades, and circular
bulwarks as well as the construction of additional portions
of the walls (Zorzi 2019 p. 72).

2. THE CASE STUDY AND ACQUISITION METHODS

The Rondella delle Boccare today is barely noticeable within
the morphology of the city of Verona, as it is concealed
by the buildings attached to it. The process of hiding the
architectural asset within the landscape began with the
construction of the former Maternity Building, now the
Marco Polo State Technical Institute in 1932 (Zorzi 2019 p.
133), continuing with the construction of other building up
to its current state. Therefore, the state of preservation of the
Rondella delle Boccare is aggravated not only by the lack of
interventions but also by the construction of buildings with
various destinations close to the bulwark (Figure 3).
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The purpose of the documentation is the definition of a
geometric and spatial awareness of the fortification with the
aim ofimplementing the 3D digital database forthe UNESCO
site, as well as creating a basis for carrying out investigations
and possible processing that can be used in various fields,
including intervention for the rehabilitation and reuse of
the artefact. Digitisation of the Rondella delle Boccare was
performed through different types of digital technologies
that allow obtaining qualitative results both during the
survey activity and in the representation and visualisation
(Piani 2013). In particular, for the documentation of the
fortification, from the architectural to the detailed scale,
three acquisition systems were set up: UAVs (Unmanned
Aerial Vehicles) for aerial photogrammetry using the DJI
Mavic Mini 2 drone®, MLS (Mobile Laser Scanner) for rapid
documentation of the asset and the surrounding urban
environment, via the STENCIL KAARTA 2-16 Edition; TLS
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Figure 4. Collection of images depicting the condition of the bulwark: the Boccare Washer shows obvious signs of degradation as a result of abandonment.

(terrestrial laser scanner) for more accurate documentation
of the fortification as a whole, using the Laser Scanner FARO
Focus S CAM2®?2In addition, a documentation campaign of
all the rooms, pertaining to the later phases, was also carried
out through a Canon EOS 2000D reflex camera, Nikon
D7200 camera and Ricoh Theta S camera. The necessity
to resort to three types of instrumentation for the survey
is mainly related to the complexity of the fortification and
allowed for an integration of the data in order to mitigate
the limitations that each instrument possesses. Therefore,
the result is an accurate digital database of the site, which
can be useful for the designing of the reuse project of the
Rondella delle Boccare. Moreover, this allowed for excellent
results in the survey phase but also in the final representation
and visualisation, producing an accurate description of the
area and buildings. Due to the complexity of the interior
spaces, exterior spaces and crowning spaces as well as the
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extension of the Rondella delle Boccare, a breakdown of the
rooms was set up in order to improve and speed up the
documentation project. Another important aspect to keep
in mind for documentation planning, that arose from the
complexity, was the planning of all phases in order to obtain
macro-groups of digitised portions that could be easily
related to each other (Figure 4). The first documentation
phase involved the upper shooting platform of the Rondella
delle Boccare, together with the two wings connecting with
the Breccia di San Giorgio and Via Madonna del Terraglio.
In this phase, all three documentation systems were used.
Due to the southern exposure of the space, it was possible
to acquire coloured Laser scans, of different durations
(Figure 5, 6). The TLS acquisition was supplemented via
the Kaarta Stencil (MLS), for the entire space, and an aerial
UAV survey of the upper portion of the wall section. This
wall connects the firing platform to the Breccia di San
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Figure 5. During the documentation phase, a breakdown of the bastion and its surrounding environments into portions was made in order to facilitate

activities.

Figure 6. Documentation using TLS instrumentation (Terrestrial Laser
Scanner) and cutaway of the point cloud given by recording scans
organized by groups, developed to tree-like subsets, according to
polygonal path hierarchies defined in the field.

Giorgio, covering a distance of about 5 meters; thus, a linear
acquisition path along the wall section and a spiral one —
on the tower that marks the end of the wall portion and is
connected to the open-air firing platform — were planned.
The spiral acquisition covered around 15 meters (Figure 7,
8). The second phase involved the casemate and annular
gallery, crowning the central space characterized by a
centrally located pylon and was carried out using the FARO
Laser Scanner. Due to the lighting problems of these two
spaces, the scans carried out via the TLS were set in color
for the central space, and in black and white for the rooms
pertaining to the annular gallery of the blockhouses.

A photogrammetric survey campaign was also set up for the
blockhouses, using a Canon reflex camera, in order to enrich
the material data in the post-production phase so as to
better understand any possible degradation phenomenon
present (Figure 9).
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Figure 7. Collections of point cloud images obtained by Terrestrial Laser
Scanner FARO Focus S CAM2® demonstrating the high quality of the data
obtained.

Finally, the spaces surrounding the bulwark were
documented: the first one was adjacent to the back of the
Technical Institute, while the second one involved the Nievo
playground and the near Nievo Polisportivo, to thoroughly
survey the outer perimeter of the Rondella delle Boccare.
In this last phase, MLS and TLS acquisition systems were
used (Figure 10, 11), complemented by photogrammetric
acquisitions. During the laser scanner acquisition campaign,
it was necessary to break down the area into subparts
following specific criteria based on the morphology and
complexity of the structure.

Inaddition, forall documented spaces, the photogrammetric
acquisitions were performed using a Canon EOS 2000D
reflex camera and a Nikon D7200 camera. The objective was
to acquire the state of the art, paying particular attention to
the degradation phenomena and to significant elements
for subsequent analysis during the post-production phase.
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Figure 8. Scheme acquisition with UAV through the use of DJI MavicMini 2 drone of the open-air shooting platform that characterizes the bastion.
At right, a collection of images of the 3D model generated from thepoint cloud aligment, using the software Agisoft Metashape.

Figure 9. Scheme acquisition with UAV through the use of DJI Mavic
Mini 2 drone of the tower. The drone data was subsequently processed
through optimization operations of the point cloud and alignment of
the data acquired by laser scanner. This operation made it possible to
have an integrated and stratified 3D point cloud database.
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Special attention was paid to the connections between
the various scans in order to optimize the registration
phase: during the preliminary phase of the survey, the
positioning of the targets, i.e, checkerboards and spheres,
was particularly relevant for the integration of the various
type of surveys, such as the TLS and the UAV.

3. DATA ANALYSIS AND COMPARISON

The data processing phase generated outputs suitable
for analysing the data according to the different levels
of investigation. This makes it possible to build up a
database for the future generation of a three-dimensional
model adequate for reuse, analysis and preservation of
the artefact (Figure 12). The database was obtained by
integrating the range based and image based® point
clouds, once they had been referenced in the same
coordinate system. An assessment of the three acquisition
systems can be performed to define the quality and metric
reliability, through a cloud-to-clo<ud comparison between
couples of obtained point clouds. The first comparison
between the TLS and the drone data shows that the latter
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1 Area Boccare

1. Area San Gicrgio

Figure 10. Scheme of acquisition with MLS (Mobile Laser Scanner) using STENCIL KAARTA 2-16 drone. The documentation was carried out on four
different areas, which were subsequently processed into a single point cloud. During the acquisition phases, the laser paths were designed taking into
account the morphology of the place. In this sense, paths have been carried out taking into account the different height levels of the fortified system.

Figure 11. Point Cloud views as a result of data registration between the point cloud of Mobile Laser Scanner and the UAVs acquisition.

91




D-SITE, Drones - Systems of Information on culTural hEritage for a spatial and social investigation

BOCCARE AREA /'
Database merge

MLS (Survey 2021)

TLS (Survey 2021)
UAVs (Survey)

.............

rUAVs (DJI Mavic Mini) +TLS (FARO) + MLS (KAARTA STENCIL)

The error detected by the registration analysis, calculated on the
2+ | ' basis of the alignment between the targets, is between 0.008 m
(min) and 0.2 m (max)

Figure 12 The results obtained from the UAVs (Unmanned Aerial Vehicles), MLS (Mobile Laser Scanner) and TLS (Terrestrial Laser Scanner) instrumentations

were integrated with each other to form a single database.

presents a deformation in the geometry of the elements,
especially on sharp edges. The second comparison between
KAARTA and FARO highlights the unreliability of the mobile
laser scanner data on extended surfaces for complex elements
and geometry. Furthermore, it became clear during the survey
phase that the MLS scanner does not work well in indoor
environments with circular geometries and dim lighting, such
as blockhouses, due to the loss of the Lidar signal. In addition,
it resulted that the point cloud of the shooting platform
suffered data drift.The comparison between these three survey
methodologies shows an overlapping error of the point clouds
less than 10 cm, for limited extension portions and in relation
to the instrument used.From the standpoint of generating a
database suitable for the study of the building's state of affairs,
it is then clear that the data obtained from the errestrial laser
scanner is certainly indispensable as it is more reliable. On
the other hand, the datum obtained from the mobile laser
scanner allows integration with the urban context, while the
datum obtained from the drone ensures the acquisition of
high-altitude elements as well as their state of preservation.
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4, CONCLUSIONS

The preservation of the collective monumental heritage is a
goal aimed at future generations, but it also needs to imply the
availability of that asset to citizens in the present. This means
working together with the disciplines of conservation and
restoration and without neglecting the cultural approach to
the monumental asset. Underlying asset preservation actions
is the need to develop an adequate information database of
the monumental asset. Integrated documentation is a valuable
tool to achieve a final product enriched with information
capable of providing the data necessary at different scales
and levels of detail. The integration of data from fast survey
instrumentation, such as those used for the survey of the
Rondella delle Boccare, allows for a complete 3D model with
appropriate metric accuracy. The high reliability of the database
provides a valuable tool useful for defining multiple levels
of detail. Moreover, it provides an excellent project basis for
designing realistic intervention hypotheses for the restoration,
valorisation and reuse of inaccessible places characterized by
complex geometries, such as the case study.



ELENA MADALINA CANTEA, ANNA DELL'AMICO

Application of fast survey technologies for knowledge, valorization and conservation: the case study of Rondella delle Boccare

NOTES

1 The PNRR is a document prepared by the Italian government designed
to outline how to invest EU funds, providing a roadmap of reforms aimed
at modernising the country. The PNRR organises the investment projects
into 16 components, which are themselves gathered into 6 missions:
Digitalization, Innovation, Competitiveness, Culture and Tourism; Green
Revolution and Ecological Transition; Infrastructure for Sustainable
Mobility; Education and Research; Cohesion and Inclusion; and Health.

2 The NGEU, also referred to as the Recovery Package, is a temporary
European instrument aimed at the recovery of the EU member states.
The initiative provides 750 billion euros to repair the economic and social
damage caused by the coronavirus pandemic in order to make post-
COVID-19 Europe greener, digital, resilient and fit for the challenges.

3 The UNESCO Memory of the World program was created in 1992 to
preserve the treasures of humanity and mobilise resources so that future
generations will have the possibility to enjoy this legacy. Underpinning
this project remain the principles of preservation to which is added the
need to digitise and “duplicate” the heritage, thus ensuring that its use
does not imply its deterioration.

4 International Conference The Memory of the World in the Digital
age: Digitization and Preservation, 26-28 September 2012, Vancouver
(Canada), organized by UNESCO in cooperation with the University of
British Columbia (Canada).

5 The Charter for the Preservation of the Digital Heritage is a text adopted
by UNESCO's General Conference at its 32nd session held in Paris and
concluded on October 17, 2003.

6 On November 30, 2000, the XXIV Plenary Assembly of the World
Heritage Committee (W.H.C.) inscribed Verona onto the World Heritage
List (W.H.L) with the name "City of Verona" based on Criterion (II) and
Criterion (IV).

7 The Verona Citta Murata project was born in 2015 as a result of the
intention to document and preserve the Magisterial Walls of the city of
Verona. It is a project, coordinated by Prof. Sandro Parrinello, involving
a collaboration between the City of Verona and the Department of
Civil Engineering and Architecture of the University of Pavia, in which
professors, researchers, and students are called upon to participate.

8 The DJI Mavic Mini drone features a 12 MP camera for high-performance
capture of artefact materiality, and a sensor that can help save time during
topographic surveys by reducing the number of GCPs (Ground Control
Points) needed.

9 The Laser Scanner FARO Focus S Terrestrial from CAM2® has a built-in
8-megapixel HDR camera, capable of capturing detailed images to enrich
the colorimetric data of surfaces.

10 The survey was carried out through the use of modern three-
dimensional range-based instrumentation, through the use of
laser scanners.
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In this specific case, this typology refers to the MLS and TLS types. This
was later supplemented with image-based procedures, from digital
photogrammetry, which allow the attribution of information necessary
for the reproduction of the texture and geometry of the artifact. The
image-based procedure was generated through the use of UAVs

typology.
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A 3D MODEL FOR ARCHITECTURAL ANALYSIS, USING AERIAL
PHOTOGRAMMETRY, FOR THE DIGITAL , DOCUMENTATION OF

THE CONVENT OF

SANTA MIARIA DA

NSUA, ON THE NORTHERN

BORDER BETWEEN PORTUGAL AND SPAIN

T, INTRODUCTION

Several scholars, mostly in the historical field, have
deepened the diachronic evolution of the Franciscan
community settled in the convent of Nossa Senhora da
fnsua (Figueiredo 2008)!. However, there is a lack of in-
depth studies and documentation of the current physical
evidences.

This paperaims to contribute to the knowledge and diffusion
of this religious heritage site. This study is even more
relevant because it has been conducted exactly before the
built structure adaptation into a touristic accommodation.
After the literature review, the identification and contact
with the buildings’ management entities, on-site visits
allowed the digital documentation of the whole complex.
A photographic and architectural survey of the buildings
through SfM techniques, by using data coming mainly from
UAVs, has been carried out. Specific constrains, due to the
location on an uninhabited island, the climatic conditions
and the time limitations, led to the definition of a specific
workflow for the surveys activities. We first analysed the
historical framework of the case study. After, we discuss
the digital methodology for data collection. Finally, first
outputs are displayed and discussed.

2. FISTORCAL FRAMEWORKS

The convent of Santa Maria da Insua was founded in
1392 by a group of Franciscan Observants, coming from
the Spanish Galicia (Teixeira 2010; Rodrigues, Fontes and
Andrade 2020). It originated by an oratory founded at
that time by Frei Diogo Arias (Sousa 2016) on the site of a
pagan temple previously dedicated to Saturn (Cepa 1980).
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Historical, social and economic factors led to a continuous
expansion of the conventual structure, so that, in the mid-
17th centuryitwas surrounded by afortress. Franciscans were
forced to leave the convent in 1834, due to the Portuguese
dissolution of the religious orders. The whole complex was
managed by the Ministry of War until the last decade of that
century, when it passed to the Navy Ministry. Despite the
fortress and the convent have been classified as National
Monument in 1910, important movable assets have been
lost, most of all since the 1940's. The worsening situation
led to the building’s complete state of abandonment, still
evident in the recent photographic survey. Since 2000,
public access to the interior of the fort has been prohibited.
In 2016, the fortress and the convent were included in the
list of properties to be leased by the Portuguese state to
private individuals, through the Revive program, with the
aim of its conversion for touristic purposes. The selected
project foresees the installation of a lodging establishment
(equivalent to a four-star hotel). The adaptation work of
the built construction is due to start soon. For this reason,
the digital documentation is an opportunity to record the
physical evidence state before these works.

3. Dama couecTion

Architectural surveying is an evolving field in architecture
that has changed significantly over the past decades due to
technological advances in the area of 3D data acquisition.
Today, several methods and tools are available for data
acquisition, namely laser scanning, terrestrial and aerial
photogrammetry. These tools make the detection process
much more efficient and accurate, when compared with the
traditional methodologies and allow the production of a
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Figure 2. Photographic documentation: Saint Magdalene chapel (a), church’s nave (b), cloister (c), refectory (d), kitchen (e). ©Rolando Volzone and Anastasia Cottini, 2021.

valuable three-dimensional database that can be used over
time. Digital recording, documentation and preservation
are required because our heritage (natural, cultural or
mixed) suffers from attrition and ongoing wars, natural
disasters, climate change and human neglect.

In particular, the environment and natural heritage received
a lot of attention and benefits from recent advances in
range sensors and imaging devices. In the last two decades
the documentation of Cultural Heritage increased through
terrestrial laser scanning techniques (Remondino and
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Campana 2014). Laser scanning, classified as a non-image-
based documentation method, is effective over time as it
offers acquisition of up to millions of points per second.
However, the weakness of this non-image-based method
stands in the low virtualization of edges, colors, and minor
surface features, such as cracks, while the combined use
of cameras and scanners offers complementary data for a
rich and accurate view of objects. Implementing simplified
software-hardware solutions that make the challenging task
of data collection, data processing and model rendering
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is a challenge that can be addressed with intelligent, can
provide a large amount of accurate 3D data at various
scales and resolutions, texture and georeferenced data,
metadata and stereo visualization capabilities (Stylianidis
and Remondino 2017). The value that the photogrammetric
acquisition from drone has given to this work can be seen
in the final product obtained, where each portion of the
photographed structure is well defined both chromatically
and physically thanks to the recording from GPS and the
possibility of verification with the point cloud obtained by
a laser scanner.

3.1 HISTORCAL FRAVEWORKS

Flight planning is an important step in completing a
successful UAV flight mission and meeting the objectives
and requirements of the mapping project. Different flight
planning models can be applied depending on the activity
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Image of a 3D model
ol e ; obtained with SfM from UAV

Figure 3. Aerial view of Santa Maria da fnsua: picture by Google Maps (left), image obtained by processing pictures captured by drone (right). ©Pietro Becherini,

and area of interest. For example, the flight plan for pinging
the road map and power line is different from the ones
required for mapping a ground area or tower.

In our case, a DJI Mini 2 was used which has a 12 MP camera
(24mm lens), which can capture images with different photo
modes, from single shot, to burst (3 frames), HDR, auto
exposure, bracketing2 with different intervals, obtaining
images of 4 dimensions: 4/3 - 4000 x 3000, 16/9 - 4000
x 2250. For the type of context, the burst of frames every
3/5 seconds allows to recover a good part of the totality
of the photos acquired for this campaign, in the absence
of a flight plan. The drone structure weighs less than 250g
(dimensions of 245 x 290 x 55mm) and the battery life
lasts about 30 minutes with a maximum operating ceiling
above sea level of 4000m. Unlike previous models, hovering
accuracy with a Vertical: £ 0.1m (with visual positioning),
+ 0.5m (with GPS positioning) and Horizontal: + 0.1m
(with visual positioning), + 1.5 m (with GPS positioning)
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Figure 4. View from the Metashape program of the 3D model, the result of processing 1300 aerial photographs.

made it possible to obtain excellent photographs even
with the annoying presence of the wind (the considerable
presence of wind affected the battery life).

The GSD - Ground sample distance is another important
parameter to be considered. In order to get a lower
(better) GSD and a more accurate map, it is necessary
to fly at a lower height than the camera’s resolution and
take more photos with higher resolution.

This means more time spent on a project due to longer
flights and more data to process. In the case we analyzed,
a maximum height of around 20 meters was set with
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respect to the data to be analyzed, of 1 cm instead of
3 c¢m; in this way an amount of data up to ten times
was acquired and stored for the same covered area but
with a much better detail.

Within this photogrammetric survey campaign, the
evaluation of the weather conditions before each raising
of the instrument was very important, because in addition
to greater ease of management of the same, it is possible
to make the most of the battery life, which otherwise, for
the sole maintenance of the position, could undergo a
drastic lowering. Flight plans were then defined for each
type of front to be documented, in order not to have any

Figure 5. Verification, by entering the coordinates of the object of the aerial photogrammetric survey in the DSPace site, of any flight restrictions using UAV.
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Figure 6. Methodology applied for the acquisition of the territory with a photogrammetric flight organized in rectilinear trajectories (a, b, c) with a nadiral and 45°

(A, B) camera during which it is taken a certain number of frames called “streak”.

lack in the post-production phase. The timetable was an
additional value to be taken into consideration.

Avoiding shaded areas is important to obtain a color
scheme of the structure common to all fronts. 1300
photographs were captured with planned routes and
spiral or ellipsoidal shots, in order to cover specific
architectural elements in more detail.

These geo-referenced images were used to define each
quadrant of the grid created in the pre-acquisition
phase, in order to cover the entire surface involved in
the survey study.

3.2 TERRESTRIAL PHOTOGRAMMETRY

In parallel with photogrammetric drone acquisitions, Nikon
D610 digital camera photo sets with 24-120 mm lens were
captured. A careful planning of work steps has been crucial
to obtain photographic sequences that guarantee good
results in data processing. The photographs must not have
too sharp shadows and must be taken using appropriate
parameters: low ISO, low focal ratio, short exposure time
(Mosbrucker et al. 2017). Since the weather conditions
were erratic and rapidly changing, we tried as much as
possible to coordinate the photographic acquisitions from

Sensor sizes

: ‘ | RXIR Il paylood
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Figure 7. GSD is the amount of ground captured by the distance between the central point of two adjacent pixels. On the right, the size of a payload's
sensor influences the quality of the pictures, especially those taken at lower altitude and at high speed. By comparing the real resolution of images with
the same GSD, it is evident that a high-quality payload improves the final result.
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the ground with those aerials, in the hours of the day
when the global lighting was sufficient and widespread.
In this way, it was possible to acquire photographs that
have similar characteristics in terms of exposure and
color. The photographic acquisitions from the ground
were concentrated inside the cloister of the convent,
along the outer perimeter walls and inside the military
accommodation along the perimeter of the fortress. The
purpose was to integrate the data collected by drone to
fill any gaps in acquisition. In the planning phase of the
survey campaign the impossibility of flying with the drone
at low altitudes was highlighted in order to avoid accidental
collisions against the walls, also considering the presence
of strong wind. The photographs from the ground are
therefore particularly useful to obtain a greater definition
of the areas that, from the point of view of the drone, are
not very visible or hidden (Luhmann et al. 2020).

3.3 LASER-SOANNER SLRVEY

In addition to the photogrammetric survey, a campaign
was carried out with laser-scanner instrumentation. The
instrument used is a FARO Focus M70, a laser-scanner phase-
based with integrated camera. The 215 laser acquisitions
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were concentrated in the internal and external spaces of
the convent and the fortress, to obtain a metrically reliable
data of the entire complex. The particular conformation of
the buildings of the convent has allowed to acquire a rather
complete point cloud, including the roofs of the buildings
(when still intact) and the surrounding environmental
context’. The conventual complex is located at a lower
altitude than the walkways of the fortress walls, allowing the
operator to position the laser-scanner instrument in order
to easily acquire a data that has few gaps. The integrated
camera of the instrument, moreover, has allowed to
associate to the point-cloud a realistic color, which allows
to appreciate the colors and textures of the walls.

2 DiTa BLABORATION AND QUTPUTS

The data collected with the laser scanner were processed
with Leica Cyclone software, to register together
individual scans and obtain a complete point cloud,
managed in a database and upgradable over time.
The data collected with drone and digital camera were
processed with Agisoft Metashape software, obtaining a
3D model of textured mesh. The model was subsequently
scaled taking as a reference the point-cloud obtained
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Figure 9. a) Perspective view of the point cloud of the fortress entrance, obtained from the SfM processing of 256 photos taken with a digital camera. On the right
3D, model obtained from 108 aerial photos (b — dense cloud, ¢ — model 3D textured).

from laser-scanner, following operational methodologies
already consolidated within the research team (Ciolj,
Lumini 2021). Mesh models are referenced based on the
laser-scanner point-cloud, so that they have the same scale
and orientation in space. Several well recognisable points
are identified on the mesh model, to which are assigned
"markers”, whose coordinates are modified in order to be
equal to those of the three homologous points belonging
to the laser-scanner point-cloud. Mesh models are then
combined into a single overall model.

The obtained three-dimensional elaborates,
characterized by a high metric-morphological reliability,
allow to carry out further analysis on the architectures,
alsowiththe supportof the study of historical and archival
sources. From the three-dimensional models, technical
drawings, such as plants, elevations and sections,
perspective views, axonometric splits, can be produced.
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These allow to study the represented architectures
and provide metric and morphological information,
including the materiality and chromatic appearance
of the surfaces. This constitutes a valid support, for
example, for the analyses concerning the distributive
aspects of the architectural complexes, those relating
to the decorative apparatus, the state of conservation
of the wall surfaces and the evolutionary phases of the
buildings. 3D models also offer different opportunities
in terms of materials supporting accessibility. They can
be processed in such a way that they are navigable,
exploiting the applications of immersive reality both
for touristic purposes and enhancement of the Cultural
Heritage (Argyriou, et al. 2020, Hakkila, et al. 2019) and
educational purposes (Bekele, Champion 2019). They
can also be 3D printed and used by visually impaired
people (Volzone, et al. 2021).
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Figure 10. Virtual tour of the external and internal spaces of the conventual complex and fortress.

5, DISCUSIION AND CONCLUSION

The singularity of the convent of Santa Maria da Insua,
due to its strategic location — an islet in the Minho River at
the Spanish border — and to its double function, with the
coexistence of areligious building (the convent) and a military
one (the fortress), makes this complex a unique case study.
This is being delved deeper within the European project
F-ATLAS, and integrates a cluster of convents founded in the
same region (Alto Minho) and with origin in the same year
(1392). The 3D survey operations enabled the creation of a
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digital documentation including 3D and 2D documentation.
Future studies should focus on a typological comparison
among these case studies, and with the others that are
examined in Spain and Italy, belonging to the Franciscan
Observance. Finally, once the survey campaign has been
carried out exactly before the adaptation works of the
space into a tourist accommodation, strategies of heritage
communications will allow a universal and digital access to
the conventual complex by local (or not) communities, even
after its privatisation.
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NOTES

1 In the last years, Master’s degree students have carried theses focusing on
the valorization of the convent. See: Neto, J. L. G. S. 2019. "[Re]thinking the
Fort of fnsua. The meeting between the Sea, History and Belief". MSc thesis in
Architecture. Coimbra: Faculdade de Ciéncias e Tecnologia da Universidade
de Coimbra; Lima, S. M. M. N. 2015. “Intervencdes de conservagao e restauro
do patriménio edificado: o Forte da fnsua”. MSc thesis in Architecture and
Urbanism. Porto: Universidade Fernando Pessoa; Loucéo, C. S. C. P 2021. “O
patriménio conventual do concelho de Caminha e o seu percurso apds a
extingdo das ordens religiosas, em 1834". MSc thesis in Heritage Studies.
Universidade Aberta. In addition, results of a study carried out by students
of University of Porto, have been presented in a book. See: Ferreira, Teresa
Cunha, and Neto, Rui. 2019. Patriménio na Paisagem. Santa Maria da fnsua/
Heritage on the Landscape. Santa Maria da insua. Guimaraes, Portugal:
EAUM/Lab 2PT/IPVC.

2 The laser-scanner instrument, having a range of about 70m, has
produced a figure in which the rocks and the sandy beach surrounding the
fortress walls are clearly visible. On the contrary, the surface of the water
is not legible, since the laser is not able to correctly acquire the data of the
reflective surfaces (https://shop.leica-geosystems.com/ca/it-IT/leica-blk/
blog/video/scanning-dark-or-reflective-surfaces).
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ABSTRACT

The submitted paper deals in a research that concerns documentation
systems for the Scaliger fortifications in the Verona area by using a case
study: the Montorio Castle. The research aims to analyze the possibilities
offered by drones for the creation of 3D models using frames exported
from video footage. This activity creates a groundwork for the philological
reconstruction of the military structures through its main construction
phases. Accordingly, a possible development is to begin a process to
enhance and preserve the historical knowledge of these fortifications
through studying and describing them.



VIDEOGRAMMETRY FOR THE VIRTUAL PHILOLOGICAL RECONSTRUCTION
OF THE SCALIGER FORTIFICATIONS IN THE TERRITORY OF VERONA.
THE caSE STUDY OF MoNTORIO CASTLE

T, INTRODUCTION

Fortification is an element that identifies the territory;
its presence has always shaped and characterized the
development of the surrounding space (Creighton, 2002).
This connection between the fortress and the territory is
clearly noticeable in Veneto. In this area, mainly in Verona
province, there are many castles built between the thirteenth
and fourteenth centuries during the Scaliger domination
period. Part of those castles have reached the present
day in an excellent state of conservation, such as Soave
and Sirmione, others have come to us as ruins or partially
modified, in such a way that the original conformation and its
relation with the territory is no more easily understandable.
For this reason, representing military architecture is a
complicated process: it concerns understanding the territory
that affects the characterization of the design of a particular
defensive structure, but also documenting how much of
these structures has been preserved. (Parrinello 2019).
In order to do that, the research presented in this paper
aims to analyze the possibilities offered by drones for the
creation of 3D models using frames exported from video
footage. The application of this method can help to start
a process in order to enhance and preserve the historical
knowledge of these fortifications. Various documentation
activities on Scaliger castles have been promoted as a part
of the collaboration agreement between the Department of
Civil Engineering and Architecture of the University of Pavia
and the Unesco Relations Office of Verona Municipality
for the documentation of historical city walls. This actions
aimed at the protection and enhancement of the fortified
heritage in order to promote the strong cultural identity of
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the territory. Especially, the Montorio castle proved to be
an excellent case study for test out of different steps of the
research: from the documentation to the development of 3D
models describing the different transformation phases the
castle has gone through.

2. THE HSTORY OF THE MONTORO CASTLE

Over the centuries the castle became strategically very
important due to its privileged position in the surrounding
area, and because of that has gone through several
transformations. The territory on which the castle of
Montorio stands is an area inhabited since ancient times.
Thanks to numerous archaeological excavations begun in the
80s till nowadays, traces have emerged dating back to the
Neolithic period (4000- 2200 BC) or the Copper Age (2400-
1800 BC). The traces of the first castelliere date back to the
VII BC, when the ancient Venetians settled in the area where
the Reti would have settle about a century later. Later on, was
also proven the presence of the Cenomanian Gauls and the
Romans (Alloro and Pasa, 2003). Anyway, the construction of
the fortress on top of the ancient castelliere remains dates
back to the beginning of the 10th century as a response to
the frequent raids of the Hungarian populations (Simeoni,
1953). The current castle ruins date back no earlier than 1117,
the year in which an earthquake seriously damaged the
city of Verona. This event probably also has affected the
Montorio castle. Infact, from the stratigraphic analysis
on the walls it emerges that the current castle is dated
after 1117 so the earthquake must have destroyed the
old fortification on Montorio hill and due to that it was
completely rebuilt after that event?.
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Figure 1. Flight-paths for drone’s video registration and results from the frame allignment of the two video used. It is also noteworthy the camera position for each

frame exported in the video sequence.

DuringtheyearsofFedericoBarbarossa'sempire (1155-1190),
the castle played a strategic role controlling a vast territory
near the city of Verona and important communication
routes. For this reason, Montorio has become the point of
contention between the most powerful Veronese families,
such as the Sambonifacio and the Crescenzi. When in 1262,
Mastino della Scala was elected “Perpetual captain of the
people of Verona“, the castle passed under the Scaliger
dominion. In 1313 when the castle was set on fire by the
Paduans (in war with Cangrande Della Scala) it has been
subsequently restructured. With the fall of the Della Scala
family, the castle passed into the hands of the Visconti
and later of the Venetians. In this period, the castle slowly
loses importance with long and dusty periods of neglect?
until the advent of the Austro-Hungarian Empire. Indeed,
after defeating the Napoleonic army in 1814, the Austrians
understood the strategic importance of the area of the
Preafitta ridge and decided to convert the castle into a large
defensive battery. During this period the castle underwent
significant interventions, including the demolition of
some towers and the removal of the crenelated wall. The
documentation of these transformations have come to us
thanks to several historical reports that described the castle®.
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3. UAV sySTEM: SURVEY METHODOLOGIES FOR THE

DEFENSIVE SYSTEM AND DATA PROCESSING

The digitization of the fortified heritage through the creation
of 3D databases is a process that requires preliminary
assessments of the methodologies and an accurate selection
of tools to best represent the objects of study. Furthermore,
is critical to evaluate the timing, the morphology and the
territorial extension of the data, especially the purposes
that must be achieved (Parrinello et al. 2020). The trial on
the castle of Montorio through video frame processing
techniques taken with UAV equipment, was born with the
idea of acquiring a great number of data covering large
territorial portions for the digital representation of the
fortified heritage through 3D models. Images captured for
photogrammetric modeling can be taken with either a still
camera or a moving camera. In this case study it was decided
to use video sequences®. During the survey phase, two high-
resolution videos (about four minutes each) were made
with a DJI Phantom 4 Pro UAV®. The video shootings were
carried out working on two different scales: a punctual one
aimed at the most valuable elements of the castle such as the
dungeon; and a territorial one that involved the castle, the
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Frames sequence

Figure 2. Frames sequence and quality.

bastia and a part of the surrounding space.

Unlike some case studies carried out on fortified
elements® realized using SfM techniques through
static images, where generally for each punctual
element is planned radial flight-path while for the
territorial elements a grid, in this case study both
videos were made by performing a manual flight
following a radial path with heights variations for
both detail scales, architectural and territorial ones
(Figure 1). During the post-production phase, the
videos were processed by exporting each frame (VLC
Media Player) in sequence, creating two distinct
photographic datasets. As in the case of traditional

Elaboration process

",
g

Dimension: 3840x2160px
4 Resolution: 72 ppi

POINTCLOUD  “e--——"

=22 B SLIFTTRERS

|
=]
4
4
)
1
"
)

close-range  photogrammetry, processed from
cameras, the frames were extrapolated sequentially
trying to have sufficient overlap between them
(Figure 2). The exported frame format is the same
of the shot video, 4k quality, 3810x2160 pixel, with
96ppi resolution. For the first video, lasted 4 minutes
and 44 seconds has been created a 182 frame dataset,
while the second video, 4 minutes and 12 seconds,
the dataset is 172 frame. For each video, a dataset
containing the generated frames was created and
imported into an image processing software (Agisoft
Metashape), generating a sparse cloud (for each
dataset) representing the result of the alignment

POLIGONAL MESH TEXTURE

Figure 3. Following steps of photogrammetric elaboration (after alignment) and final texturized model.
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Figure 4. Representations of the castle: 1- Drawing made by Iseppo Cuman in 1663 (details); 2- Plan of archaeological excavations carried out in 2013; 3- Austrian

survey dating back to 1859.

of the cameras. For the first dataset the generated
sparse cloud contains 499,523 points, while the second
dataset a sparse cloud of 477,729 points. Then, the two
sparse clouds were aligned (automatic alignment by points)
and joined, generating a unified cloud. The dense cloud was
first processed and then elaborated into a polygonal mesh
(19,821,151 polygons). Following this step the texture was
generated, to emphasize the material characteristics (Fig.3).
In the last phase, the model was scaled on the reference of
the existing plan’. The final model has enough resolution for
visualization purpose and virtual fruition.

4, STUDY OF HSTORCAL DOCUVENTATION FOR A PROCESS
OF PHLOLOGICAL RECONSTRUCTION

The following philological reconstruction, carried out by
consulting archival records provided by the Municipality of
Verona, was structured based on the two main historical
phases that changed the castle image. The two historical
periods taken into consideration are the Scaliger period and
the phase of Habsburg domination. During this later one, the
castle has suffered several changes whit the aim to reconvert
it into a defensive battery. In order to digitally reconstruct the
elements that no longer exist, an important amount of broad
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spectrum information was used. In the development of the
Scaliger phase, the historical drawings were essentials; among
them was of the utmost importance the one created in 1663
by Iseppo di Cuman?. In his representation, it is possible to
identify the presence of a moat in the south-eastern portion
of the wall with a drawbridge that led to the entrance
of the castle. Moreover, in the forepart of the currently
existing portal there was a rivellino gate system of which it
is still possible to see the foundations recovered following
numerous archaeological excavations (Figure 4). Likewise for
the portion of the north-eastern wall, no longer existing (as
it was demolished and replaced by a series of embankments
used as defensive spots during the nineteenth century),
the archaeological evidences and the map of Cuman have
allowed to reconstruct the perimeter layout of this portion of
the boundary. On the city walls there were also towers that
articulate the ring path. To find out in what number and in
what position they were, numerous historical sources® were
used, integrated with the representation of Cuman. Similar
structures from the castles of Soave and Sirmione were taken
as a model for the architectural characteristics of the towers
(Calisi, Cianci 2018). For the philological reconstruction of the
Habsburg period, various survey made on the castle by the
Austrian Military Engineers were used, in particular one made
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Figure 5. Modeling phases of the Scaliger reconstruction.

in 1859 1 and one dated 1860 in which the detailed plan
of the castle and the wall of the bastia is combined with a
series of sections of the newly constructed defensive works.
To support the cartographic information, photographs and
historical memories were used too.

5, DIGTAL RECONSTRUCTION; OPERATIONAL PROCESS AND
RESULTS

Once generated the textured model, it was imported for
the digital reconstruction of the castle within the mesh
management software, Rhinoceros. For the reconstruction
of the castle, in the texturized model, only the portion of the
wall that currently exists was maintained as the modifications
that took place over the centuries have also affected the
conformation of the land in a conspicuous manner. In fact, in
the reconstruction of the Scaliger period, the riverbed of the
ditch was modeled, while in the Austrian reconstruction all
the shooting ranges within the walls and in the north-eastern
portion of the fortress were rebuilt. In the reconstruction of
the medieval period, following the modeling of the terrain,
the volumes of the towers and the missing perimeter of the
wall were extruded. In the last phase, the elements inside the
parade ground (such as the church and the houses, found in
the 1664 drawing) were modeled (Figure 5). The changes in
the conformation of the fortification that occurred during the
Asbrugic period were recreated in the second reconstruction,
thanks to the inclusion of the 1859 relief within the software.
After being scaled on the textured model, it was used as
a reference for the extrusion of volumes. The result is two
models that frame the historical moments of the fortress and
in which it is possible to observe and analyze the changes
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that have occurred over the centuries.

To highlight the existing castle from the historical
reconstruction, the model was treated and highlighted with
chromatic differences to distinguish the existing (textured
portion) and the reconstruction operation (Figure 6).

SCALIGER PHASE HABSBURG PHASE CURRENT STATE

Figure 6. Reconstruction phases, results.
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Figure 7. Fruition opportunities: 1 — Graphic reconstructions for exhibitions; 2 — Models available online; 3- Creation of virtual tours (panotour).

0. CONCLUSIONS

The 3D model developed can serve many purposes: its use
can help to understand and study the Scaliger defensive
systems and to comprehend the changes the castle has
undergone over time. In a museological perspective, the
potential of a 3D reconstruction can be exploited by the
creation of virtual and augmented reality systems.

Within the framework of exposition, it can be viewed
through digital devices scanning a QR Code printed on the
exhibition panels (Figure 7). Otherwise, through the potential
of 3D printing, it is possible to create a physical model to
give the possibility of use to all age groups and people
with disabilities. In this way, the municipality of Verona
promoted an exhibition inside the Montorio Castle aiming
to explain the cultural relations and historical events that
have gone through these defensive systems. 3D models of
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the philological reconstructions were used in various ways:
for the creation of 2D drawings explaining the architectural
elements, for virtual tours and online models that can be
used by scanning the QR code.

In conclusion the application of this type of methodology is
successful for the creation of 3D models suitable for online
use. Furthermore, the rapidity of acquisition allows it to
be extended to a territorial study of the castles in order to
better understand the role, as a defensive spots, that they
have played over the centuries, especially during Della
Scala government. Clearly an increasing interest in studying
the castles from a territorial scale can lead to a broader
understanding of it. The enhancement of the landscape and
its stone architectures allow the creation of cultural paths that
can favour tourism and the rediscovery of these architectures
often forgotten by history.
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NOTES

1 L. Alloro, M. Pasa, 2003, p43.
2 Ivi, p.58.

3 One of this description is provided by Carlo Belviglieri in Grande
illustrazione del Lombardo-Veneto, 1859: “...bello e pittoresco fino a
questi ultimi giorni né quali venne brutalmente mutilato dagli austriaci”.
4 For more information about projects that used documentation
methodology with video frames see: Croce V., Martinez-Espejo Zaragoza
L. (2018).

5 Drone's characteristics: video resolution 4K/60fps, camera sensor: CMOS
1", pixel: 20M, focus: 8,8 mm/24 mm (format 35 mm) f/2.8 -f/11 autofocus.
The video shooting quality is 4k, frame width 3810, frame height 2160,
29.97 fps.

6 To compare different SfM methodology applied to fortification
documentation, see: Picchio F, Pettineo A. (2019); De Feo M. (2020); Liuzzo
M. et al (2020); Versaci A. et al (2021).

7 The plan, attached in the archeological report and drawn after the
excavation of 2013 realized by Thompson Simon - scavi e rilevamenti
archeologici and kindly shared by the municipality Verona.

8 Drawing realized by Iseppo Cuman in 1663, taken from Alloro L, Pasa
M. (2003). II castello di Montorio. Analisi storica, socio-economica e
architettonica, p. 69.

9 Among the historical sources need to be mentioned the one written
by G. Orti Manara in 1824: "Esso... ha sette torri nel su recinto, ed una
nel mezzo"; and the one date back to 1854 included in the poem Invito
a Montorio: “L'attuale castello di Montorio [€] cinto da sette torri con una
nel mezzo".

10 Habsburg survey date back to 1859, taken from Alloro L., Pasa M. (2003).
1l castello di Montorio. Analisi storica, socio-economica e architettonica,
p.79.

11 Luisi R, (1996), pp.42-45, the author describes the residential aspect
inside the castle. Generally, the castle enclosure contained houses,
stables, warehouses and vegetable gardens. In the case of Montorio, the
representation of Cuman is confirmed by traces of buildings that emerged

during the archaeological excavations.
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ABSTRACT

The present research focuses on the experimentation of different data
acquisition techniques and model restitution for the creation of information
systems dedicated to the management of archaeological excavations. In
detail, the research is applied to the "Santa Margherita" complex in Pavia
where, following construction work, archaeological evidence emerged.
Through surveys, conducted also with micro-drones, it was possible to
obtain models that can be import into a GIS environment. The purpose of
this research is to test the effectiveness and the quality reliability of 3D GIS
models from SfM data acquired from UAVs.
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T, INTRODUCTION

Rescue archaeology is a relatively new term but whose
concept has long been known: recovering archaeological
information from sites that are threatened or actually about
to be damaged or destroyed. The causes of destruction are
sometimes due to nature, but more often they are due to
human development on the territory (Carandini, 2010). In this
perspective, rescue excavations place the archaeologist in
an uncomfortable condition: site selection is determined by
urban planning activity rather than the needs of archaeology.
Moreover, immediately threatened sites may require
drastically altered survey techniques rather than standard
procedure, and excavation may take place under difficult,
rushed, and even dangerous conditions (D'Andrea, 2008). As
a result, the quality of the results may suffer: the data may be
incomplete or even misrepresented, and since the site may
be destroyed, this would result in the impossibility of further
investigation to correct errors or clarify ambiguities.

Within this context the research is conducted on the case
study of the "Santa Margherita" complex (Figure 1). Since
August 2021, in fact, a series of 15 excavation essays have
begun at the site of the former Santa Margherita Institute in
Piazza Collegio Borromeo, Pavia, with two purposes: to be
functional for engineering-structural determinations of the
building (aiming at converting the complex into apartments)
and useful for stratigraphic reading for the archaeological
understanding of the site and its documentation. This
demand, combined with the urgency of keeping memory of
what was discovered, led the company "GEA archaeology,"
engaged in the preventive excavation activities on the
site, to take advantage of the technical support of the
Department of Civil Engineering and Architecture of the
University of Pavia. In particular, the agreement defined
the documentation strategies for the development of an
archaeological excavation information system developed
by researchers of the experimental laboratory Dada-LAB.

north side of the square. RIGHT: the inner courtyard with access to the wrought-iron "First Aid-Acceptance”, in the background, the "Sacco” tower and
that of the Lacchini palace.
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Flgure 2. LEFT deta|| of the nelghbourhood from "bird's eye” view of
Pavia (around 1600); RIGHT: detail from Hollar's map (1662).

Significant archaeological evidences have emerged in the
course of the excavation activities. In fact, some of the
essays carried out, are placed in areas of already known
or presumed archaeological potential. For this reason,
the research activity is therefore aimed at documenting
a chapter of Pavia's history that, faced with the task of
construction activity, will be lost.

HISTORICAL EVOLUTION PHASES
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Figure 3. Some of the historical phases the site has gone through.
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2. THE CASE STUDY; THE SANTA MARGHERITA COMPLEX
The first settlement of the "Pio ricovero Santa Margherita"
is the residence of the Pavia poet and jurist Catone
Sacco. The house, in fact, is mentioned from 1458 in
notarial documents and owes its current appearance to
interventions made in 1571.

The period between 1571 and 1858 is reconstructed
by Dr. Sergio Martini, as part of the 2010 Report on
Archaeological Interventions for the benefit of the
"Soprintendenza Archeologica Belle Arti e Paesaggio
(SABAP) for the provinces of Como, Lecco, Monza-
Brianza, Pavia, Sondrio, and Varese" under the direction of
Dr. Sara Matilde Masseroli, and is deduced from available
cartography.

In particular, from a "bird's eye" view of Pavia (1600) it is
appreciable the building presumably referable originally
to the "Sacco house" and the corner building having
its origin in the tower of the same name, which then
became "Pio ricovero Santa Margherita"; immediately
south of this is appreciable another building having an
east-west trend, hypothetically referable to the Santa
Margherita oratory.

1784-1858 ;- 1953 oo

CURRENT STATE 4
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i : :
Figure 4. Some the archaeological evidence found in the site that are still
in the dating process.

From an oblique view of 1659 and the Hollar's map of
1662, however, it is possible to observe how the original
complex is enriched by a series of terraced buildings
proceeding along the same course. These buildings
were later actually identified during archaeological
assistance activities.

The available cartography does not allow reconstructing
the period between 1662 and 1784, when (after 118 years)
the terraced buildings disappear and the Santa Margherita
begins to take its final conformation, becoming a
"courtyard" building.

From 1858 the property is named at the land register as
"Luogo Pio delle Convertite," a reference to the mission
of the Pia Casa del Soccorso as a shelter for repentant
prostitutes. Between 1903 and 1912 two new buildings
were built: the central one corresponds to the buildings
in which structural evidence of archaeological interest was
found to be of high density and which archaeologists have
dated as certainly pre-1571. (Figure 3)

Given the archaeological evidence (Figure 4), preservation
of the memory of the site has become critically important.
In addition, because of the complexity and rapidity of
archaeological intervention carried out in emergencies,
it is necessary to define data management systems that
are easy to apply, but at the same time offer not only a
representation as faithful to reality as possible, but also
allow for cataloguing and organization of information
that can truly help the chronological and functional
interpretation of the excavation.

Figure 5. From left to right: Extensive survey with CAM2 Laser scanner FOCUS; Broad survey with DJI MAVIC MINI 2; Detailed survey using Canon EOS 70D.
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3. THE DOCUMENTATION OF RESCUE EXCAVATIONS
Standard techniques for archiving artifacts include
technical drawing of plans and sections, compositional
diagrams, and photographic surveys of stratigraphic units.
These techniques are effective but have several limitations
in that they are time-consuming, not only in situ, but also
during post-production activities outside the excavation
site, where the information may no longer be accessible.
The needs of Cultural Heritage preservation and the
problems associated with emergency excavations have
therefore led researchers to consider unconventional
methods of excavation documentation and management:
GIS systems and 3D modeling techniques (Roosevelt et al.
2015). The two approaches, employed individually, have
their limitations in the archaeological field. GIS is the ideal
tool for documentation and information storage because
it integrates excavation site registration procedures, data
management, and functional analysis; however, it lacks a
faithful representation of the artifact and excavation area.
3D modeling, on the other hand, although more realistic
and suitable even as a basis for virtual reconstruction, by not
including any kind of information about the archaeologist's
understanding and analysis, is useless and ineffective and
aimed at pure entertainment (Dell'Unto, 2022).

3D integration in a GIS environment clearly can only work
if the model is easily usable; therefore, a method needs to
be developed to be as effective as possible from several
point of view: in the actual representation of the artifact,
in the management of information related to the object,
in the graphical rendering of the relationships between
objects, in the timing of modeling and data entry, and in
the digital enjoyment of the system.

4. MemopoLoGy AcquisTion

The investigation of this research is aimed at conducting
an evaluation of aerial photogrammetry for excavation
documentation from the perspectives of timing, restitution,
data, and purpose. The goal is to understand, in the
context of preventive archaeology, whether UAV systems
are suitable tools for generating optimal models for
subsequent 3D processing and GIS input, which software
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generates the most reliable model, and whether the use of
drones allows the operator easier in situ documentation of
the excavation area.

An integrated survey (Figure 5) was carried out during the
documentation phase of the complex:

« Extensive survey using laser scanner;

« Broad survey of the excavation area by UAV;,

« Detailed survey by photographic shooting from the
ground for stratigraphic units.

Specifically, although both metrically supported by
the laser survey, ground photogrammetry was used to
document each subsequent excavation phase for the
purpose of reconstructing the stratigraphic units; while
aerial photogrammetry was used to have extensive
textured data of the entire excavation area for GIS input.
The objective of this extensive UAV acquisition campaign
on the area was to obtain a general model, with a good
geometric resolution and a valid chromatic component,
to which the individual models obtained from ground
photogrammetry could be referenced.

The UAV used has been a DJI mavic mini, a drone that due
to its characteristics of harmlessness, lightness and ease
of use is configured as one of the preferred UAV tools for
close-range detail photogrammetry.

The piloting was performed manually, flying over the
excavation area at a constant height and trying to cover
the surface with an "s" path, with a designed GSD of 4
cm/pixel. With the will to obtain a 3D model with a high
quality texture component , a campaign was created
with a uniform exposure of the area.

More than 400 photographic images were shoted,
whose alignment on the SfM software was guaranteed
by an overlap of about 70-80%.

The images were processed in two different SfM software:
Metashape 8 (by Agisoft) and Reality Capture betal.0
(by CapturingReality). The decision to carry out this
dual processing for each dataset is aimed at testing the
potential and limitations of the two software, in order to
find the most suitable tool (in terms of result accuracy, ease
of use, and processing speed) to handle the large amount
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TEXTURE

Figure 6. Data processing in Agisoft Metashape from point cloud (sparse
and dense), to mesh model, till the textured model, ad the first level of
detail for the development of GIS platform.
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of data acquired in a archaeological excavation and create
a sufficiently accurate model of the surveyed area.

The comparison was performed using a desktop computer
with a 3.30 GHz i9-7900x CPU, NVIDIA Ge-Force GTX
1080 Ti graphics card and 64 GB RAM. The two points
clouds obtained from this processing allowed us to make
considerations about the pros and cons that characterize
the workflows followed with the two software.

First, the collected dataset was processed in a single
chunk within Metashape (Figure 6). During the automatic
alignment phase, 422 images on 422 were aligned correctly.
A sparse cloud of 2032919 points was then extracted.
Once this phase was completed, the dense cloud of the
entire archaeological site was obtained. It is composed
of 57034286 points. Next, the polygonal mesh was
processed. The result was a triangular mesh composed of
11406831 faces and 5724976 vertices. Finally, the texture
was produced, with a resolution of 8192 x 8192.

At the same time, the same photo set was processed
within RealityCapture(fig.8). By subjecting the frames to
an initial alignment process for automatic calculation of
their position and orientation in the scene, the polygonal
mesh was then derived. Specifically, the software was able
to automatically align 432 images on 438, resulting in
a point cloud of about 1281565 points and a triangular
mesh composed of 28990472 faces and 14539661 vertices.
Again the texture was processed, with a resolution of
8192 x 8192.

At this point, it was possible to compare the results of
the two workflows, identifying strengths and weaknesses
(Figure 7). A first significant strength of RealityCapture
concerns the processing phase, which took around 1
hour, while on Metashape it took more than 4 hours.
RealityCapture also allows the dense cloud and mesh
to be processed simultaneously, helping to make the
workflow faster and easier. Reality Capture mesh has
higher quality; this is proven by the number of polygons
of the overall model, but detailed views also show that
objects texture is better reconstructed.

Finally the two models, after being georeferenced within
CloudCompare, then where exported in MeshLab.
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Tie points Mesh Texture Tie points Mesh Texture
Accuracy; high Quality: high Mapping mode: generic High mode!
Settings Generic preselection Surface type: arbitrary (30) Blending mode: mosaic Settings Max textue per oo 10000 | stsei domation ety | TEvrioR shyte: viskilty based
A 11.406831 faces 7 g 28.990.472 faces i :
Results 2.032.919 paints. 572497 faces Texture size/count: 8.192x8.192 Results 1,281.565 peints 14,535,661 faces Texture size/count: 8.192x8 192

Figure 7. Comparison between the model from Metashape (left) and the one from Reality Capture (right).

Given the large number of polygons from which the
photogrammetric model is composed, a series of
decimations' were carried out in order to lighten the
overall model and simplify management actions in GIS
environment. MeshLab was the best choice in order to
do that because (compared to other software as Blender,
or MeshMixer) it allows polygon reduction without losing
texture mapping.

Once decimated, M(a) and RC(c) models were imported
into the GIS environment (Figure 8). ArcGIS Pro (by ESRI)
was found to be the best software from the perspective
of model management? as it retains the model location
and texture once imported (.dae file). As can be seen
from (Figure 9), the two models have a comparable mesh
(in terms of numbers of polygons), however, the texture
resolution of the model from Reality Capture is of greater
detail. This metodology also showed that when dealing
with such complex objects in a GIS environment (such
as archaeological sites, which are characterized by highly
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Figure 8. M(a) and RC(c) models overlapped and georeferenced in
ArcGIS Pro.
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Figure 9. Comparison between the final decimated models. On the left the model M(a) from Metashape, on the right the model RC(c) from Reality Capture.
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irregular surfaces and extremely complex volumes),
RealityCapture offer a much complete reconstruction and
a must faster way of processing data.

Because of that, the combined use of UAV for data
acquisition and Reality Capture for data elaboration,
simplify and speed up the process and so it helps a lot
especially when dealing with rescue excavations.

5., CONCLUSIONS:

The use of drones in the context of an emergency
excavation, allows the documentation of sites that are
difficult to access or in any case to reduce the operator's
risk during the survey phase if there is a context (due to
natural or anthropogenic causes) that presents critical
issues related to safety.

The case studies examined the “Santa Margherita”
complex in Pavia, where the high-resolution aerial
imagery obtained from UAVs was imported into SfM
photogrammetry software to create fast and automated
generation of a 3D textured model.

Aerial photogrammetry allowed 3D reconstruction of
the excavation context with a higher resolution and
speed of restitution, which is therefore essential in the
context of rescue archaeology. The high accuracy of
the 3D model can be used to document and monitor
changes over the excavation phases. (Figure 10).

In addition, the created 3D model was imported into GIS
in order to produce a textured and metrically reliable
base of the excavation area. Individual 3D models
derived from close-range terrestrial photogrammetry
were then superimposed on this base to document the
stratigraphic units. This thus enabled the creation of a 3D
database that not only allowed the realistic visualization
of individual stratigraphic units (with their associated
tabs), but also placed them in a realistic, textured context
of the excavation area. This is of great importance from
the perspective of logical and functional interpretation
of the archaeological excavation, as it not only enables
visualization of the relationships between the individual
stratigraphic units, but also an understanding of how
they relate to their surroundings.
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TERRESTRIAL
PHOTOGRAMMETRY

PHOTOGRAMMETRY
FROM UAV

Figure 10. Close range acquisitions scheme for the analysis and
stratigraphic representation of the archaeological rescue.

The resultis thus a 3D GIS model that enables responsive
visualization of large, high-resolution 3D models. The
tiled model created is built on models obtained from
photogrammetry from UAVs (suitably decimated), while
"hierarchical tiles" of which the model consists of are
taken from terrestrial photogrammetry.

This methodology made possible to increase, in a very
sensitive way, productivity in the field, compared to
traditional methods used in archaeology.

This paper also holds the potential to pave the
way for furthering accurate, realistic, reliable, and
relevant research in the nascent field of drone-based
archaeological documentation.



GIULIA PORCHEDDU, FRANCESCA PICCHIO

Close-range potogrammetry for the production of models and 3D GIS platforms of archaeological rescue excavations

NOTE

1 The original model from Metashape (5703415 polygons) was cleaned and
was decimated by 1/10th of the original value (model M(a): 421538 polygons)
resulting in a model with a bounded resolution of the textured surroundings
(further decimation would have compromised the resolution of the model).
The original model from Reality Capture (14495236 polygons), was cleaned
and decimated first by 1/10 of the original value (model RC(a): 1331038
polygons) and then by an additional 1/10 (RC(b): 133103 polygons), but the
model resolution was not optimal. Therefore, the RC(a) model was decimated
by 1/50 (RC(c): 665519 polygons) obtaining a model comparable (in terms of
number of polygons) with the M(a) model from Metashape.

2 A comparison was made with the ArcScene PRO software: in this case, the
problem was related to the fact that once imported, the models did not keep
the geographic position when replaced/integrated, also the model did not
automatically keep the texture. Since the texture cannot be held, the number
of polygons in the mesh has to be increased; this results in difficult model
management.
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ABSTRACT

In the past two decades UAV have been increasingly used for the
survey of wide areas. The chosen case study, the huge heap of ruins of
the Temple G in Selinunte, demands a higher accuracy than that usually
accepted for wide areas survey; nonetheless, the morphology of the
ruins makes laser scanning survey inadequate to the purpose of the
analysis and interpretation. The proposed methodology integrates SfM
photogrammetry from UAV and action camera’s photos. A test on a specific
area has evaluated the accuracy of photogrammetric survey through the
comparison with laser scanning data.
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SENSOR  PHOTOGRAMMETRIC  TECHNIQUES -+ FOR - THE

DOCUMENTATION OF THE RUNS OF TEMPLE G IN SELINUNTE

1. THE CASE STUDY

The Temple G of Selinunte is one of the greatest Doric
temples of Sicily and Magna Grecia. It is one of the
three temples (E, F, G) built outside the walled town, in
a sacred area today named ‘eastern hill’ (Figure 1). The
temple was never finished and it is therefore a precious
subject for researches on construction techniques in the
classical age. At the time when Selinunte was discovered,
all temples were ruined to the ground, presumably after
an undated earthquake. Laser scans taken 2009 with
Leica ScanStation2 and Leica P20 scanners, addressed
the documentation of the naos. These scans evidenced
the difficulty to achieve a thorough documentation of
the temple with laser scans taken from the ground: the
size of the blocks and their messy layout made hard to
safely place the device on the tripod; furthermore, most
of surfaces were surveyed in unfavorable conditions, i.e.
with asmall angle of incidence of the laser ray, particularly
relevant in elements with a cylindric or conic-like shape
(drums). Another obstacle for the documentation

Figure 1. Aerial photo of the Eastern Hill in the Archaeological
Park of Selinunte.
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was the vegetation that grew naturally in the
interstices of the ruins and covered relevant parts
of the architectural elements. In 2021 the opportunity
for a new survey was provided by the administration
of the Archeological Park of Selinunte, that operated
an in-depth vegetation’s removal, thus making visible
many parts of the temple that had been occluded in
the previous 20 years. In the years between 2009 and
2021 UAV were strongly developed and became an
affordable tool for surveying. Aerial photogrammetry
overcomes most of the problems that laser scanning
survey had encountered in the previous surveying
sessions. Nonetheless, aerial photos, even when taken
with an oblique shooting axe, cannot document many
parts of the blocks that face interstitial areas and can be
documented only at a closer view from the ground. For
the documentation of these areas and the integration
with the general documentation of the ruins, a workflow,
based on SfM photogrammetry restitution from images
taken with an action camera has been tested.

2. RELATED WORKS

SfM photogrammetry is a well established technique for
Cultural Heritage documentation; its accuracy is strongly
related to the cameras, the lenses, the light conditions,
the radiometric properties of surveyed surfaces; even
if its potential is widely acknowledged, laser scanning
survey is still today considered the reference for the
verification of the accuracy of SfM photogrammetric
survey, given that fewer variables can affect its accuracy.
Many studies in the last decade focused the use of
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action cameras for the documentation of CH: Balletti et
al. (Balletti 2014) focus the issue of camera calibration
and correction of distortions, one of the most relevant
issues when dealing with action cameras; further studies
aim at testing the accuracy of SfM restitution from action
cameras through the comparison with other surveying
techniques: Calantropio et al. (Calantropio 2018) make
a comparison with topographic survey; Fiorillo et al.
(Fiorillo 2016) and Carraro et al. (Carraro 2019) compare
action cameras with laser scanning survey. All the
mentioned studies evidence the opportunity to perform
specific verification to evaluate the usability of SfM
restitution from action cameras images.

3. THE PROPOSED METHODOLOGY

The first step of the surveying process was dedicated to
design, place and measure a 482.1m long topographic
polygonal that encompasses the area of the Temple. Eight
vertexes were marked by topographic nails placed along
the route for visitors that follows the perimeter of the
Temple. A further vertex was placed in the area of the naos
and was connected to the polygonal. The topographic
survey was performed with a Topcon IS 101 total station
(Figure 2); the closing error of the polygonal, ranging from
10 to 15 mm in East, North and Elevation coordinates,
was compensated. The topographic polygonal allowed
the measure of 10 rectangular targets fixed outside the
Temple and of further temporary circular targets placed
inside the area of the Temple in each surveying session.
Targets were used for the external orientation of the SfM
photogrammetric models.

Figure 2. Topographic and laser scanning surveying sessions.
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The vastity of the area and the need for an accurate
documentation demanded the execution of more
surveying sessions; in order to set a reference system
usable in different sessions, rectangular targets were
built to be placed on site and stay still for a week or
two. Steel sticks, used in the past to mark alignments
for cadastral surveys, were used to support 40*40cm
aluminum plates that were painted black and white.
Steel bolts were customized to fix the plate to the stick
and host the conic end of topographic mini prism stick
(Figure 3). This homemade system allowed to keep the
targets on place for the whole duration of the survey.
At each surveying session some rectangular markers
were measured to verify that they had not moved and
further circular targets were placed inside the Temple
and measured as well (Figure 4).

Photos have been taken with an Autel Evo II Pro
drone, a 1.2 kg UAV mounting a camera with a 1"
wide sensor having a 20mpx resolution, an adjustable
aperture ranging from f 2.8 to f 11 and a maximum
ISO equal to 12800.

One of the strengths of this device, almost similar in size
and shape to DJI Mavic 2 Pro, is the software released
by Autel itself, that allows to plan the mission and to
control the process of photo acquisition.

For the documentation of the ruins of temple G the
mission mode ‘oblique’ appeared to be the proper
choice: when flying in this mode, the software draws
5 grids almost overlapped; the first grid controls the
flight lines for the acquisition of nadiral images; the four
additional grids are automatically extended outside the
main grid to allow the acquisition of the surveying area

Figure 3. Rectangular targets fixed to the ground
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with a tilted shooting axe; the tilt angle can be set by the
operator; in this study oblique photos were taken with
a 50° tilt. Oblique images allowed to document many
important parts of the ruins that result occluded in nadir
images. Further settings controlled the images overlap,
that was set to 80% both for nadir and for oblique
images (Figure 5).

Figure 4. Top view of the point cloud, the topographic polygonal
(white) and the rectangular markers (red).

Before starting the execution of missions, some flights
were made to test the performance of the device and
the effectiveness of the chosen mission parameters. The
results of these test flights allowed to fix the following
critical issues: i) the file format; ii) the exposure, ISO and
the like; iii) the duration of the battery.

The photos taken in the first test flights were registered
in the *jpg file format and taken in automatic mode
(exposition, aperture, white balance). The quality of
these images resulted inadequate for the purposes
of the research; further tests evidenced a great
improvement of image quality when using the *.raw
file format and manual settings for exposure, aperture,
ISO and white balance.

One of the problems, due to the vastity of the area
and to the needed detail for the reconstruction of the
architectural ruined elements, was the choice of a low
flight altitude, to allow an adequate detail of the pictured
elements; lower altitudes imply a higher number of
images and longer time for photo acquisition.

Another relevant issue in battery duration is the wind
speed; Selinunte faces the Mediterranean sea and the
region is almost windy at any season.

In test flights appeared that wind forced the UAV to a
continuous correction and thus reduced the flight time,
from 30 minutes to even 15 minutes.

et Otibque Shot Alttude

Figure 5. The UAV used for the research and the mission planner interface
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The first mission, dedicated to a general documentation for the documentation of the three parts amount to
of the ruins, was planned with a flight altitude of 25m 5605 (Figure 6). . . .

for nadir images and 35m for oblique images; the UAV Th? photogrammetrlf: processing was developed with
shot 1446 images. The mission needed 6 batteries; the ~ Agisoft Metashape; in the reference panel GPS data
UAV was equipped with 4 batteries and the time to  recorded by the UAV were cleared and topographic
charge one battery is almost 90'; the charge of the two coordinates of markers were uploaded; in the calibration
additional batteries required 180". The second session pgnel, the size of the sensor was typed. All images were
of the mission was therefore completed at a later time allgn.ed and the external orlentathn produced errors
and the light condition of the site had changed in the ranglng from 6to 9mm. Thfe fo!IOW||ng ;tep deres;ed
meanwhile; this feature would become a critical issue the iutomatu; extract|o.n'9 ”pomt clouds and mes e;.
in photogrammetric processing (Orientation, texturing). Mesh extraction was initially executepl using Dept

The resolution of images and the different lighting Maps as the source datum for calculation. Usually the
conditions suggested to use these photos for a mesh models generated from depth maps result more
general documentation. detailed than those extracted from dense point clouds,
For a more accurate documentation of geometry and ~ Put a critical issue in depth maps are sharp edges; in
texture new missions were planned dividing the area of this research the edge at the intersection between the

the temple into 3 parts, so that the entire acquisition conic surface of columns’ drums and their flat top and
could be performed at a lower altitude (higher image bottom surfaces resulted swollen. The mesh extracted

detail) with the available 4 batteries. from the dense point cloud produced a less detailed
The altitude of flight ranged from 15 to 18 meters for ~ documentation of surfaces but a more accurate
nadir and 20m for oblique images. The photos taken representation of sharp edges (Figure 7).

Date Number of Number of Average flight height Average flight height Oblique  Focal lenght ~ GSD of Nadiral photos  Area Covered Number of
flights images Nadiral photos (m AGL) photos (m AGL) (mm) (cm/pixel) (maq) GCPs
18.12.2021 6 1446 25 35 10.57 0.57 15000 18
05.01.2022 6 1706 15 20 10.57 0.34 5025 9
15.01.2022 6 1885 15 20 10.57 0.34 4500 10
19.01.2022 6 2014 18 20 10.57 0.41 6700 13

Figure 6. Flight mission data resume.

Figure 7. Meshes extraction from depth maps and dense cloud sources. From left to right: Top view of depth maps and dense cloud meshes;
Perspective view of depth maps and dense cloud meshes.
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The visual inspection of meshes and point clouds
extracted with photogrammetric processes from
UAV images evidenced a good overall and detailed
documentation of the ruined architectural elements
(Figure on the cover) but, at the same time, the presence
of many occluded areas that could not be shot by the
UAV; most of these areas are effectively inaccessible,
but some recessed parts of the blocks are visible when
moving on the ground. The survey of these parts would
make the documentation more complete and accurate.
In most cases the survey of the occluded parts is difficult
because they are visible from very recessed and narrow
spots, that make the use of laser scanners inadequate or
impossible. Laser scans of these recessed areas would
furthermore imply complexities in the registration with
other sources.

For the documentation of these areas the research
experimented the use of photos extracted from
footages taken with a 4K action camera Insta 360 One R
mounting a wide angle lens (Figure 9). The test for the
photogrammetric alignment of these photos has been
developed as follows: i) the photos from the footage
have been added to the chunk with the photogrammetric
model of the test area; ii) an alignment process that kept
the previous alignment unvaried has been performed to
align UAV and Insta 360 photos.

The mesh model extracted from this chunk showed a
good integration of the two sets of photos and a more
complete documentation of the ruined block (Figure 10).
Before using this workflow for the documentation of the
occluded areas of further ruined architectural elements,

a test on an isolated and easily surveyable element has
been developed in order to evaluate the reliability of
the data extracted from photos taken with the action
camera Insta 360 One R.

The element chosen for the experiment is a capital of
one column of the eastern front, that is today isolated
from the heap of ruined blocks, close to the south
eastern corner of the Temple. The capital is still integer
and is oriented upside down.

The surveying session was developed in three stages:
i) laser scanning survey; ii) photo shooting with a
mirrorless camera Sony Alpha 7R, with a 35mm lens and
a resolution of 36.4 Mp; iii) footage shot with the Insta 360
One R; iv) photos taken with the UAV used in this study
from an altitude of 10m from the ground.

In order to refer all surveyed data to the same coordinate
system, some Leica targets were placed above and around
the capital; the targets are mounted on a steel round
basement and can be turned around a vertical and a
horizontal axe. The rotation allowed to set the targets in
a vertical position for the referencing of laser scans and of
photos taken from the ground (Sony and Insta 360), and
in a horizontal position for the referencing of photos taken
with the UAV (Figure 11).

Laser scans were assumed as the reference for the
evaluation of the accuracy of the other surveying
techniques.

The test for the comparison of the point clouds extracted
with the mentioned techniques was performed with
Cloud Compare; the software is capable of measuring
cloud-to-cloud, cloud-to-mesh and mesh-to-mesh

Figure 9. Photos of an occluded area facing a narrow interstice extracted from a footage taken with the action camera Insta 360 OneR.
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Figure 10. Mesh model of the ruined block before (left) and after (right) the integration of action camera photos.

distances, using an inner distance calculation tool
(C2C) that is not customizable and performs only the
calculation of absolute distances. A similar calculation
can be performed with the M3C2 Cloud Compare's
plugin, that allows a more robust and signed result.

M3C2 calculation has been applied to the multi sensor
data taken for the survey of the capital of Temple G
evidenced, assuming the laser scanning point cloud as
the reference datum (Figure 12). The calculation was
executed using the normal of the laser scanning point
cloud generated by Recap; the value of the projection
diameter has been set equal to 0.129m and the Maximum
search length was set equal to 0.340m. The result of
M3C2 calculation evidenced, as expected, that the best

performance was given by the photos taken with the
mirrorless camera, with a 0.005436 standard deviation
and a profile showing that most points are not far from
the mean value. Another visualization of the error has
been created with a pie chart, that shows that the 80%
of points have a distance from the laser scanning point
cloud minor than 4mm. The results of comparison for
the Insta 360 One R show a wider profile of the 0.006087
standard deviation and that the 64% of points has a
distance lower than 4mm from the laser scanning point
cloud. Finally, the histogram generated for the point
cloud extracted from the photos taken with the UAV
showed some critical issues, i.e. a bimodal profile, that
suggests some interference in the acquisition process;

Figure 11 Capital at the SE corner of the Temple: laser scanning (left) and photogrammetric survey from photos taken by the UAV (middle) and
the action camera (right).
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the standard deviation results equal to 0.007480 and
only the 35% of points has a distance minor than 4mm.

4, CoNCLUSON

The research tested a workflow for the photogrammetric
survey of a complex archaeological monument, a huge
heap of ruined architectural elements that once made
the Temple G of Selinunte. Tests on laser scanning
evidenced that this technique is not effective for the
purposes of an overall documentation. Photos taken
with an UAV provided a good documentation of the
ruined blocks, but many areas resulted undocumented;
some of these areas have been shot with an action
camera and the images have been successfully
integrated with those taken with the UAV. A test for the
evaluation of the accuracy of restitution from action
camera images evidenced a good accuracy but, at
the same time, some critical features in the restitution
from the images taken with the UAV appeared. Further
experiments will address the exam of these critical
features using further UAVs on the same test area.

Figure 12. M3C2 distance calculation for the evaluation of the accuracy
of photogrammetric point clouds. From left to right: photos taken
with the mirrorless camera, with the action camera and with the UAV.
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ABSTRACT

UAV (Unmanned Aerial Vehicles) platforms are an extremely effective tool
for small and large scale diagnostics and monitoring of Cultural Heritage
and landscapes. However, these tools with their great potential have
limitations on the operational level. The following contribution compares
two different case studies with similar criticalities: the archaeological park
of Tindari, in Sicily and the Montecatino complex, in the Lucca area. Both
sites present problems related to the accessibility of the sites and to the
application of traditional terrestrial survey techniques.



(CONSERVATION AND ENHANCEMENT OF CULTURAL HERITAGE USING
JAVS. NEW PERSPECTIVES FOR THE PRESERVATION OF SOME

CASE STUDIES

1. INTRODUCTION

Today's cultural dimension has been hit by a multitude
of changes and transformations concerning the fruition
of Cultural Heritage, also thanks to the increasingly
central role played by technology in its many facets (UAV,
Virtual Reality, video mapping, web, social networks,
etc.). The issue of conservation and enhancement of
heritage is in fact closely related to these processes
of management and use of knowledge. In particular,
for several years the technologies that led to the birth
of unmanned aerial vehicles (UAV) have allowed the
development of increasingly advanced and specific
devices to meet the needs of a variety of areas, including
cultural and landscape heritage. The diffusion of UAVs in
the architectural and archaeological field is due to the
numerous fields of application and advantages that these
devices allow to obtain. The main advantages given by
the use of lightweight UAV-type platforms can be applied
in the initial phases related to the first approach to the
asset; to the various study analyses, up to the aspects
of publicizing the assets and monitoring over time;
drones therefore can be used in the different processes
that characterize the various phases of knowledge
and enhancement of Cultural Heritage. Among these
processes, UAVs can be enormously useful in the first
steps of the study, for a rapid reconnaissance of the area
in question, in order to assess the various criticalities
and peculiarities. The purpose is to plan and manage in
an optimal way the subsequent phases of analysis, thus
realizing a careful planning of the operations to be carried
out in the survey campaign.
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They can also be used for the photogrammetric
restitution that allows to generate, quickly and with
reduced investment, the data necessary for the
realization of metric drawings. These works can be
used both as an instrument of knowledge and as a
basis for the realization of multimedia products for the
publicizing of the good itself (Figures 1, 2).

As a matter of fact, UAVs can be used for a strategy of
promotion and communication of Cultural Heritage
directed towards an offer that, following the traditional
instruments of heritage dissemination, can meet the new
needs of the public. Photographic and video recordings
of cultural assets placed in their context that develop
over areas of varying extensions, such as archaeological

Figure 1. Tindari Archaeological Park view.
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Figure 2. Torre del Bargiglio view, a defensive element of the Lucca
Republic.

sites or historical centers, can provide an appropriate
tool that allows to bridge the gap between perception
of reality and visual limitation of the context in which
the final visitor is located. Another area in which it is
possible to benefit from UAV platforms is the constant
monitoring of Cultural Heritage, as it is possible to reach
less accessible areas and verify the conditions without
the risk of damage by man: a UAV is in fact a safe,
modern, and of great versatility.

In the realities described below are summarized
some of the results obtained through the application
of UAV platforms. For both the Archaeological Park
of Tindari and the Montecatino complex, these new
technologies have made it possible to obtain better
quality data in less time. In addition, they have made
possible the verification and inspection of portions not
accessible except through the use of lifting platforms.
The UAV platforms have accompanied the process of
knowledge of the artifacts during all phases of study;
confirming themselves as a valuable support both
for carrying out investigations on landscapes and
archaeological ruins and for a constant monitoring of
their state of conservation.

2. THE RUN OF MonTecamvo (LU)

The architectural documentation, both in general and
related to restoration and enhancement projects, has
always used two-dimensional systems such as maps,
elevations, sections and plans to represent three-
dimensional geometric data. In recent years, the habit
and the need to produce digital documents, together
with the opportunities and advantages in terms of time
spent, possibility of processing the data, quality of the
level of detail, have led to provide for the finalization
of all documents in digitized form, making the digital
survey solution superior to any technique adopted in
the past (Verdiani 2016).

Through survey campaigns carried out through
sessions with 3D Laser Scanner, total station and digital
photogrammetry terrestrial and drone, it is possible
to produce certain elaborations, correct from a metric
point of view and accurate in the description of the state
of conservation and any injuries (Figure 3).

Very oftenthesitestobesurveyedarelocatedinterritories
that are difficult to reach and are in such conditions as
to make the survey by the operators unsafe or even
unfit for use. This is the case of several ancient military
architectures such as castles, towers and walls, which

Figure 3. Some of the equipment used to survey the sites.



were deliberately built in places potentially difficult to
attack (Pecci 2020); today, the same characteristics make
difficult the surveys, the restoration and the structural
interventions. Some of the fortifications that were part
of the territorial defensive system used by the Republic
of Lucca can be traced back to this category of site.
Briefly introducing the defensive system of Lucca is
useful to emphasize that Lucca, an urban center of
Roman origin located in the north-west of Tuscany,
was the capital of the small homonymous Republic for
more than 400 years: it remained independent from
1369, when it freed itself from the yoke of neighboring
Pisa, until 1799, when the French troops of Napoleon
entered the city (Manselli 1983). The State, to maintain
control over the territories, therefore decided to ensure
proper protection. Architects, military engineers, and
war experts designed the new layout to adequately
defend the city from the new military siege techniques,
which the previous medieval walls would not have been
able to support (Martinelli, Puccinelli 1983). At the same
time, the professionals who followed one another in the
design of the new city walls were also responsible for the
restoration and adaptation of the elements of territorial
defense. The fulcrum of this whole system of sighting
and signaling, inside the city, was the Tower of Palace
(Bartoli 2011), at the top of which were installed fixed
sights and telescopes aimed at the towers placed
inside the territory and those along the borders of
the Republic.

One of the elements of the signaling system can be
found in the ruins of Montecatino. The homonymous
hill located 15 km north of the city/capital, hosts on
the summit plateau the remains of an ancient church
and of a tower/bell tower used for the transmission
of communications. Probably restructured in the 17th
century, the tower could communicate with the Lucca
Palace’s Tower, with Aquilea, with Brancoli and with the
Bargiglio. The site of Montecatino presented several
difficulties of survey due to the morphology of the
places, the intrinsic architectural characteristics and
above all the state of preservation. For the acquisition of
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data, the survey techniques mentioned above, 3D laser
scanning and photogrammetry both from the ground
and from the air, were used (Figures 4,5).

The use of the drone has first of all allowed to reduce
the risks for the operator; the possibility of incurring
dangers such as sudden landslides, landslips, falling
ruins and problems related to an extremely steep slope
have been strongly reduced.

Figure 5. Site aerial view.
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At the same time the 3D model generated was
fundamental for the analysis of the static nature of
the site and to carry out the studies necessary for the
realization of plans, sections, and elevations. On the
latter, cracks and deterioration maps were developed,
monitoring the site in a periodic and constant way. The
UAV platforms have also been used for a communication
and awareness campaign of the citizenship, which - as
the European Landscape Convention of 2000 underlines
- is an indispensable behaviour for a correct valorisation
of Cultural Heritage and has a fundamental role in the
practice of conservation; to put in place a publicity -
according to the declination of ‘public domain’ - of the
site. (Valenti 2012) — in every phase of the cognitive/
conservative process, can in fact be fundamental, if we
also consider the large amount of data easily available
on the web, very often lacking an established historical-
scientific interpretation (Figure 6).

During the planning phase of the photogrammetric
survey campaign, it was decided to carry out different
flights: the first one to realize a zenithal coverage and
the second one for an oblique one, filming the artifacts
at 360 degrees and taking photos at regular intervals.
As for the UAV models used, two different ones have

Figure 6. Montecatino ruins panoramic view.

been employed: a DJI Mavic Air 2 that has more anti-
collision sensors and that has allowed a design of the
flight plan and a DJI MINI 2 more manageable for the
shooting of the most critical parts that has required
a pilot to fly by sight, at a constant distance from the
monument, controlling the framing of the camera on
the smartphone (Figure 7).

This allowed the photos to be captured from different
perspectives and heights to capture more detail. This
acquisition mode allows the Structure from Motion
software to create more accurate 3D models than using
only aerial images taken at a fixed height and distance.
The photos at this point were processed through the
Agisoft Metashape photogrammetry program, creating
3D models with a high level of detail and precision.
Subsequently of fundamental importance was the
scaling of the 3D model, through the measurement of
some certain points (elements of the artifacts, angles
of structures, markers created specifically, etc.). Finally,
from the 3D model made, it was possible the creation
of final outputs such as orthophotos, DEM (Digital
Elevation Model), manageable within GIS software and /
or CAD, for the realization of the studies (Figure 8).

3. THE ARCHAEOLOGICAL PARK OF TDARI (ME)

A multi-disciplinary approach is one of the fundamental
prerequisites for safeguarding and preserving the
built heritage. The involvement of new technologies
represents an important support tool able to fit into the
multiple needs and different levels of scale required by
the historical building. The studies carried out on the
Sicilian Archaeological Park of Tindari highlight the
advantages and criticalities of including UAV (Unmanned
Aerial Vehicle) platforms in the knowledge project of an
archaeological site. The site, named after the ancient
city of Tyndaris, extends over 27 hectares and is still
uninvestigated in some areas (Figure 9). The cognitive
and analytical process began with the morphometric
survey of the site and its emergencies: the significant
monumental building with the function of propylaesum,
defined as the Basilica, the Greco-Roman theatre and



Figure 7. UAV during photogrammetry sessions.

Figure 9. Archaeological area of Tindari view. Insula IV and the Basilica.
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insula 1V, the only excavated one of the many that made
up the urban fabric of the ancient city of Tindari. The
survey of the entire area was obtained through the
integration of Laser Scanner instrumentation and a
UAV platform, preceded by a topographical-urbanistic
reading.

The UAV was of fundamental importance both in
understanding and analyzing the area on a territorial and
urban scale, and in analyzing and monitoring in detail
the state of conservation of the individual artefacts. The
total survey of the area was obtained through careful
planning, combining aerophotogrammetric shots with
punctual Laser Scanner scans (Figures 10, 11).

A Laser Scanner survey of the single artefacts (Basilica,
theatre and insula IV) was carried out both to cover the
areas not reachable by UAV and to obtain a better quality
of the data of the areas of greatest interest.

The current state of the site, with some parts covered by
trees, mainly pinus pinster and olea europaea, showed the
limits of the UAV; in fact, it was necessary to compensate
for this lack by acquiring the data using laser scanning
and ground photogrammetry. On the contrary, for the
apex portions of the Basilica, the use of the drone was
fundamental, to reach the parts that could not be reached
with the other instrumentation.

The data was then critically re-elaborated through a
continuous comparison between the digital models
obtained and a direct reading of the site.

The restitution of the metric-geometric data, the critical-
descriptive architectural data and the structural data
was followed by the analysis of the structural behaviour
of the building, the identification of the material
consistencies, the identification of the degradation and
alteration pathologies and the stratigraphic analysis
of the masonry. The latter analyses were carried out by
means of a continuous comparison with archive material,
which was fundamental to understand which portions
had undergone previous restoration work. In addition to
the thematic tables, three three-dimensional models of
the entire area were created from the point cloud: the
first depicts the current state of the site, the second and



D-SITE, Drones - Systems of Information on culTural hEritage for a spatial and social investigation

teg P
™ 5 - -~

AT

Figure 10. Tindari Archaeological Park theatre's Point cloud.

third show, respectively, a hypothetical state prior to the
anastylosis and a hypothetical reconstruction of what the
site must have looked like in ancient times (Figure 12).
The critical reading of the complex through a careful
study not only of the existing, but also of the archival and
documentary sources, both published and unpublished,
has made it possible to understand the critical aspects of
the site and of the Basilica.

The latter, like most of the Archaeological Park, has been
the subject of numerous excavations and anastylosis
campaigns throughout the 20th century. The monumental
building, we find today is the result of three anastyloses
(Ghelfi 2020), the last of which was carried out by means of
a special system of tensioned steel cables, passing through
vertical perforations inside the wall face (Sorteni 2017).
Through the historical photographs found during the
archival investigation, it was possible to hypothetically
identify the position of the anchorage points of the steel
cables in the apical portion of the facing.

The UAV platform made it possible to verify the actual
positioning of these points and to analyze their state of
conservation (Figure 13). This operation had not been
carried out since the last restoration site was dismantled
in the mid-1970s. Without the use of the UAV, monitoring
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Figure 12. Tindari Archaeological Park Basilica's Point
would have required the erection of scaffolding or the use
of cranes or lorries with lifting baskets, bearing in mind
that access to the archaeological area could only have
been by small vehicles due to the narrow access routes
to the site. Furthermore, through the UAV platform it was
possible to monitor the state of conservation of the asset
with a constant time interval in order to verify the material
deterioration in the unit of time.
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5. CONCLUSION

The use of UAV platforms in the field of Cultural Heritage
has opened new perspectives still under development:
from the generation of three-dimensional models for
the restitution of surveys and virtual fruition, to the
monitoring of accessible sites. In both case studies,
starting from the point clouds and from a critical reading
of the site, parametric three-dimensional models of the
artifacts have been developed, obtained from the laser-
scanner data. The discretization of the various structural
components in addition to improving the overall
knowledge of the space, has also taken into account
the new perspectives introduced by HBIM (Heritage
Building Information Modeling) systems. These tools
and methodologies, with their great application
potential and proven versatility, however, require a
thorough knowledge of data acquisition, management
and interpretation techniques. The operator, as
demonstrated also in the cases described here, must
keep in mind several variables, which are closely related
to each other and strongly affect the success of the
scientific investigation. In conclusion, UAV platforms
represent an important resource, and in some cases an
indispensable tool for the Cultural Heritage sector.

Figure 13. View of the apical portion of the Basilica.
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ABSTRACT

This paper aims to evaluate the performance, in terms of accuracy
and speed, of various commer-cial software (Reality Capture®,
Agisoft Metashape® and 3DF Zephyr®) for the integration among
image and range-based survey data. Datasets were collected in the
Nuragic complex called “la Prisgiona” (Arzachena, SS, Italy), during a
collaborative research project between CNR —ISPC and the Municipality
of Arzachena, using aerial photogrammetry, topographic and TLS
survey. Re-sults of comparative tests demonstrates that, when working
on architectural scale survey, passive and active techniques are to be
considered homologous in terms of accuracy and precision.



A 3D SURVEY IN ARCHAEOLOGY. COMPARISON AMONG
SOFTWARE FOR IMAGE AND RANGE-BASED DATA INTEGRATION

1. INTRODUCTIONThree-dimensional survey techniques
are nowadays commonly used as part of Cultural
Heritage professional and academic practice, aiming at
documenting, understanding and preserving ancient
civilizations historic and material legacy (Hassan et al.
2019). Archaeology, among the disciplines that deal
with Cultural Heritage makes frequent use of geomatic
technologies, to such an extent that this can no longer be
considered a phenomenon but more of a consolidated
practice (O Driscoll 2018; Hoon Jo et al. 2019; Trillo et
al. 2020). Digitization using image-based and/or range-
based techniques applied on archaeological remains is
commonly used for excavation records, conservations
tasks and heritage management and communication.
The massive use of these technologies in CH studies has
been, in recent years, a frequent subject for publications
aimed at identifying good practices, even if the scientific
community has not yet agreed on a formalization for
standardizable workflows and procedures. (Remondino
et al. 2006; Bitelli et al. 2007; Hoon Jo et al. 2019; O’
Driscoll 2018; Aragona et al. 2017; Erenoglu et al. 2017;
Apollonio et al. 2021).

One of the most stimulating aspects in this still open
field is the integration between different measurement
paradigms, in particular among range and image-based.
(Ronnholm et al. 2007). In fact, both techniques have
advantages and disadvantages, which are offset by the
integration of the two technologies to achieve a more
complete coverage of the surveyed area (Ronnholm
et al. 2007; Russo et al 2014; Russo et al. 2015). The
integration of image and range-based measurement
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data, considering the high effectiveness of the technique,
has a well-established tradition of studies. Search
addresses usually consider datasets acquired from TLS
and close range or UAV-based images (Ronnholm et
al. 2007), then focusing on data registration and, with
various approaches, on range maps matching analysis,
(Gonizzi et al. 2012; Russo et al. 2014) sometimes using
SWOT analysis (Hassan et al. 2019).

This paper aims to analyze workflows within commercial
software (Reality Capture® - RC -, Agisoft Metashape®
- AM - and 3DF Zephyr® - 3DF -) to evaluate the
effectiveness of these approaches for integrating
datasets. In particular, a performance evaluation will be
made in terms of speed, completeness and accuracy
in the cameras positioning. The survey conducted at
the La Prisgiona nuragic complex, located in Arzachena
(SS), was used as a case study for this analysis. For
dimensions, location and geometry it lends an excellent
opportunity to evaluate different approaches and
produced data quality.

2. CASE STUDY

The three-dimensional architectural survey of the
Nuragic complex “la Prisgiona” was carried out whitin
the agreement “per un progetto di studio e di ricerca
sulla Conoscenza e ricostruzione del paesaggio storico del
territorio di Arzachena". The Agreement was established
in 2021 between the CNR ISPC and the Municipality
of Arzachena (SS, Italy). The agreement’s object is the

On the cover, Top view of “La Prisgiona” nuragic complex: Orthophoto
(left) and DEM (right).
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archaeological study and the digital three-dimensional
reconstruction of the territory of the Municipality of
Arzachena, the monuments documentation, from
a metric, archaeometric and cultural point of view,
and the anthropic study of the territory in antiquity.
The first activities were carried out in collaboration
with the municipality of Arzachena between July and
September 2021 allowing to carry out a 3D survey of
some archaeological sites including the “la Prisgiona”.
The archaeological site, a large Nuragic village built
in a strategic position with a panoramic view of the
surrounding area, dates back to the late bronze age and
its architectures are the result of 3 different construction
phases. (Antona 2012) The nuraghe is a tholos type
construction, consisting of a central tower with a
bastion incorporating two side towers. A curvilinear
surrounding wall protects the nuraghe, enclosing a large
courtyard occupied by a well. The village is outside the
wall consisting of numerous circular huts and fences.
Survey's aims were various, mostly: archaeological

remains’ accurate documentation and implementation
of a digital replica for future public dissemination
within 3D visualization systems. The data captured on
the field were also exploited for research purposes in
geomatics, in this article the result of the integration of
image-based and range-based measurement data are
presented here for the first time.

3. Dama aquisTion

Preliminary to 3D acquisition, a topographic survey
has been performed with a Ruide R2 total station and
a Geomax Zenith 20 system GNSS. Nineteen automatic
detection targets (16 bit) have been measured
stationing on 6 positions. This data has been used
both in the photogrammetric process, to scale and
adjust camera orientations, and in TLS survey for
registration evaluation and to have homologous
coordinates system among range maps from
different technologies®.

As for photogrammetric survey, a DJI mini 2 UAS has

A-A” SECTION

B-B’ SECTION

Figure 2. "La Prisgiona” nuragic complex: cross sections.
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been used (1/2,3" CMOS, 12 MP), the images were taken
operating a manual flight, surrounding the structure
with circles at various distances (4 mm GSD). In order
to have an adequate overlapping and resolution,
329 photos have been chosen and processed. After
topographic and photogrammetric survey, fifty-seven
scans were acquired with a Leica BLK 360, mounted on
a tripod at different heights but never below 2m. Scan
resolution was set to high. Point clouds were registered
using C2C registration (RMS 3 mm). in Autodesk Recap®.

A, DATA PROCESSING AND COMPARISON®
Photogrammetric set was processed in AM (High
Accuracy) producing a dense cloud of 77 mil. points,
in RC (normal detail*) generating a dense cloud of 28,
and in 3DF (urban landscape), having a dense cloud of
only 2. Alignment results after optimization showed,
in all three software, a noticeable consistency in error
estimation (+/- 1 cm).

TLS reference cloud was obtained using Autodesk
Recap® through a C2C registration of fifty-seven
structured scans. TLS cloud was later referenced in local
coordinates and exported as structured data in.e57
format. The same format was chosen for exporting 3D
products (dense cloud) from AM and 3DF, while for RC,
the export format was.xyz, due to the impossibility to
export in.e57.

A1 DATA INTEGRATION

Integration among photogrammetric and TLS data,
within the three tested software, is obtained by different
technical approaches, more specifically: RC and AM
have a camera alignment approach, even if AM allows a
geometric alignment too, which could be useful for the
integration of unstructured scans. 3DF on the other side
does not make use of photos taken by the scanner while
aligning TLS and photogrammetric sets, the procedure
has then an approach purely based on range maps
geometry registration.

In RC integration is based on synthetic images generated
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Figure 3. Topographic measures displayed over dense point cloud.

from the TLS registered point clouds using color or
intensity. These spherical images, one for each standpoint,
are converted into six.Isp files (Julin et al. 2019). The.lsp files
are calibrated and oriented for each rotation, generating a
cube that is externally positioned and orientated as the TLS
standpoint (Luhmann et al. 2020). Photogrammetry image
matching and orientation is based the on TLS synthetic
images (Luhmann et al. 2020).

AM mainly uses spherical panoramas or TLS depth maps,
when the instrument can't acquire spherical images, for
the co-registration of TLS and photogrammetric data.
Photogrammetric depth maps are merged with the TLS
depth data during the dense cloud or mesh generation®.
If TLS clouds are unstructured, the integration is obtained
performing a self-calibrating bundle adjustment through
GCPs that can be refined with an ICP between two clouds
by the means of external software tools (Fiorillo et al. 2021).
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In 3DF the integration among clouds is obtained by
merging photogrammetric and TLS data that are
always read by the software as "non structured”. The
integration of the two clouds is articulated in two steps:
rough alignment, which can be done by a manual
superposition or by corresponding homologous GCPs,
and fine alignment, using ICP®.

4.2 COMPARISON METHODOLOGY

Comparison among dense clouds was performed between
each photogrammetry-based set and TLS reference cloud.
Before comparison, photogrammetric clouds have been
finely registered with TLS reference using ICP in Cloud
Compare with a consistent result for all sets (RMS 0.25). After
fine registration, all clouds, including TLS, were decimated
with a maximum density of 5 mm to have a homologous
resolution for all data. After this preparatory step a cloud
comparison has been performed in Cloud Compare using
C2C distance.

In orderto specifically analyze deviation among areas shared
by image and range-based survey, a first data filtering was
carried out eliminating shadow cones area non-shared
among TLS measurements and photogrammetric survey
(Figure 4). Following this filtering, it has been observed
that the average deviation between the photogrammetric
clouds and the laser measurements is in a range between

0 and 3 cm. A first comparison was performed by setting
the maximum deviation between the two clouds to 1m.
The result for the three photogrammetry-derived clouds
is close to 6 cm on the whole model. A consistent error
in all three models derives from the upper part of the
structure: this error is intrinsic to the model, since with TLS
this portion of the structure was not correctly detected,
given its morphology. To better understand the value of
the error and where it lies within the model, the range of
the deviation between the two clouds has been reduced
performing a filtering of maximum deviation of 4cm to
avoid TLS shadow cones.

4,3 COMPARSON OUTCOME

Figure 5 shows in false colors the deviations among the
clouds. Through the calculations performed it is noted that
the mean and standard deviations do not exceed 2 cm.
Major differences, excluding TLS shadow cones, are located
on vertical surfaces.

5, CONCLUSIONS

A first observation is the substantial consistency of the
deviation between all photogrammetric clouds and TLS
reference with an average difference between 0 and 2 cm.
The greatest deviation can be observed on vertical
elements, especially on those described through images

3DF ZEPHYR®

AGISOFT METASHAPE®

REALITY CAPTURE®

Figure 4. Comparison evidencing photogrammetric cloud distance on TLS shadow cones.
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3DF ZEPHYR® AGISOFT METASHAPE® REALITY CAPTURE®

DEVIATION
Along the X axis

DEVIATION
Along the Y axis

DEVIATION
Along the Z axis

ABSOLUTE
DEVIATION

Figure 5. Comparison evidencing deviation.
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taken with strong inclination, probably due to hard
normal estimation and more difficult camera location.
Asforsoftwareperformance,froma3Dproductgeneration
point of view, the most evident difference is found in the
3DF dense cloud, characterized by a much lower density.
As for processing time the best performance,
considering both alignment and dense cloud
generation, has been provided by RC (47 min.),
followed by 3DF (74 min.) and AM (91 min.).

When taking into account data management, it is
possible to observe a greater elasticity of AM, capable
of implementing both structured and unstructured
clouds, even if in a less linear solution for dataset
management and with a longer processing time.
The use of unstructured laser data in 3DF allows the
use of a wide range of measurement data while saving
storage space, considering the lower weight that
unstructured data have compared to structured ones.
However, pure geometric alignment can be not as smooth
as the ones exploiting images taken from the scanner.
As for RC performance, despite the need to use structured,
the ease of the process of registering data from both
active and passive sensors using images taken from the
scanner, is definitely worth consideration.

Moreover, it is necessary to add the rapidity of the overall
processing for both three-dimensional data, through the
out of core approach, and the two-dimensional one, a
quality partially shared with 3DF.

In conclusion it is difficult, if not wrong, to identify
a single solution as the best. The choice can be made
only after considering the type of data available.
The major advantage of the integration of data from
active sensors with image-based techniques can be
found on the one hand in the integration of any lack
of data determined by the acquisition geometry in
the photogrammetric survey and on the other in the
integration of shadow cones characterizing TLS survey.
For architectural scale survey, this comparison verified
that passive and active techniques are to be considered
homologous in terms of accuracy and precision.
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NOTES

1 More specifically, for the mean of data comparison, local coordinates were
preferred.

2 Range 0.6 m - 60 m, max measurement speed 360.000 points/second, HDR
integrated camera, field of view 300° on vertical - 360° on horizontal, ranging
error 6mm @ 10m.

3 All processes and comparisons have been performed with the same graphic
workstation equipped with: In-tel i9 9900k, RTX 3080ti, RAM 128 GB.

4 RC reconstruction process only results in a surface, not a dense cloud.
The cloud compared is therefore made of vertices and not of points. That
aspect might therefore affect the results of the comparison. https://agisoft.
freshdesk.com/support/solutions/articles/31000159101-terrestrial-laser-
scanning-data-processing

5 http://3dflow.net/zephyr-doc/3DF%20Zephyr%20Manual%206.0% 20Eng-
lish.pdf

6 Allowing only rotation and translation not scaling.
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CXPERIENCE OF INTEGRATED SURVEY BY DRONE FOR ARCHAEOLOGICAL
SITES. DOCUMENTATION, STUDY, AND ENHANCEMENT
OF THE TALIC SANCTUARY OF PIETRABBONDANTE

T, INTRODUCTION

Archeology today shows an increasing interest in the
formation of three-dimensional information systems
capable of progressively replacing the traditional
two-dimensional representations (Gaiani et al., 2010).
One of the reasons can be identified in the fact that
archaeological sites often offer only few fragments
of the architecture of the past and for this reason the
reconstruction of their original consistency becomes a
difficult task, in which the technologies of representation
and communication are essential.

The first step towards modeling implies in this case the
collection of a whole series of data and information
characterized by different levels of objective reliability:
surveys, metric and geometric analyzes, photographic
documentation, historical studies and suggestions
collected during the visit (Bianchini et al.,, 2014).

The need to collect metric data of the artifacts, to
allow dimensional analyzes, and make accessible, on
a large scale and remotely, access to Cultural Heritage,
together with the ease and cost-effectiveness of finding
specialized instrumentation and software, have made
digital photo-grammetry one of the most important
survey methodologies in the archaeological field.

The creation of three-dimensional metric models
managed on a computer makes it possible to investigate
the manufact and make it "shareable” with users both for
virtual visits and for dissemination in the promotional
field. In the field of Cultural Heritage, photography was
always very important in the documentation of artefacts
and the archiving of data.

Especially for architectural studies or in the archaeological
field, the application of digital photogrammetry to aerial
images has had relevance. From this point of view, the
possibility of having high-resolution cameras mounted
on drones has favored their use for the documentation,
survey, and monitoring of the historical, architectural, and
archaeological heritage. In fact, the SfM methodology allows
the automatic orientation of digital images, also taken from
video, and therefore the generation of point clouds and 3D
models from these (Brusaporci et al.,, 2020).

The combination of these two methods of massive data
acquisition, laser scanner and digital photogrammetry, often
allows to overcome the limitations that the same technologies
present: terrestrial laser scanner clouds often have gaps due
to shadow areas, for example, lintels and overhangs, while
drones allow shooting from until now inaccessible points;
however, there is still greater precision and certainty in the
measurements offered by the laser scanner.

Figure 1. General view of the archaeologjical site.
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Figure 2. Graphic documentation of the Sanctuary: 1-2-3-4-5, B. Di Marco, Plan of the sanctuary, of the temple B, collapsed wall of the cell temple B,
analemmata of the left of the theater, podium of the temple B, 1967-70 ca; 6, U. Ricci, drawings of temple A during the Bourbon excavations, tawv. I-V,
1858.

In addition, it is possible, even after a long time, to integrate
the data acquired on the area allowing a new recording of
the clouds produced by one and the other methodology.
The results can be multiple, from two-dimensional analyzes
and outputs, to 3D mesh modeling or HBIM; more
generally, the three-dimensional models, through their
visualization, are useful in telling the story of the artefact
and therefore in the enhancement of the Cultural Heritage
(Brusaporci et al. 2017). The research presented here stems
from the possibility of updating and completing the data
of a pre-entry survey on a topographic and laser scanner
basis using aerial drone photogrammetry.Unmanned
aerial vehicles have proven highly valuable in the fields of
archaeology and Cultural Heritage, as they provide a non-
invasive, time and cost-efficient way to document Cultural
Heritage (Campana et Remondino, 2014).

148

2. THE ARCHAFOLOGICAL CONTEXT

The Italic Sanctuary of Pietrabbondante, in the province
of Isernia, preserves the most important monumental
witnesses of the Samnite religion of ancient Molise. The
sacred area extends over an area of over seven hectares, on
the slope of Monte Saraceno, at 968 m above sea level and in
a dominant position of Sannio (Figure 1). Excavations began
in the mid-nineteenth century with the discovery of temple
A and the exploration of the theater and were resumed in
1959 with the discovery of the main temple (temple B) (La
Regina 1978). Subsequent investigations made it possible
to identify other buildings and to better understand the
characters and function of the entire monumental complex.
In the first half of the 2nd century BC Temple A and two
chapels to its left are erected: between the final decades
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of the 2nd and the beginning of the 1st century BC a
unitary project is conceived which will also include the area
previously occupied by the Ionian Temple destroyed by the
Carthaginians, namely the Temple - Theater complex and
the domus publica, a representative structure intended to
house priests, ambassadors, and members of power politics.
This is the moment of greatest splendor and richness of the
sanctuary in which, alongside the purely sacred function, the
public and political role coexists and emerges (La Regina,
2014). The clash between Rome and the Italic populations
during the social war will see the interruption of the projects
started and, starting from the first century BC, the sanctuary
will gradually lose its religious and political importance,
maintaining productive functions and local worship. After
about half a century, with the coming to power of Augustus,
the land that included the sanctuary was assigned to the
Socelli family. The minor sacred buildings will continue to
attract the faithful while the main ones fall into neglect and
the domus publica is transformed into a private home. After
the third century, very poor life forms are documented on
the site up to the fifth century AD, when the pagan temples
still active are destroyed in compliance with imperial edicts.
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3. A CENTURY OF INVESTIGATIONS

The graphic documentation produced of the archaeological
site of Pietrabbondante begins with the archaeological
excavations conducted by the Bourbon Government
between 1857-58 and 1871-72. These investigations, by
the architect Ulisse Ricci, documented both the plan of the
hitherto excavated area of the theater in its entirety and
of temple A, with significant architectural details (Figure 2).
In 1959 the excavations were resumed by Valerio Cianfarani
and Adriano La Regina, and the cavea of the theater was
restored by Italo Gismondi. A rich graphic production
was produced during the excavations of the 60s by the
designer Benito di Marco on the main temple. There are
also numerous drawings of the same during the 70s,
which update and integrate the plans of the structures in
the state of discovery or propose the restitution of their
risers enriched by clay decorative apparatus (Strazzulla, Di
Marco 1971). Until 2011 topographic instrumental surveys
were carried out by the surveyors of the Archaeological
Superintendence of Molise. Many graphic outputs in 1:50
scale and detail were produced manually by archaeology

Figure 3. Survey and three-dimensional reconstruction of the main temple of the Italic Sanctuary.
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Figure 4. Shooting, positioning of the targets and view of the cameras in temple A and tabernae.

students during the excavation campaigns conducted by
INASA since 2006. A first laser scanner survey was made in
2013 by the architect Roberto di Re and in 2015 dates to
the last aerial photograph of the archaeological area, made
by Gianfranco De Benedictis, to document what has been
brought to light so far.

2 THE FIRST SURVEY AND THE NEW ACQUISTION CAMPAIGN
During the first acquisition campaign, conducted in June
2016, an integrated survey of the theatre-temple complex
was carried out, combining different methods and detection
tools: long range 3D laser scanner (Leica C10), Image—based
modeling and direct survey. The point clouds generated by
the 17 stations automatically recorded using the scanner in
topographic mode, have become the numerical reference
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model for the orientation and resizing of those
generated for terrestrial SfM of the porticoed areas
of the main temple. The processing of these data was
preparatory to the 2D representations in 1:100 scale of
planimetry, raised of the podium of the temple and the
theater and longitudinal sections. The objective of the
research of the time was the execution of an accurate
survey of the monumental complex dating back to the
II BC. and the cataloguing of the finds belonging to
the major temple to draw up a probable reconstructive
hypothesis of this building, able to improve the overall
knowledge of the monument? (Figure 3).

Six years after the first survey and following the
authorization by the Regional Directorate of Molise
Museumes, it was decided to integrate the survey of the
excavated archaeological area, acquiring the minor temple,
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TABERNAE

Figure 5. Sparse point cloud, insertion of target's coordinates and cloud confidence of the domus, temple A and tabernae.

the tabernae and the domus publica (still not open to
the public). For this new acquisition campaign, the
choice of the survey methodology fell on aerial
photogrammetry from drone, accompanied by a
topographic GNSS receiver for the georeferencing of
point clouds and an error control on photogrammetry
measurements. The reasons that led to the choice
of this methodology were: the reduced acquisition
times, considering the extension of the area to be
detected, and the desire to test its limits and potential
compared to acquisitions from terrestrial scanners.

Photogrammetric shooting was conducted over three
days in February 2022. The aerial photogrammetric survey
was carried out using a DJI Mavic 2 Pro quadcopter, which
has an unladen weight of 0.907 kg and a flight range of
about 31 minutes at a constant speed of 25 km / h. The
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navigation of the aircraft can be managed manually by
a qualified operator using a remote control up to 5 km
away or in automatic mode with a pre-established route
for waypoints, thanks to the GNSS /IMU system mounted
on board the drone. The drone used is equipped with the
Hasselblad L1D-20c camera, with a 1-inch CMOS sensor,
a fixed focal length of 28 mm and a maximum resolution
of 20 megapixels. The camera is mounted on the aircraft
by means of a gimbal that allows both stabilization on the
3 axes and the control of the inclination by the operator
during the flight. The first operational phase consisted
in the study of the survey area and in the subsequent
planning of the flight plan in compliance with the flight
limitations imposed by ENAV (National Agency for Flight
Assistance) through the analysis of the site cartography
and the available orthophotos and the consultation of
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Figure 6. Textured mesh models and orthomosaics of temple A, tabernae
and domus publica.

the d-flight portal. The areas under investigation shall have
the following dimensions:
The archaeological site has no flight restrictions except

Structure Area (mq) Perimeter (m)
Domus publica 2'867 236

Tabemae 1’505 162

Tempio A 1073 132

Table 1. Detected Site Extensions Table
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for temple A area, on which drone flight operations
are allowed up to a maximum height of 45 m above
ground level (AGL).

In this phase of planning the activities, double
mesh flight plans were established using the free
PIX4Dcapture application and the distribution of the
targets to be positioned on the ground was decided,
pursuing a homogeneous and regular coverage of
the area to be detected.

For the acquisition campaign, the flight mission included
flights at two different altitudes and camera inclinations:
Given the 4k resolution and the excellent stabilization
offered by the drone's camera, it was decided to shoot
video with a frame rate of 24fps, to obtain video material
to be used also for information and promotional
purposes of the archaeological site detected.

AGL medium (m) Camera inclination GSD (cm/px)
15 45° 0.38
25 30° 0.64

Table 2. Flight Settings Table

The flight operations were preceded by the usual and
indispensable pre-flight checklist activities, to which was
added the manual setting of the correct exposure values,
white balance, ISO, shutter speed, aperture and focus
to obtain images with homogeneous characteristics
despite the different scenes framed. The flight mode
was conducted both in manual mode, entrusted entirely
to the capacity of the operator with remote control,
and in automatic mode through a preset route (Figure
4). Prior to the flight, 10 targets of 50x50 cm in size
were positioned on the ground to be used as points
for the georeferencing of the frames. The survey of
the targets was carried out by means of GNSS survey
in RTK mode using a Leica Viva GS15 GNSS receiver
with an accuracy of about 1.8 cm in flat and 2.5 cm
in altitude. The elaboration of the GNSS survey data
was carried out using Leica Geo Office software with
UTM-WGS84 reference system.
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Figure 7. Cloud to cloud alignment and recording of temple theater and temple and tabernae point clouds in Autodesk Recap Pro 2022.

Structure N° shots
Domus publica 197

Tabemnae 377

Tempio A 275

Table 3. Shooting table

0. DA PROCESING

Once the dataset was put in the system and archived, it
was decided to create three-dimensional reconstructive
models of the situation through the SfM procedures of
each of the new areas acquired. Therefore, the frames of
the domus publica, temple A and tabernae were processed
separately within the Agisoft Metashape software.

The process involved the preparation of chunk for
different photographic sets, the evaluation of the quality
and selection of individual frames and the generation of
the scattered point cloud from these. Subsequently, the
targets within the photographic set were identified and
the corresponding markers were inserted. At the end of
this operation, the coordinates recorded by GNSS receiver
were imported for each marker and the markers to be
used as check and control points were diversified. This
operation made it possible to estimate an error in terms
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of accuracy of the output of about 1.6 cm for all three
structures. The dense point cloud, the mesh model and
the textured model of each artifact were then progressively
obtained. A confidence filter was applied to the dense point
cloud to obtain a clean and as accurate point cloud as possible
for mesh generation. For all the models, an orthomosaic in
planimetry vision and some detailed shots of the model were
also generated (Figures 5, 6). For temple A and the tabernae,
since they are adjacent structures, we also proceeded to align
and merge the chunks containing the two clouds of dense
points respectively, in order to also have a united model. The
second phase of data processing concerned the possibility
of integrating the survey of the newly acquired structures
in aerial photogrammetric mode with the previous survey,
made inside the sanctuary, of the theater-temple complex; the
latter as already mentioned acquired six years earlier in laser
scanner mode supported by a topographic survey. Having
no more traces of the cornerstones fixed in the first survey
phase, it was decided to work a posteriori, for overlapping
of homologous points between the laser scanner cloud and
the photogrammetry clouds, and on the GNSS topographic
survey of some remarkable points of the structure of the
main temple and the theater built during the last acquisitions.
The dense point clouds of the domus, temple A and tabernae
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Figure 8. Overall point cloud aligned
sections.

- _;-,.i‘;ljﬁ'.“_#,‘.,:r s .

- pel

Figure 9. Longitudinal transverse archaeological sections of the Domus publica.
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Figure 11. Visualization of the navigable textured model of the Domus
publica in Visual Media Service.
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were exported from Agisoft Metashape software in.e57 format
and later imported into Autodesk Recap Pro 2022. Once the
new scans and the old survey of the temple theater, consisting
of 17 scans, were indexed, a cloud-to-cloud manual alignment
of the recognizable remarkable points of the archaeological
structures was made (Figure7), thus obtaining an overall point
cloud of the theater-major temple area, tabernae and temple A.
Since the domus is in an area secluded from the main nucleus
of the sanctuary, and since this is an unrestored structure and
therefore not open to the public, it was not possible to find
overlapping areas to be able to align it with the rest of the
archaeological structures. In this case we then proceeded to
the alignment, being able to count on the georeferencing of
the two-point clouds remained separate in the UTM-WGS84
coordinate system, thanks to the GNSS topographic points on
the targets of the new survey and on recognizable points of
the archaeological structures of the theater-temple. The work
of georeferencing the clouds has made it possible to obtain a
recorded point cloud complete with all the main and known
archaeological structures of the Italic Sanctuary. Through the
import of the same in Autodesk Autocad 2022 it was possible
to dissect the cloud to obtain a general plan, elevations, and
sections of the structures (Figure 8).

0. Resums anp CONCLUSIONS

The database obtained lends itself well to any type of
analysis for the documentation and communication of
the investigated site. In this phase we focused on the
documentation and dissemination of the survey and
knowledge of the domus publica. Located south of the
temple theater complex, the domus is unique not only in
the Samnite landscape but throughout the peninsula. It
looks like a large atrium house with impluvium, tablino and
alae, differing from the classic scheme of the Roman-Italic
residence for the presence of a portico with two naves for
votive offerings. It was probably built in the second half
of 1T BC together with temple B and its activity reached
the earthquake of 346 AD. During this period the domus
underwent numerous restorations with planimetric changes.
From the historical and bibliographic research, on the
publications of the latest excavation news, the three
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main building phases have been identified, which have
been visualized on the archaeological plan (Figures 9,
10). Moreover, since the latter, brought to light in 2004,
has not yet been opened to the public, it was thought of a
dissemination project through the sharing, through the Visual
Media Service platform, of the three-dimensional textured
model. This model can then be navigated and provides general
information on building structures and facies (Figure 11). The
next developments will concern, as already proposed for the
major temple in 2016, the three-dimensional modeling, in this
case within the Autodesk Revit BIM authoring platform, of
the reconstructive hypothesis of temple A, supported by the
cataloguing, already in progress, of the finds found and the
architectural remains preserved at the site's deposits. It is also
hoped to complete the acquisition of the archaeological site
through aerial photogrammetry, also for the last excavated
structures. The important experience conducted and the 2D
and 3D restitution, starting from the acquisition of images,
have allowed the production of an updated documentation
of the site, the carrying out of various analyzes, as well as
the evaluation in positive terms of the acquisition of data
from drone for the survey of archaeological areas. The
case study showed the goodness of current technologies
for archaeological surveys using drones, which have
allowed an accurate restitution so far outlined. The results
that today we can achieve thanks to the acquisition of
images, structured by topographic surveys and low-
cost acquisition operations, are truly formidable and
constitute the future of expeditious surveys.

NOTES

Following the graphic restitution, some considerations were undertaken
regarding the units of measurement used in the realization of the
complex and geometric constructive and stylistic analysis on the theater.
In this regard, see Potesta, G. (2019).
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ABSTRACT

The aim of this research is to determine which surveying process
among different methods allows to obtain precise, fast and complete
results. The applied research methodology is based on a compari-
son between different methods of photogrammetric survey: the
traditional method using a camera, manual photographs of a drone
flight and the extraction of frames from an automatic drone flight. This
will allow verifying the accuracy, post-processing and timing of the
different processes used, thus obtaining the different advantages and
disadvantages of each of them.



PHOTOGRAMMETRIC COMPARISON BETWEEN DIFFERENT DRONE
SURVEY METHODOLOGIES. DRY STONE AS A CASE STUDY

1. INTRODUCTION

This research aims to determine which of the different
photogrammetric recording methods allows obtaining
complete, precise and fast results, taking into account
the context in which the constructions are located. The
study case can be extrapolated to other types of isolated
constructions and with difficult access conditions.
Photogrammetric recording by drone allows the study,
conservation, development and dissemination of
framed vernacular heritage.

1.1, HERITAGE AND TECHNOLOGY

The use of Remotely Piloted Aircraft System (RPAS) or
drone was intended to be used as a remotely directed
apparatus and for military use. Nevertheless, a device
like this took very little time to change its use and be
marketed to perform other tasks (Fernandez Diaz 2018).
The use of drones presents a very suitable complement
for the results obtained in researching fields, reducing
time (Sancho Gémez-Zurdo et al. 2021) and necessary
resources (Marta et al. 2018).

The comparison of the state of the elements at the
structural level, to have a virtual representation of a
building in an accessible and rigorous way to leave a
record at a temporal level and to generate material for
scientific and architectural dissemination (Fernandez
Diaz 2018). There are studies (Tacca Qquelca 2015), that
have used total stations and drones to proceed with
their comparison regarding versatility, economic costs,
time and personnel involved. Others (Cu et al. 2020),
compare various tools but oriented to topographic use.
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1.2, DRy STONE CONSTRUCTIONS

Dry stone construction has been studied in the Iberian
Peninsula since the 20th century (Sola Morales i Rubié
2008; Torres Balbas 1933). The main studies have been
carried out over the last years (Garcia, Zaragoza 2000;
Tarragd 2006). This construction technique uses the
remains of stone from farmland. However, there are
common characteristics: the use of a single material and
stability based on the balance between elements under
their own weight. It is a technique declared in 2018
by UNESCO Intangible Cultural Heritage of Humanity
(United Nations Educational Scientific and Cultural
Organization 2018).

Several studies have been carried out on the
vernacular architecture application of massive data
capture tools (Restuccia et al. 2012; Rossi, Massimo
2013). Specifically, digital photogrammetry has been
used to analyse constructions (Chen et al. 2017; Mineo
et al. 2019). Some studies have been carried out to
allow standardizing and simplifying the point cloud
throughout a construction (Todisco et al. 2017; Vegas
Lépez-Manzanares et al. 2010).

1.3, STUDY CASE

The construction chosen to develop this study is a raft
in charge of storing rainwater built using the dry stone
construction technique. This construction is located
in the municipality of La Fatarella (Tarragona - Spain)
(Figure 1). It is an isolated, buried and helical-shaped
construction. It has dimensions of 2.73 meters deep and
4.30 meters in diameter.
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Figure 1. Location of the study case.
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2. METHODOLOGY
2.7, ANALYSIS METHODOLOGY

The methodology is based on a comparison between
different photogrammetric survey methods: the
traditional method using a camera manually, manual
photographs of a drone flight and the extraction of
frames from an automatic drone flight (Figure 2). This
will allow to verify the precision, processing and timing
of the different processes used, thus obtaining the
different advantages and disadvantages of each of them.
Once the process has been validated, a comparison can
be made between the results obtained.

To assess the timing between the different methods,
the times used to perform the survey and the post-
processing are recorded, in order to establish a
comparison. In the generation of the photogrammetry
of the three models, the Agisoft Metashape 1.6.4
software is used, on which the photographs are dumped
and all the processing steps are carried out. To verify the
integrity and precision of the different models, the basic
data of each photogrammetry is compared, such as the
number of points obtained, the quality of the model
and the quality of the orthomosaic texture. This allows

A

us to determine which model is the most accurate of the
three survey methodologies, in order to compare two
other models with this one.

In order to scale and compare the three models in the
same coordinate system, three control points are used,
located in the three corners that delimit the last upper
rung of the ladder. The results will indicate the error for
the support points, the calibration comparison between
cameras, as well as the calibration coefficients and
correlation matrices.

The comparison methodology used in the models is
based on two-dimensional and 3D studies from the point
cloud. The Cyclone 3DR software is used to perform
this analysis. In the case of the 2D study, horizontal and
vertical sections of each model are made to allow them
to be compared with each other, seeing the possible
deformations and imperfections of the models through
the differential areas. Four vertical radial sections are
compared with the geometric centre of the most precise
model and with a separation between them of 45°. In
the horizontal direction, a comparison section is made
at half height of the raft.

In the 3D study, two types of comparisons are made on
the models. The first allows us to analyse the models

C

Figure 2. 3D models obtained. A - using manually a camera. B - manual photographs from a drone flight. C - from the extraction of frames from

an automatic flight with drone.
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A

B

Figure 3. A — Comparison between the model and the cylinder that best suits. B — Comparison be-tween the models.

with a primitive form of comparison, in this case the
cylinder that best approximates the perimeter of the
pool, obtaining the formal differences of the model
(Figure 3A). The second part consists of a comparison
between the point clouds of the models under the same
coordinate system, through control points (Figure 3B).
This allows to obtain a gradient of discrepancies to know
which method provides more errors or discrepancies.

2.2 SURVEY METHODOLOGY

The data collection is carried out in a single campaign
of one day to avoid possible differences caused by
the passage of time. A NIKON D7000 camera with a
TAMROM LD XR DI AF 15-50mm 67 al6 lens is used for
the survey with manual photographs, and the average
distance or flight altitude at which the photographs are
taken is 5.75m, with a focal length of 16mm.

The DJI Mavic Mini 2 model is used for data collection
with a drone, with the FC7303 camera model and
characteristics of the 1/2.3" CMOS sensor, with 12
megapixels; a 24mm format FOV 83° lens, with an
aperture f/ 2.8 and a shutter speed of 4-1/8000s
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Photographs were taken at 4:3 image size and video
resolution at FHD (1920x1080 at 60 fps).The flight
altitude of the photographs is 3.32m, with a focal length
of 4.49mm.

In the third method, an automatic circular flight is
carried out as an orbit around the raft with a duration
of 15 seconds. The obtaining of frames per second is
fixed at 7 since the higher the frames, the longer the
post-processing analysis time, with a very low difference
between photographs, which caused errors in the
detection of common points in the photogrammetry
post-processing. For this reason, it has been verified that
a good range for the analysis of a photogrammetry is
between 5 and 10 frames per second. The flight altitude
of the frames in this case is 7.13m.

3. RESULTS
3.1, RESULTS OF THE SURVEY AND PRECISION OF THE

METHOD

With the results obtained of the surveying (Table
1) and post processing, it can be seen how the
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photogrammetry obtained with more precision and
photographic detail is that of model B, while the one
with less detail is that of C. It is curious to observe that,
although models A and B have a similar number of
photographs, the times of drone photography model
B give shorter post-processing times, the first being a
total of 3 hours 29 minutes 36 seconds and the second
a total of 2 hours 1 minute 36 seconds. This may be due
to the fact that model A has more points of passage
between photographs, generating a longer processing
time. Even so, the model B is still more accurate with
fewer link points between photos. The representation of
the 3D textured models (Figure 4) allows us to observe
the precision of the model and the quality of the ortho
mosaic specified in (Table 1).

From the reports obtained from each survey, it can be
seen that in general the three models obtain a very
high overlap between images (>9 in most cases) (Figure
5). In the case of the residual plots, the largest error is
distributed circularly and at the extremes in model B,

9% 98 i

Photographs (n) | 100
Surveying time | 15' 5! 015"
i - ) POST PROCESSING
Photo Orientation
Coordinate system WGS 84 (EPSG::4326)
Number of link cloud 59.865 80,738 22,152
paints (n)
Reprojection error 1.127 1203 0.863
(pix)
Average multiplicity of 5888 4728 7.284
| waypoints (n)
Crientation time 4'45" 3 54" 2'53"
Depth rmaps (n) a8 98 00
Map processing time 1h18' 48' 36" 20' 35"
Total orientation time 1h 22' 45" 52' 30" 23'28"
Dense Point Cloud
Total number of 3.908,287 7,884,768 374,003
points (n)
Map obtaining time 1h18' 48' 38" 20' 35"
Cloud generation time 23 2" g' 18" 310"
Total processing time 1Th41'2" 54' 54" 23'45"
Mod elin
Nurmber of faces 260412 1,596,935 180,000
Number of vertexs 131,799 800,995 90 405
Reconstruction time 2'36" ' 39" 16"
Texture size (pix) 4,096
Texturing time 64" | B 19" | 158"
Total ime 8'40" | 11' 58" | 214"
Orthom osaics
Pixel size (mm) I 1570 0.966 | 501
Processing time | 2'36" | 214" | 3r

Table 1. Comparison of the parameters between the different surveys.
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while in A and C they are more dispersed. It is observed
how model B is the most calibrated model. Regarding
the control points, the model with the least errors
(measured in microns) is B (with an interval of +0.8
microns), while the one that shows more dispersions is A
(£0.3mm). In the QC point ECM tables, it is reflected that
the total error between points for model A is 4.87mm,
0.76 microns for model B, and 0.496mm for model C,
concluding that in terms of precision the model B with
drone photography is the most accurate. These first
results allow us to choose model B of drone photography
as the most accurate model in terms of surveying and
precision. For this reason, the comparisons of models
A and C with this one are established in this way and
seeing how much the results differ.

3.2. COMPARISON RESULTS

3.2.7. 2D COMPARISON

Firstly, using the Cyclone 3DR program, the horizontal
sections made at %2 of the interior height of the model
have been compared, establishing the section of model B
as a common shared element (Figure 6). The comparison
of the sections between models A and B has allowed us to
observe that the percentage of coincidence between the
meshes with a pre-established interval between +0.01 is
14.60%. The comparison of the sections between models
C and B has allowed us to observe that the percentage of
coincidence between the meshes with a pre-established
interval between 0.01 is 28.20%. According to the
metric standards used in the construction of the area,
the unit of 2.0 centimetres has been established as a
comparative measure between the meshes (Fullana 1999;
Mallafre et al. 2019). A comparison has been established
between the differential areas of the sections of the 3D
models (Table 3). The comparison of the sections between
the models A and B has allowed us to observe that the
average of the differential areas obtained has been 0.42
mZ. The comparison of the sections between the C and B
models has allowed us to observe that the average of the
differential areas obtained has been 0.56 m2.



D-SITE, Drones - Systems of Information on culTural hEritage for a spatial and social investigation

N
Om 1m 3m 5m

Figure 4. On the cover: Textured 3D models and sections obtained. A — Manual Photo. B — Drone photo. C — Drone and frames.

3.2.2. 3D COMPARISON

The 3D models have been compared with the perfect
cylinder obtained by matching the mesh of model B
(Figure 7). The perfect cylinder and the comparison is
made using the Cyclone 3DR program. The comparison
between the models and the cylinder that best
approximates has allowed us to observe that the
percentage of coincidence with an interval between
+0.088 for model A is 21.5%, both with an interval
between +0.098 for model B is 32.1%, and with an
interval between +0.099 per model C is 20.4%.

3D models A and C have been compared with model
B (Figure 8). The comparison between these models
has allowed us to observe that the percentage of
coincidence with an interval between +0.02 for model
A'is 39.59%, with an interval between +0.02 for model
Citis 42.66%, and with an interval between +0.099 for
model C it is 20.4%.

162

4. Discussion

As it has been observed in the results of the survey,
the most precise and detailed model is model B. For
this reason, in the comparison results in 2D and 3D it
has been taken as a reference. In the two-dimensional
comparison of sections, it is shown that the model
with the fewest discrepancies is model C, although
with a 28.1% coincidence. It can be seen how the
photogrammetry appears distorted towards the
outside in the second quadrant. In the same way, in
the comparison of the differential areas, the method
that best approximates is also model C. This is because,
although model C is less precise than model A, it
maintains a better coincidence due to the fact that it is
of a smoother mesh, without taking into account the
irregularities due to the construction material. These
two models are also based on the drone methodology,
so their approach is more similar.
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A. Manual photography
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A. Manual photography

Calibration coefficients and correlation matrix

Valor Error F Cx |Cy K1 K2 L <] P1 P2
F | 2839.27 0.12 1,00 | 0.01 | -0:16 | -0.08 | 0.25 | -0.22 | 0.01 | -0.11
Cx | 189907 0.12 1.00 ( 0.01 |-0.00 | 0.01 |-0.01 | 0.94 | -0.04
Cy | 23.8745 0.1 1.00 | -0.03 | -0.00 | -0.00 | -0.02 | 0.86
K1 | -0.0624788 | 0.00011 1,00 (-0.94 | 0.88 |-0.01)0.03
K2 | 0.0649439 0.00032 1.00 | -0.98 | 0.01 | -0.04
K3 | -0.0263287 | 0.0003 1.00 | -0.01 | 0.03
P1 | 0.0022559 1.3e-005 1.00 | -0.06
P2 | 0.000422231 | 1.1e-005 100
QC Point ECM
N Error X (mm) | Error Y (mm) | Error Z (mm) | Error XY (mm) | Total (mm)
3 2.61763 4.10149 0.196255 4.86562 4.86958
B. Drone photography
Valor Error F x Cy K1 K2 L <] P1 P2
F | 3018.03 0.071 1.00 | 0.01 | -0.66 | -0.14 [ 0.23 | -0.21 [ 0.01 | -0.69
Cx | -0.462259 0.081 1.00 | 0.05 | 0.00 |-0.00 | 0.00 |0.95 |0.04
Cy | 10.4605 0.17 1.00 |-0.10 | 0.03 | -0.03 | 0.04 | 0.98
K1 | 0.00473429 8.4e-05 1.00 |-0.9 | 0.91 | 0.00 |-0.10
K2 | -0.0202797 0.0003 1.00 | -0.98 | 0.00 |0.03
K3 | 0.0150871 0,00032 1.00 | -0.00 | -0.02
P1 | -0.000224134 | 7.8¢-06 1.00 | 0.03
P2 | 0.000248486 | 1.4¢-05 1.00
QC Point ECM
N Error X ErrorY Error Z Error XY Total
(micr) (micr) (mier) (mier) (micr)
Ij 0274433 0.497821 0.499242 0.568453 0.756559

C. Automated flight and frames

Valor Error F Cx Cy K1 K2 K P1 P2
F | 139547 2.8 1.00 | -0.81 | -0.99 | 0.25 | -0.24 | 0.28 | -0.37 | 0.10
Cx | -41.1726 0.25 1.00 | 0.81 |-0.21 | 0.18 | -0.22 | 0.76 | 0.14
Cy | 70.2711 15 1.00 | -0.33 |0.27 | -0.30 | 0.41 | -0.03
K1 | 0.0117853 0.00065 1,00 | -0.90 | 0.84 |-0.17 | -0.08
K2 | -0.0483752 0.0021 1.00 | -0.98 | 0.02 | 0.04
K3 | 0.0443721 0.0023 1.00 | -0.05 | -0.02
P1 | -0.0102592 4.5¢-05 1.00 | 0.10
P2 | -0.000817523 | B.1e-05 1.00
QC Point ECM
N Error X (mm) | Error Y (mm) | Error Z(mm) | Error XY (mm) | Total (mm)
3 0.374274 0.324358 0.0263726 0.495267 0.495969

Table 2. Comparison between calibration coefficients and error in QC points.
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In the 3D study, with the comparison with respect
to the best cylinder, the model B with the greatest
coincidence is highlighted, followed by model A.
This indicates that the most accurate model in a
3D manner is model B. In the comparison between
meshes, it returns to observe how model C better
approximates the mesh of model B, as they are similar
methodologies as just explained, although in some
points it shows more discrepancies than model A.
The results are parameterized (Figure 9) and it can
be concluded that the method that provides the best
results in relation to time/precision/detail is method
B of drone flight and photography.

Regarding the results, establishing common
comparison criteria, it is observed that the mesh that
best approximates the perfect cylinder is the one
corresponding to model B (Figure 10). In this way
it can be verified that the geometric approximation
to the primitive form depends on the methodology
used in the survey and that it interferes with the
results obtained.

5. CONCLUSIONS

The research has made it possible to provide objective
data in terms of time, detail and precision of the three
chosen photogrammetric survey methods.

It has been possible to demonstrate how the use of
drones for photogrammetric surveys provides greater
detail and precision than manual methods, also
reducing post-processing times.

The survey through photos taken with gift are a very
useful tool for dry stone constructions located in
places of difficult access.

However, automated flights do not provide as reliable
and precise results compared to drone photography
methods, although they do provide general models
with low processing times.

This can be useful for getting low detail models
quickly, but for detailed models manual flight and
photography is recommended.
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Figure 6. Differences between horizontal sections.

Comparison Section 1 Section 2 Section 3 Section 4
Model A and B 0,2065 0,519 0,3885 05753
Model C and B 07391 0,5498 05884 0,3487 Table 3. Differential areas between methods.
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Figure 9. Comparative between the results obtained. Figure 10. Comparison between the meshes and the best cylinder.
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ABSTRACT

Wars have influenced the modification of the territory and today we can
see it through its scars on the landscape. The objective of the research is
the analysis of military architecture and its relationship with the territory
in the Battle of Jarama, one of the clashes of the Spanish Civil War.

With UAV systems we can locate and georeference the architectural
elements distributed in the landscape and create a 3D of the area to
establish a hypothesis of its construction. The generated 3D models
can be used as tools for heritage restoration and tourism development
through virtual tours.



OCARS IN THE LANDSCAPE: PHOTOGRAMMETRY AND ANALYSIS OF
THE TRENCHES OF THE SPANISH O WaR

1. INTRODUCTION

The landscape that surrounds us today is the result of
a series of modifications made by the action of nature
and human. Through them we can learn about the
history of our territories and better understand the
evolution of our society. One of the human actions that
has had the greatest influence on the modification of
the landscape over the centuries have been wars.

This transformation of the landscape increased
exponentially throughout the 20th century due
to the technological development that took place
in the military industry. As a result, the different
constructions, weapons and means of transport used
since the First World War have had a greater impact
on the environment, both urban and rural, than in
previous eras.

The war conflicts in which the European continent was
immersed in the first half of the 20th century can be
seen today through the scars that are preserved in
the landscape. Many of these scars are formed by the
remains of military architecture that have defined and
modified the territory and we can see today.

In the case of the Spanish Civil War (1936 - 1939),
the impact of emergency military architecture on
the landscape is still present in many areas of the
Spanish geography. For this reason, the case study
focuses on the analysis of military architecture and the
modification of the landscape in the Battle of Jarama,
one of the clashes of the Spanish Civil War. This battle
took place in the southeast of the province of Madrid, in
February 1937, and remains of defensive architectural
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elements and trenches connecting different points of
the territory are still preserved today.

Thanks to the introduction of new information and
communication technologies (ICT), such as unmanned
aerial vehicle (UAV) systems, we can carry out an analysis
and subsequent dissemination of military historical
and architectural heritage, which is often difficult to
access, and we can also produce documentation that
helps to enhance its value and conservation.

2. THE BATTLE OF Jarama AND COUNTERATTACK
Post No. 8

Nowadays we can learn about the conflict, the military
architecture and the way of life at the time, thanks to
the descriptions made by some great international
authors, such as Ernest Hemingway, who through his
articles as a correspondent for NANA (North American
Newspapers Alliance) narrated part of what happened
at Jarama (Roldan, 2014). The Battle of Jarama was one
of the most tragic conflicts of the Spanish Civil War. The
battle took place in February 1937, with cold weather
and heavy casualties for both armies. As Hemingway
describes in his articles, the frontline landscape was
filled with olive groves, adding to the difficulty and
harshness of the fighting on the ground (Hemingway,
1989). After the battle, the front was stabilised and
remained militarily active until the end of the Civil War
in 1939, and for almost two years various fortifications,
trenches and roads were built in the area that are still
preserved today. One of these fortified complexes from
this period is located in the area of Casas Altas, in the
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Figure 1. Photograph of the Casas Altas trenches.

Madrid municipality of Morata de Tajufia. This defensive
post is located on the slope of a small hill from which the
army of the Spanish Republic could control the Vega of
the River Tajufia, the entrance to the town of Morata and
the road in the area towards Valencia, the city where the
Republican Government had moved. The enclave studied
is made up of two lines of trenches built at different
levels. On the upper level, a communication trench was
established with zigzag-shaped gun positions, while in
the trench located on the lower level, different defensive
fortifications were built, such as shelters, machinegun
nests and squad posts.

3. METHODOLOGY AND OBJECTIVES

Due to the territorial scale of the defensive elements
built in the landscape of "Casas Altas" and the difficulty
of access to the area, different methodologies have
been applied to develop the research, with the
intention of carrying out a virtual reconstruction of the
architectural elements and the territory.

Through ICT we can use different technologies
for the virtual reconstruction and comprehensive
treatment of historical landscapes (Tzanelli, 2013). In
this case, historical research (Labrador, 2018) has been
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combined with the use of new technologies through
georeferenced augmented reality (Castafio, 2018)
provided by UAV systems.

The study was carried out taking into account the
following points:

The analysis of the configuration of the heritage
spaces to identify the elements and limits of the studied
area by means of archaeological methods;

- The description of the architectural and natural
elements found on the basis of the analysis of the
historical remains of the environment and also taking
into account the transformation of the landscape as a
result of the conflicts;

- The interpretation of the territory and the heritage
elements through 3D models, also applying the data
obtained from the historical research to analyse their
current state and improve the conservation of the heritage.
Based on these points, the aim is to develop a
methodological system based on historical research,
georeferencing and augmented reality to visualise,
analyse and interpret the heritage elements.

In the case of the remains of the Battle of Jarama,
the methodology allows a better understanding of
the environment and the existing elements for their
cataloguing, recovery and participation of end users,
whether for scientific or tourist uses. The following
techniques were used to achieve this objective:

- The analysis of remains of defensive architecture from
the wars of the first half of the 20th century for the
knowledge of different constructive typologies used;
The preparation of 2D and 3D cartographic
documentation to analyse the configuration and
presence of the defensive elements in the landscape;

- The generation of a 3D model using photogrammetry
and UAV systems to visualise the elements in a virtual
environment according to their current state.

As a result of the methodology used, different visit
itineraries can be created through new technologies
to make different areas accessible and favour the
transmission of cultural and landscape heritage.

Results and research process
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4, RESULTS AND RESEARCH PROCESS

After establishing the objectives and methodology to
be used, firstly, a study of the territory and the defensive
elements that were built during the Battle of Jarama
was carried out. At the same time, we studied military
fortifications that were built in different parts of Europe
during the two World Wars and in postwar periods, such
as the 750,000 bunkers built in Albania during the Cold
War (Stefa, 2012) and mainly the military construction
manuals that were published during the Spanish Civil War
and which were used by the soldiers fighting at the front
to build their own defences.

These manuals described, in a pedagogical way, the
construction of different fortifications and provided
information on materials, dimensions and the relationship
of the elements with the terrain through floor plans and
sections (Capdevila, 1938). The campaign manuals allow
us to know the construction prototype, but due to the
conditions of the battles, the construction materials
available and the construction knowledge of the soldiers,
the defensive elements could have important variations.
For this reason, the analysis of the defences of the
surrounding area is essential, as the means available were
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Figure 2. Machine gun nest according to the Field Fortification Manual
(Capdevila, 1938).
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similar. In this case, six kilometres away from the area of
study, we found a machine gun nest, in a good state of
preservation, and with similar characteristics to one of the
defensive elements of Counterattack Post No. 8.

After the historical analysis and the analysis of the military
elements of the environment, the process of digitalisation

ik

Figure 4. Topographic plan of Counterattack post No. 8.
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of the area of study was carried out for its subsequent
virtual reconstruction. As part of this process, a first
approach was made by means of a photographic analysis
of the elements for their identification and a topographic
survey to determine both the elevations, through the
contour lines of the terrain, and the exact location of the
defensive constructions. The second step carried out in
the field was the use of UAV systems. Through an initial
drone flight, photographs were taken of the defensive
complex to get a better perception of its dimensions and
its insertion in the landscape and to get a better idea of
the state of the defensive elements, which were difficult
to access due to the slopes of the terrain. After the initial

flight, a second drone flight was carried out with the
established route patterns to obtain a photographic set
of the entire study area. With this action it was possible to
carry out the photogrammetry of the defensive complex
and to georeference the different constructions within the
area of study. Through this second drone flight and the
photogrammetry, a 3D digital survey of counterattack post
no. 8 was obtained. Through the cloud of points generated
by the photogrammetry and the 3D mesh, the depth of
the military constructions that were not accessible, such
as the different shelters and trenches, whose height could
not be known by means of the first topographic survey,
could be known in a concrete way. From this 3D model

Figure 5. Aerial photograph of Counterattack post No. 8.
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it was possible to generate videos with interactive tours
through the trenches and fortifications that reflect the
current state and allow the user to better understand
both the elements and the orography of the terrain.

The initial topographic survey, together with the 3D
model obtained after the photogrammetry carried out
by the UAV system, made it possible to obtain sections
of the terrain and the representation of the defensive
elements within them. In these sections, the levels and
the current state of the visible elements were represented,
together with the underground elements that had to be
analysed manually. With this method, technical sections
were generated, by line, combined with the textures of
the constructions extracted from the photogrammetry.
After the preparation of the sections with the current
state of Counterattack Post No. 8 and on the basis of the
previous analyses of the fortification manuals and the
constructions in the surrounding area, a hypothesis of
the original state of one of the most important elements
of the defensive complex, the machine gun nest, was
carried out. This element is located at the low level of
the line of trenches and similar models appear in the
fortification manuals of the period. Its construction is
based on reinforced concrete and cement mortar for the
interior finish. At present, and as shown in the section,

Figure 6. 3D image obtained from the photogrammetry of the study area.

it lacks a roof due to an explosion, as large remains of
reinforced concrete are preserved around it. Using the
historical planimetries, the defensive element located 6
kilometres away and the remains of the roof, a section
was drawn up with the same orientation as the previous
one with the morphological hypothesis of the fortification
with the intention of finding out its initial state. Once the
hypothesis of the current element in the terrain section
had been made, a three-dimensional reconstruction was
made from the 3D generated with the photogrammetry
carried out after the drone flight.

In this way, the machine gun nest was reconstructed
according to previous experience, showing its current
appearance and its original appearance, which was
inserted into the terrain.

This 3D reconstruction added depth to the representation
by reflecting the colours of the landscape and the textures
of the building materials. The reconstructions carried out,
both in section and in three dimensions, provide greater
knowledge of the integration of the construction elements
in the landscape, their dimensions, their materials, their
current state and their original state. In this way, these
images can be used as a basis for different projects of
knowledge, recovery and conservation of the defensive
complex and its surroundings.

Figure 7. Video capture of the tour through 3D.
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Figure 8. Section of the terrain by the machine gun nest of Counterattack Point No. 8.

Figure 9. Hypothesis of the section of the terrain by the machine gun nest of Counterattack Point No. 8.
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Figure 10. Section and hypothesis in 3D of the machine gun nest of Counterattack Point No. 8.

4. CONCLUSIONS

Through the methodology used based on UAV systems,
together with other techniques, it has been possible to
gain an indepth knowledge of the study area and to
analyse in detail the different defensive elements that
were difficult to access. The difficulty of access, together
with the lack of existing information on the constructions
of the Spanish Civil War and the elimination of many
of them after the war, have allowed us to reflect on the
usefulness and progress that UAV systems represent for
the recognition of the terrain and historical heritage. This
study has not only shown us the constructions and the
relationship of the defensive elements with the terrain,
but it also shows us the way of building and living in
difficult times. The 3D models and simulations generated
through the established methodology can be used in two
ways as a result of the study carried out.

On the one hand, the recreations can serve as a basis for
the recovery and restoration of the architectural heritage
of the complex and other similar defensive elements
found in other Spanish Civil War landscapes, and on the
other hand, they can be used for the development of
rural tourism in the area through both virtual and face-
to-face visits to the military landscape.
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AUTOMATIC POINT CLOUD EDITING FROM UAV AERIAL IMAGES:
APPLICATIONS IN ARCHAEOLOGY AND CULTURAL HERITAGE

1. INTRODUCTION

Photogrammetry has been more popular in recent
decades for creating 3D digital models in various
applications (Mancini et al. 2021). It is now feasible to
build accurate models of broad regions at extremely
cheap prices because of the advancement of computer
vision algorithms and novel processing techniques, as
well as the rapid evolution of optical sensors, which
were earlier known to be weak spots of the approach
(Li et al. 2021). In addition, UAVs (Unmanned Aerial
Vehicles) have been progressively employed for various
photogrammetric applications since the 2000s (Zahari
et al. 2021). High-resolution modelling of the earth'’s
surface for geomorphological study, precision farming,
disaster management in the aftermath, and inspection
of viaducts and bridges for infrastructural applications
are just a few examples.

Because of the technique's high degree of adaptability
and capacity to create 3D models and graphical output
of the surveyed item rapidly and correctly (Barba et al.
2019), it has seen significant advancement in the field
of cultural and archaeological heritage conservation
(Themistocleous 2020).

Therefore, unlike traditional photogrammetric
techniques, which require the use of a calibrated
camera or photogrammetric camera, SfM (Structure
from Motion) algorithms allow the automated
computation of the calibration parameters (self-
calibration) of cameras using only homologous
point correspondences between different images,
the cameras installed on UAVs in most heritage
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documentation applications are usually commercial
non-calibrated cameras (Fraser 2013).

The picture acquisition and setup processes are the
most difficult of the entire procedure for developing
an accurate model. To eliminate shadow areas in the
model and increase the success of matching and
following image alignment, UAVs should be able to
gather nadiral and oblique pictures at close range
with very high percentages of overlap between them.
Furthermore, combining nadir and oblique images is
critical for improving form definition, surface continuity,
and a better description of sub-vertical walls (Padua
et al. 2018), in addition to assisting the self-calibration
process (Fraser 2013).

On the other hand, a poor model’s correctness might
devalue the data’s high resolution and, as a result, the
objects created from the ensuing 3D model.

The sparse point cloud, which is made up entirely of
Tie Points (TP), serves as the foundation for the whole
3D model. Low-quality TPs should be removed since
their existence impacts the future phases’ outcomes,
including recalculating the orientation parameters and
creating the thick cloud that results. Our objective is
to remove TPs from photos directly to optimize and
enhance the homologous point matching process. It is
accomplished by creating masks that obviate the need
to discover Key Points (KPs) in parts of the picture when
a reprojection mistake.

Tests were carried out on the two most relevant and
best-preserved Roman Amphitheaters located in the
Campania region: (i) the Amphitheatre of Pompeii and
(i) the Amphitheatre of Avella. For both case studies,
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Figure 1. Research methodology workflow.

the frames were acquired with an assembled hexacopter
equipped with a 24-megapixel Sony Nex 7 camera which
integrates a APS-C sensor (resolution of 6000 x 4000
pixels, image sensor of 23.5 x 15.6 mm, pixel size of 3.96
um) fitted with a fixed Sony E-Mount lens (16 mm focal
length, Field of View - FOV 83°). For the Amphitheatre
of Pompeii, a total of 496 frames were acquired, 301
nadiral frames with the automatic flight plan and 195
frames with manual flight and oblique camera (45° to the
horizontal position). As for the Amphitheatre of Avella,
a total of 626 photograms were acquired, of which 435
with the automatic flight plan and nadir camera and 191
photograms with manual flight and oblique camera. The
software Metashape by Agisoft was used to process the
photogrammetric data.

2. MeTHODS

The images were processed in Agisoft Metashape
(ver. 1.5.1). In addition, a few Python scripts have been
written and performed within the program (Agisoft
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v
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2021) to extract particular processing outputs that are
not available by default, such as reprojection errors. The
reprojection error €i is a geometric error corresponding
to the image distance between a projected and
measured point (Fraser 2013). It is used to determine
how closely a 3D point estimate approximates the real
projection of the point.

Various methods have also been designed and
implemented in MATLAB for statistical analysis and
mask generation.

The following are the significant steps in the Metashape
image processing process:

« Bundle adjustment with the self-calibration
technique for estimating internal orientation
parameters.

« Identifying the KPs on each image, where KP refers
to an “interesting” point on a 2D image; it's usually
a spot that stands out against the backdrop or has
an interesting texture.

« Estimation of relative orientation parameters to
generate a sparse "low density” point cloud.



< Find homologous points in photos by automatically
detecting and matching TPs.

e Computation of the pixel coordinates of the TP
picture on each of the photos that include it.

Although Metashape outputs the numerical value of
the error, a Python script was written to extract the
magnitude and direction of the reprojection error g, as
well as its components & and € on the picture plane
for each TP. The output of Python scripts is stored in
text files.

For each TP, the following information is provided: (i) the
picture IDs that include that TP, (ii) the components of
the reprojection error on each image, and (iii) the TP's
associated image coordinates on each image.

To run the following analysis, the text file is imported
into MATLAB and using the Bayesian Information
Criterion (BIC) (Neath et al. 2012), a criterion for picking
the best model from a finite number of models was used
to find the probability distribution that best suited the
reprojection errors. The method for selecting models is
based on probabilistic statistical tests that seek to assess
the model's performance on the training dataset and
its complexity. This method has the advantage of not
requiring a hold-out test set, but it has the disadvantage
of not accounting for model uncertainty, which may
result in picking too basic models. When comparing two
estimated models, the one with the lowest BIC value is
favored.

The related TP is regarded to be deleted if the value of
any two components of the reprojection error exceeds
a specific threshold (outside the 95 percent confidence
range). From tests carried out in previous works the
t Location-Scale distribution is the predominant
distribution in the analysis of the reprojection error. This
distribution is useful for modeling data distributions with
heavier tails (more prone to outliers) than the normal
distribution. It approaches the normal distribution as v
approaches infinity and smaller values of v yield heavier
tails. The probability density function (pdf) of the t
location-scale distribution is:
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Where T (¢) is the gamma function, p is the location
parameter, o is the scale parameter, and v is the shape
parameter. Masks are generated automatically to filter
out regions where TPs must be eliminated. The mask
is a binary image with only one channel and values
of 0 or 1. When it comes to showing images, one is
white, and zero is black. The masks have the same size
and resolution as the input pictures, with the value 0
denoting the masked image region. To eliminate the pixel
effect, the masks are produced using 2D Alpha Shape
triangulation with the picture coordinates of the TPs
on each image (Gardiner et al. 2018). The Alpha Shape
triangulation creates a bounding area or volume that
envelops a set of 2D points. It is possible to manipulate
the object to tighten or loosen the fit around the points
to create a nonconvex region. And add or remove points
or suppress holes or regions. After creating a shape
object, MATLAB allows performing geometric queries.
For example, determine if a point is inside the shape or
find the number of regions that make up the shape. Also,
calculate useful quantities like area, perimeter, surface
area, or volume, and plot the shape for visual inspection.
Within the Alpha Shapes, all of the image’s pixels will
be replaced with white pixels, while the remaining pixels
will be replaced with black pixels (Edelsbrunner et al,
1983). In addition, the approach is designed to employ
sparse matrices to avoid overflow concerns; this allows
a complete matrix to be converted into sparse form by
squeezing out any zero entries. The whole alignment
procedure was then repeated in Metashape, applying
the masks that had previously been constructed to the
KPs to re-estimate the pictures’ exterior orientation
parameters. The alignment process is enhanced by
masking the KPs with high reprojection error, resulting
in a more accurate and low-noise point cloud. Figure 1
illustrates the research methodology workflow.
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Figure 2. Probability distribution (confidence interval 95%) that best fits the components of the reprojection error.

3. Resurs

The t Location-Scale is the probability distribution that
best matches the reprojection errors for practically all
pictures in Avella and Pompeii projects (Figure 2).

The main results of the automated mask creation
procedure (Figure 3) for two different sample photos
(one nadiral and the other oblique) in the two projects.
The "good” TPs, i.e., those with the reprojection error
within the confidence interval boundaries, are shown by
the green pixels (Figure 3, a).

When looking at the nadiral picture in Figure 3 (a), one
can see that the green pixels correspond to areas free
of vegetation and stable. Figure 3(c) shows the binary
masks generated automatically from the alphashape
interpolation illustrated in Figure 3(b).

The green pixels in the oblique image highlight the
building, but the sky and foliage are erased. This is
true for all of the studied photos for which masks were
created (1122 in total). The sparse clouds created with
the masks' utilization have removed 47 percent of
TPs for both datasets. This aspect demonstrates that
using the masks generated according to the described
methodology improves geometric congruence even
when the reprojection errors are numerically very
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close to those of the original model (without mask);
this was to be expected because filtering based on the
reprojection error does not provide significant noise
reduction benefits (Barba et al. 2019).

4. CONCLUSIONS

The proposed method enables the automatic generation
of masks on the images to eliminate those Tie Points
with unacceptable reprojection error. The results are
encouraging.

The study of the probability distribution of the
reprojection errors using the BIC criterion and a 95%
confidence interval allowed to identify the values of the
reprojection error components.

The results show that the masks created improve
image alignment by aiding the Scale Invariant Feature
Transform (SIFT) method in identifying homologous
positions in different images and significantly reducing
processing time.

The cloud of Tie Points after the application of the
masks is significantly less noisy than the one obtained
with standard methods, allows the creation of a more
accurate model able to describe the general geometry
of the historical structures.
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Figure 3. a): Identification on the image of the TP inside the confidence interval (green pixels); b): Alpha Shape triangulation (transparent red); ¢): Binary mask.
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ABSTRACT

The research presents the analysis of an archaeological cultural site: the
cenotaph of Palinuro. The contribution is developed on two tracks, firstly,
the investigation of indirect sources aimed at understanding what the
monument represented in the iconography of the Cilento landscape;
furthermore, the site analysis artifact in the contemporaneity using drone
technology for the process of photogrammetry. The objective is to focus
attention on an interesting item of the Cultural Heritage, little studied and
known, to engage a process of dissemination and enhancement carried
out by new technologies.



DRONE FLIGHT AS A KNOWLEDGE TOOL FOR GULTURAL HERITAGE

1. THE ROLE OF DIGITAL TECHNOLOGES IN THE
APPROACH TO KNOWLEDGE FOR RESTORATION

The significance of the protection and enhancement of
Cultural Heritage is one of the subjects at the center
of the Italian and European cultural debate for several
decades. Our territory is rich in sites of historical, artistic,
and architectural interest. For many years the interest
in the protection and enhancement of tangible and
intangible Cultural Heritage is focused on the best ways
to transmit it to future generations and on how to make
these resources easier to be known and accessible.
For this reason, Cultural Heritage must be conceived
as a resource to be reintegrated into the dynamism of
contemporary society. Nowadays it is necessary to deal
with the multiple modes of communication of the actual
community, characterized by the digital age.

As evidenced by the main commitments both at the
local and global governmental level (COM(2018)
267 final), which have focused on the role of digital
transition, to be set up in a system to enhance the
potential of innovation in favor of the different
needs and perspectives related to knowledge,
fruition, and enhancement of Cultural Heritage. «/n
terms of European strategic lines, Cultural Heritage
and digitization are two of the main areas of action
that transversally empower the social, economic and
international relations of the "New European Agenda
for Culture 2018", which assigns full relevance to the
Digital4Culture strategy» (Puma 2020).

The development of new technologies, whose potential
and multiple fields of application are getting more
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consolidated, in the study, in knowledge and promotion
of Cultural Heritage allows more sophisticated analysis
of the architecture.

These innovations, which are becoming more accessible
from an economic point of view, have also opened
scenarios regarding the diffusion of advanced digital
approaches, aimed at the knowledge of the heritage,
but also at its valorization thanks to the sharing on
digital platforms. This approach helps to establish a
dialogue with the younger generations, accustomed
to multimedia devices, in order to stimulate their
curiosity, interest and create a mechanism of awareness
of Cultural Heritage.

2. THE CASE STUDY: THE CENOTAPH OF PALINURO

AND HIS HISTORY

The object of this study is the Cenotaph of Palinuro.
The site is located at the top of a southern promontory
of the coastal strip of the village of Pisciotta, in the
National Park of Cilento, Vallo di Diano, and Alburni. The
Cenotaph appears in the state of an archaeological ruin
strongly degraded because of the continuous exposure
to atmospheric agents. The first acknowledgment of this
site as an object of notable historical interest occurred in
1930 by the Sovrintendenza ai Beni Culturali of Salerno,
which on that date placed a metal seal on the top of
the archaeological ruin (Mautone 2003). Later, at the
beginning of 2018, this protection has been consolidated
by a decree of the Regional Secretariat for Campania
of the Ministry of Heritage and Cultural Activities and
Tourism, which recognizes the Cenotaph as an item of
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Figure 1. Atlante Marittimo delle Due Sicilie, plate V, A. Rizzi-Zannoni, 1792.

particularly relevant archaeological interest (D.S.R. n°385
del 30/01/2018).

From the historical point of view the Cenotaph of
Palinuro appears in literature for the first time at
the end of the XVIII century in the work of Giuseppe
Antonini entitled “La Lucania, | discorsi” (Antonini 1795).
The author approaches the site's descriptive process,
deepening the most relevant aspects. He outlines the
position of the artifact concerning the geographical
references of the time. This geographical referencing is
absolutely accurate and finds a faithful comparison on
the coeval Atlante Marittimo delle Due Sicilie by Rizzi
Zannoni (Figure 1).

Similarly precise appears the description of the
Cenotaph of Palinuro made by Antonini regarding the
geometric dimensional assets as well as concerning
the state of conservation of the building in the late
eighteenth century period (Antonini 1795). The
geometrically detailed exposition makes the features
of the Cenotaph intuitable and highlights the simple
dimensional ratios that constitute its essential rule. The
annotations concerning the state of conservation of
the work punctually identify the static criticalities linked
to the collapse of the southern wall and of the relative
access vain; at the same time, these annotations identify
the elements of great value that had been transferred
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Figure 2. On the cover: Cénotaphe de Palinurus, W.Gmelin, gravure, 1819.

up to that time, such as the fragment of plaster of
the inner minor vault, which at the end of the 18th
century still presented traces of pictorial decoration.
The representation made in literature of the overall
state of the object in relation to that period is further
corroborated by the drawing made a few years later
by Franz Ludwig Catel and further developed in an
engraving by Wilhem Friederich Gmeiln and released
in Europe in the first quarter of the nineteenth century
(Figure 2).

The dating of the structure is uncertain, the report
attached to the decree of the regional secretariat
for Campania presumes a plausible collocation of
the construction period of the Cenotaph to the first
century BC.

Finally, the ethno-anthropological examination
carried out by Antonini in his excursus on the
Cenotaph defines and identifies in the epic mythology
the reasons that induced the local populations to
erect the celebratory funerary monument object of
this research (Antonini 1795).

The analysis of the current state of the object reduces
the scale to an archaeological ruin of which it is
possible to recognize the square planimetric structure
of approximately 6.70 m emerging from the ground
level for a height in its maximum development of
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3.00 m. The ruin has walls composed of stone blocks
ranging in size from 15 to 20 ¢cm, the mortar courses
are severely eroded, to the point of compromising the
coherence of the components of the wall. The upper
part of the archaeological site is largely colonized
by low Mediterranean vegetation. Fragments of the
southwestern and north-western cornerstones emerge
from the vegetation. In a central position, it is possible
to detect, in a fragment of the wall not attacked by
the vegetation, the circular metal seal placed by the
superintendence in 1930 which is mentioned at the
beginning of the paragraph.

3. METHODOLOGICAL APPROACH

Themethodologicalapproachadoptedfortheacquisition
of data related to the site subject of this study is driven
by the need to investigate the archaeological find in its
geometric and material consistency without carrying
out actions that could be potentially dangerous for the
archaeological heritage. For this purpose, is particularly
appropriate the process of an indirect photogrammetric
survey operated through the acquisition of images
by a support UAV then processed through the use of
a specific software “Structure from motion” for data

Figure 3. The cenotaph of Palinuro. Part of the data set for the aerophotogrammetry.
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processing to obtain a sparse point cloud, dense point
cloud, mesh model and finally a mesh model with texture.
The absolute lack of contact between the detector and
the object allows firstly the absence of risks related
to the damage of the artifact (Parrinello et al. 2020).
Secondly, this mode of inspection allows operating the
preliminary actions of knowledge of the site without
exposing the operator to the risk of close contact with
architectures of which is not possible to know the level
of structural stability or whose access is made complex
by prohibitive orographic conditions of the context.
Photogrammetric data acquisition was conducted using
a Dji Mavic mini 2 drone. The device is equipped with a
12 Mpixel photographic sensor measuring 6.3 x 4.7 mm
with characteristics of 4mm focal distance, 24 mm focal
length, and 83° FOV visual angle. The sensor is assembled
on a three-axis stabilization gimbal system and has an
operating angle that allows camera rotation from -90°
to +20°. The use of a UAV system belonging to the CO
category is related to several reasons of technological
order, authorization, and affordability. Concerning the
technological evolution, the device considered today of
the entry-level class is equipped with a photographic
system of comparable performance to the equipment
of professional imaging drones available on the market
in 2020 (Dji Phantom 4). The homologation class CO
provided for drones with a take-off weight of less
than 0,250 kg allows a considerable simplification of
all authorization procedures for the realization of low
altitude VLOS missions. The third parameter used for
the choice of this type of equipment is the high degree
of accessibility both in economic and operational terms.
This aspect considerably increases the range of users
who can have access to the technology and use it for the
collection of preliminary data that are not intended to
replace the most advanced professional acquisitions but
that are a fundamental element for the development and
expansion of the database of knowledge of objects of
great historical, artistic, architectural and archaeological
value that are scarcely known or even unknown to the
scientific community and the protection authorities.
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The acquisition process, about the small size of the
object of study, has involved the realization of several
revolutions at different altitudes around the item (Figure
3). The first revolution was made by a cycle of shots
made with angle 0 of rotation of the sensor for the
acquisition of images orthogonal to the vertical plane at
an altitude of 1.50 m from the base of the object equal
to 39.50 m above sea level. The subsequent rotations
around the object have used an increasing angle of
shooting realizing complete series with an inclination
of -20° (altitude 4,00 m), -45° (altitude 6,80 m), and
-60° (altitude 8,70 m), finally, the acquisition process
was concluded through the realization of shots with an
inclination angle of -90° orthogonal to the horizontal
plane to achieve a series of images that capture the
artifact from the zenithal point of view starting from
close shots in a 4x4 grid (altitude 10.60 m) subsequently
reduced in relation to the growth of the capture altitude
up to a single shot at an altitude of 33.70 m.

The processing phase of the data acquired through the
survey campaign has generated a sparse point cloud
composed of 34100 points subsequently thickened up
to 4991000 points in the development of the dense
cloud. The consequent model composed of 1351000
polygonal meshes is metrically compatible with the
dimensional references acquired during the survey
campaign. It has been therefore possible, as the last
phase of reconstruction structure from motion, to
apply the texture to the mesh model generated by the
photogrammetric process, in order to provide to the
model a material connotation (Figure 4).

A, THE DRONE AND NEW TECHNOLOGEES, AS A TOOL
FOR  KNOWLEDGE, ENHANCEMENT, AND  HERITAGE
CONSERVATION

The architectural survey is certainly the base for the
geometric and morphological knowledge of the
architectural heritage. Every project of architectural
restoration begins with a process of systematic analysis,
thorough, as the result of an interdisciplinary approach,
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aimed at a meticulous acquisition of knowledge of the
object of study (Campi et al. 2018). An initial phase
of direct awareness of the object is followed and
accompanied by careful bibliographic and iconographic
research, the so-called indirect sources. The survey of
the artifact is among the first fundamental cognitive
acts, followed by a series of studies necessary and useful
to the diagnosis of the phenomena of degradation and
instability: through in-depth surveys of materials and
degradation.

The use of drone and aerophotogrammetric process
allows a global knowledge and analysis of the
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architectural artifact or archaeological rests, permitting
the overflight and the shooting of images from above.
The development of orthomosaics is useful to obtain
differentinformation of qualitative, as well as quantitative
type, to analyze and identify the phenomena of
degradation. These allow the realization of knowledge
elaborations of the archaeological heritage at a scale
of representation of 1:50. The detail obtainable from
the elaboration of zenith orthophotos and photo
plans related to the four elevations of the artifact allow
expanding the degree of knowledge of the object
through the production of materic representations and
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Figure 4. The cenotaph of Palinuro. The phases of the aerial photogrammetric process. From the left above: sparse point clouds, dense point
clouds; From the left below: mesh model, textured mesh model.
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Figure 5. The cenotaph of Palinuro. Materic graphic restitution.

subsequent analysis related to the state of degradation.
The three-dimensional model, useful to study the
morphological conformation, in the archaeological
field represents a possibility of considerable interest,
especially for the non-invasiveness of the inspective
action. A necessary study, not only to understand the
complexity of the object but also for the definition of the
restoration project, whether purely conservative or aimed
at reconstructing the functional structure of the object.
This technology, in addition to offering an important
instrumental contribution, for knowledge and diagnostic
investigations, represents an extraordinary possibility
regarding the diffusion of heritage through digital
reconstructions.

The post-pandemic scenario has accelerated a global
process of transformation and digital innovation, forcing
the entry into the average citizen’s daily life of several
technologically advanced processes, just think of the
widespread use of calls and smart working.
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In this perspective, the research intends, in a second
phase, to capitalize on the use of virtual platforms
where it is possible to upload and make accessible, even
if only virtually, the object of study. The aim is to focus
attention on a part of the abandoned and forgotten
heritage of high historical, artistic, and cultural value.

5, CONCLUSION

This research aims to reflect on the great importance of
digitization tools, not exclusively related to the survey
but finalized to the knowledge and investigation of
the heritage. «The appearance of the documentation
becomes even more important when the policy of
conservation concerns both the physical object that the
immaterial memory of the historical, artistic and cultural
artifact that maintains and forward in time» (Bertocci,
Parrinello 2015).

The first outcome of the research concerns the efficacy
of the use of entry level technology for photogrammetric
processes, not as a substitute for the more advanced
technologies used by the scientific community, but as
a useful tool to amplify the process of knowledge of
the large number of heritage sites still poorly studied
spread on the territory. The long-term objective of this
type of research is related to the possibility of creating
a database of open access knowledge able to make
the data available and expand as much as possible
the awareness of the architectural and archaeological
heritage. The objective is to draw attention to a scarcely
known and analyzed site, which is an element of great
importance in the iconographic construction of the
Cilento coastal landscape, that has been the object of
important representations as illustrated above.

An anthropic element placed at the top of a hill, in
strong synergy with the coastal landscape, which
has now lost its identity character of a fundamental
element. Its study and digitization want to be the first
step to establish a process of knowledge aimed at
the preservation and promotion of the heritage. The
innovative nature of the methodological approach
lies in the possibility of analyzing categories of similar
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Figure 6. The cenotaph of Palinuro. Comparision between iconography and contemporaneity. On the left: Cénotaphe de Palinurus, W.Gmelin,
gravure, 1819. On the right: view of the cenotaph and his en-vironmental landscape from a similar viewpoint identified through the drone flight.

objects, implementing the lack of knowledge, and
starting virtuous mechanisms of enhancement and
protection of Cultural Heritage. The Italian territory
for its characteristics of dense historical stratification
combines richly known territories described and
analyzed with areas that for reasons of inaccessibility
remain unknown or forgotten.
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ABSTRACT

Using drones in the architecture field is very useful in terms of the
dissemination of Cultural Heritage and a fundamental tool in order to
reach universal accessibility in it. Thanks to the use of drones and advanced
photogrammetry softwareswe can make known our Cultural Heritage
through interactive 3D models, virtual reality VR and augmented reality
AR of these models and, even, mockups. This way, we can achieve that our
Cultural Heritage, considered like one of our gratest attractions, reaches to
all the society without limitations.



DRONES IN ARCHITECTURE RESEARCH:

METHODOLOGICAL APPLICATION OF THE USE OF DRONES FOR THE
ACCESSIBLE INTERVENTION IN A ROMAN HOUSE

N THE ALCAZABA OF MERDA (SPAIN)

1. INTRODUCTION

As we know, the use of drones has been consolidated in
many areas such us the cinematographic industry, events
broadcast or, even, fiscal control. However, the use of
drones it is not yet consolidated in other many areas,
like architecture, topography and Cultural Heritage, that,
apart from providing really good results, it approaches
this new technology to the majority of the society whom
actually uses of drones become too distant. Futhermore,
we can't forget how useful could be this technology for
the study, the reconstruction, the recreation and the
maintenance of the discovered archeological remains of
our countries (Parinello, Picchio, 2019, p. 1).

Therefore, the fundamental goal of the applications of
drons in the architecture field is those which pretends
reach universal accessibility all around our cultural
and architectural heritage in addition to favour its
dissemination. For it, we follow a process based on
the use of drones (Rueda Marquez de la Plata, Cruz
Franco, Cruz Franco, Gibello Bravo, 2021, p.11,12) like
an innovative and useful method for taking datum and
a correct process of these datum through an advanced
photogrametric software. In this contribution, we are
going to apply this methodology (Rodriguez Sanchez,
2021, p.30-39) n the roman remains of a house located
inside the Alcazaba of Mérida and the importance of the
use of drones in the accessibility interventions proposed
of this kind of heritage. This contribution is based on
a previous research about the roman remains of the
Alcazaba de Mérida. (Gomez Bernal, E., 2021, p.36-42).
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2. METHODOLOGY

Next, we are going to carry out the methodology based
on the taking datum with dron (Templin, Popielarczyk,
2020, p.8) and the processing of the images obtained
applied to the roman house od the Alcazaba of Mérida
(Parinello, Picchio, De Marco, DellAmico, 2019 p. 4).
The first step of this method is based on the historic,
constructive and evolutionary analysis of the roman
remains mentioned as the base of the study and de
developement of the photogrammetric survey (Cruz
Franco, Rueda Marquez de la Plata, Cruz Franco, Ramos
Rubio, 2017, p.4). The contruction solutions that the
romans used to built its houses, the transformations of
these techniques and, even, the facings and coverings
they used must be studied (Figure 1).

Figure 1. Constructive solutions of the roman house of the Alcazaba
of Extremadura.
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To understand the followed methodology first, we
must be clear about photogrammetry concept.
Photogrammetry is an accurate method to get three-
dimensional (3D) datum from two-dimensional(2D)
information compile through the taking of photographs.
This method is totally employed in 3D reconstruction,
renovation, analysis and maintenance of cultural and
architectural heritage as digitalization of the seek
information about it (Parinello S., Picchio F. 2019, p. 3,4).
Thus, photogrammetry, using cameras or, in this case,
drones, create models that reproduce the state of the
heritage generating a new information system (Parinello
Picchio, Dell’Amico, De Marco, 2019, p. 19,21).

The previously mentioned method consists on the
following steps:

2.1 SELECT THE WORKING AREA

First of allit is necessary to select the archeological
remains, the architectural heritage or just a part of it in
which we are going to apply this procedure.

As a continuation, we have to establish an order for the
taking photos considering the drone access conditions
and limits refered to the place where we are. Finally,
we have to consider the weather. In order to get better
results we have to avoid strong shadows so, if we can,
the taking datum should be done during cloudly days.
In this case, the selected zone is the roman house located
inside the Alcazaba of Mérida that, due to this house is
located outdoors, it hasn't got any space limitations for
the taking datum with the drone.

2.2, TAKING DATUM

In second place, we proceed to take photos with the
drone. It is important that each time we have to take
datum, we have to use the same drone due to all the
images have to be taken with the same focal distance
and it is characteristic of the dron. In this case, the
ultralight drone DJI MAVIC MINI has been used for the
taking datum (Figure 2).

Besides, one of the most important parts with regard to
obtain good results is the positioning of the necessary

targets to orient the images that the program is not
able to orient automatically and to connect parts of a
large model to obtain a good result without distortions
(Figure 3).

These targets are numbered and they must be always
placed where they were pointed in the first taking
datum in order to get a good result from the fusion of
the different models.

When we are working on architectural and Cultural
Heritage, the positioning of targets could be difficult
because, in most cases, we find large areas of remains

Figure 2. Taking datum.

Figure 3. Positioning of targets.



to which we cannot access due to the protection of the
specific heritage or because of the security risk that it
entail.

With regard to the take of photos, the optimal
methodology to get better results is those which is based
on overlap images trying that the targets appear in as
many images as is posible to help the photogrametric
software to relate them.

In addition, to avoid holes in our final 3d model, it is
necessary that a same zone of the heritage which
photogrammetric survey we are carrying out appears in
different images with differents points of view. Thus, this
procedure cannot be improvised, we must previously
establish an order to organize the job, optimizing the
time duration of the batteries and making easier the
process of the images to the software.

2.3, GENERATING POINT CLOUDS AND TRIANGLE
NETS AS THE FINAL PROCESS OF PHOTOGRAMMETRY

When we have taken datum, we use the processing
images software called Agisoft Metashape. Inside this

software, the first step consist of charging the images
taken with the dron (Parinello, 2020, p. 4,5).
Then, we orient the images prepared to be process.
The drone receives a GPS signal which let orient them
directly according to the coordinate system that the
drone use for the taking datum. The majority of images
will be oriented automatically, nevertheless others won't
be pointed and we have to point them in a manual way.
From the oriented images we get a dispersed point
cloud which must be convert on a dense point cloud
which let us see the shape of the part of the heritage
we are studying. It let us filter by confidence removing
those which “make noise” in the final result (De Marco,
2022, p4).
This dense point cloud give us the following results:
* A planar Digital Elevation Model (DEM) which
permit us seeing the current slope in the studied
heritage;
* A triangle mesh that join the points of the point
cloud. Applying a texture to this net, we obtain a 3D
model which must be scale 1:1 to get really useful

Methodology

@ Select the working area
Select a place

Physical datum

Taking datum
Position

ng of targets

Overlap the images 1/3

Figure 4. Workflow diagram.
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results to the society. Futhermore, we can create
ortophotos from XY and YZ planes that give us
sections to promote a quite approximately view of
the measures of Cultural Heritage.

This procedure (Figure 4) give us really good results
keeping its low cost in mind. It is an affordable, quick
and simple procedure that anypeople can carry out
with some basic notions about the managment of the
drones. Photogrammetry with drones permit obtain
accurate measurements, however, the precision of this
method could be improve through other more accurate
survey tools like a Terrestrian Laser Scaner (TLS).

3. INTERVENTION

Actually, people can access to the mentioned roman
remains throug a platform that join the general zone of
the Alcazaba and the roman road or through a platform
that penetrate into the remains (Figure 5). However,
there isn't an accesible itinerary for people with reduced
movility. What is more, nowadays, anypeople can come
into the roman house, so everybody get a non realistic
view of these remains.

For it, the proposal intervention was based on creating
a serie of platforms and ramps that allow everypeople
get into the roman house giving a realistic view of the
roman life in this house in addition to allow people
with reduced movility access to this roman remains,
considering that, actually, it is impossible for them.

On the other hand, the connection between the west
roman road and the south roman road must be kept to
allow the movement of visitors through them, so the
planned intervention must be carried out in accordance
with this issue (Figure 6).

Firstly, from the 3D model we obtain planimetry based
on which we get real measurements of those places
that we cannot access in person. Then, we generate
sections through precise photogrammetric cuts of
the model (Cruz Franco, Rueda Marquez de la Plata,
Cruz Franco, 2020, p.9) in order to understand the
architectural configuration of the heritage and study the
characteristics, measurements and volumetry of it.
Combining the contour lines provided by the DEM and
the information obtained from the sections, we get
the altimetric heights required to plan the proposed
accessibility intervention (Figure 7).

Figure 5. Existing access to the roman road and existing platform that penetrate into the remains.
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Figure 6. Intervention based on platforms and ramps.

In this case, the proposal is based on the execution of a
platform that connects the Alcazaba with the interior of
& the roman house and the west road.
From these altimetric heights, we know the slope to
overcome both at the beginning of the ramp and at
the platform that crosses the passage over the wall
, until reaching the interior of the Roman house. Based
Lis on it and on the route selected for the development
of the platform, we calc the slopes, taking into account
compliance with the spanish accessibility regulations
- (Figure 8). Thanks to this step we could outline the
access to the interior of the roman house and maintain
the access to the roman road.
il In addition, to carry out the proposed intervention,
it is necessary to design and calculate a structure in
Figure 7. Planimmetry. Sections with the accessibility proposal. order to support the mentioned platform and to make
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possible its construction. In this calculation, the main
consideration to keep in mind is considering that we are
working in an intervention on roman remains considered
as Cultural Heritage so we can't execute foundations
and the calculated structure must be supported by the
existing substrate (Figure 9).

When we have completed these steps, we proceed to
generate planimetry to permit the execution of this
accessibility proposal (Figure 10) and a 3D model of
the planned intervention supported on the 3D model
generated with a drone.

For the final step we get 3D renders of the intervention
throug softwares like Lumion which let me obtain videos
and photographs (Figures 11 and 12) that simulate the
implementation of this intervetion on real life.

4, Resurs

Besides the possibility to carry out an accessibility
intervention, we obtain other interesting results from
the photogrammetry methodology (Zhihua Xu et all,
2014, p.5).

By one hand, from the images taken with the dron, we
get a group of photograps which we can employ in the
informative panels that normally are located near the
Cultural Heritage as an explanation and a way to orient
the visitor. Futhermore, there are online platforms like
Sketchfab where we can upload the 3D model with
notes generating interactive models (Ramos Sanchez,
2021, p.119). On the other hand, thanks to the described
procedure and online platforms we can take our heritage
everywhere (Monterroso-Checa et all, 2020, p.12,13)
accessing, even, to those corners which anybody
can access by another way. What's more, people with
reduced mobility could access to those points like any
other person without these limitations. This accessibility
is achiveved through the new technologies that offer us
novel results that some years ago were unbelievable.
These results are virtual reality (VR) and augmented
reality (AR). Both of them let us visiting from home the
roman remains of the Alcazaba of Mérida getting over
the accessibility limitations that could prevents it.



Using virtual reality glasses and the 3d model uploaded
to the online platform, we could see, explore and move
(Obradovic et all, 2020, p.14) around the heritage we have
been working about. This technology transform a 3D
model into an interactive experience and it become the
future of museum resources (Barrado-Timon, Hidalgo-
Giralt, 2020). We can’t forget that universal accessibility
doesn't mean just a physical concept. A full accessibility
involves also a sensorial and a cognitive concept. About
sensorial accessibility, mockups can be generate to assist

“‘ “““\“ \“““ 1
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Figure 12. View of render.
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the understanding of the heritage and to allow a those
people with sensorial issues enjoy and undestrand the
heritage as well as any other person. On the other hand,
about cognitive accessibility, 3D models uploaded to
Sketchfab favour the understanding of the heritage
through the notes that appear with the model (Figure
13). Just when our heritage would been accesible to
everypeople we could talk about the required universal
accessibility that we are looking for our Cultural Heritage.

5, CONCLUSION

In conclusion, thanks to the advance of the technology,
to the use of the drones in some areas in which its use it
is not consolidated yet and whose consolidation supose
a great profit for all the community, to the advance of
the photogrammetric softwares, to the use of online
platforms which show our heritage around the world, to
the implementation of the heritage through mockups
and, finally, to the mix between the photgrammety
process and the digitalization of the information, we can
reach a biggest dissemination of the Cultural Heritage
and the universal accessibility to them.
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Figure 13. Diagram about the evolution of the research about universal
accessibility.

As demonstrated, it has been possible to project a one
hundred percent accessible entrance to a venue that
until now had no accessibility thanks to the help and
photogrammetric precision that the use of drones has
given usinacomplex project in terms of its development.
and its elevation and level changes.
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ABSTRACT

Uncrewed Aerial Systems (UAS) are nowadays a consolidated technique for the
3D metric documentation of Built Heritage. Nevertheless, a complete survey
of complex heritage assets still requires the integration of different techniques,
using a multisensor and multiscale approach. The research presented in this
contribution relates a documentation experience achieved on a complex
heritage asset, from multisensor data acquisition, through data processing and
validation to the phase of 3D modeling and HBIM creation.



UAS PHOTOGRAMMETRY AND SLAM FOR THE HBIM MODEL
OF THE MIONTANARO BELLTOWER

1. INTRODUCTION AND CASE STUDY

The documentation of Built Heritage is a complex task
that requires to be carefully planned and executed
(Letellier, 2015; Patias, 2007; Remondino & Stylianidis,
2016). The developments of Uncrewed Aerial Systems
(UAS) over the last decade allowed to speed up and
simplify the overall documentation process in different
fields of applications and specifically also in the one
of Built Heritage. A rich scientific literature is available
regarding the different approaches that can be adopted
with these platforms and the operative guidelines for
implementing data acquisition and processing (e.g.,
Adami et al., 2019; Chiabrando et al., 2017; Nex &
Remondino, 2014; Remondino et al, 2012; Russo et
al., 2018). Nevertheless, a complete survey of complex
heritage assets still requires the integration of different
techniques, using a multisensor and multiscale
approach (Achille et al, 2018; Georgopoulos, 2018;
Remondino & Stylianidis, 2016).

Furthermore, while the acquisition and processing
phases are generally managed with consolidated
strategies, the phase of 3D models generation and data
interpretation still presents some major challenges.
This aspect is particularly evident in Heritage Building
Information Modeling (HBIM) workflows where the
data collected and processed need to be further
interpreted, validated, modeled, and enriched (e.g.,
Banfi, 2020; Brumana et al., 2013; Yang et al., 2020).
This phase presents a series of challenges that need
to be faced, new solutions that need to be researched,
and new approaches yet to be validated and studied.
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The research presented in this paper relates a
comprehensive and thorough experience completed
on a complex heritage asset: the Santa Marta Belltower
designed by Bernardo Antonio Vittone between 1769-
1772 A.C. for the municipality of Montanaro (Figure
1), a little town close to Torino (Northwest of Italy).
This asset was designed and built together with other
structures with which it forms a unique heritage
palimpsest. The belltower is indeed the fulcrum of the
architectural composition, while the other structures
are: the town hall, the brotherhood of S. Marta, and the
parish church. This project represents the integration
between the secular community and the sacred
space in the XVIII century municipality of Montanaro
(Battaglio, 2000) and was carefully designed by the
architect (Figure 2). The belltower is approximately 48
m high; it becomes slender in the progression toward
the top and has a peculiar internal spiral stairway
made of stone. Considering that this asset should be
part of a new requalification project in the next years, a
complete metric documentation of the tower and the
surroundings was necessary.

2. Dama ACQUISITION, PROCESSING, AND VALIDATION

A detailed 3D model of the belltower was completed
combining different techniques: in particular UAS
photogrammetry was used for the exterior part of
the belltower while Simultaneous Localization And
Mapping (SLAM) based solutions were adopted for the

On the cover: aerial view (from south) of the Santa Marta Belltower and
the buildings around.
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interior. All the different acquisitions were referred to
the same coordinate system thanks to a set of ground
control points measured with traditional topographic
techniques (Global Navigation Satellite System -GNSS
and Total Station surveys) that were used also for
evaluating the accuracy of the different processing
approaches. The final products of the documentation
project were requested to meet the nominal map
scale accuracy of 1:100 (precision under 0.02 m with
an accuracy of 0.04 m). The topographic network was
constituted of a total number of 8 vertices (five in the
square facing the tower and three in some intermediate
floor in the indoor). All the vertices were measured by
mean of Total Station and, moreover, two of the vertices
outside the belltower were measured with GNSS static

carried out by B. A. Vittone: the main facade (1769-1772).

technique, to georeference the network with respect
to WGS84 Datum (UTM Zone 32N coordinates).
Secondly, UAS acquisitions were performed to achieve
a complete 3D reconstruction of the exterior part
of the belltower. The UAS deployed in the field was
a DJI Phantom 4 Pro' and, considering the urban
conformation of the area and the proximity of other
buildings it was decided to perform manual flights,
to guarantee a better control of the platform during
the operation. Images were acquired starting from the
ground to the upper limit of the tower and to ensure
the desired Ground Sample Distance (GSD) of 3 mm,
a mean distance of 5 meters was maintained between
sensor and object. For each facade both nadiral and
oblique images (with respect to the facade average
plane) were acquired for a total number of 543 images
(Figure 3). This acquisition solution was preferred to
the Point of Interest (Pol) flight scheme for two main
reasons: i) to avoid flying over the nearby building and
ii) to guarantee a lower acquisition distance from the
tower with a consequent lower GSD and higher detail.
To document the interior part of the tower a rangebased
approach was used exploiting the SLAM algorithm
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Figure 3. UAS acquisition scheme (left) and examples of acquired
images (right).
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within the ZEB Revo RT2. This approach is sustained by
a recently new technology that however has proved
to be suitable also for heritage documentation under
certain conditions (Barba et al., 2021; Chiabrando et
al., 2018; Malinverni et al., 2018; Sammartano & Spano,
2018). During fieldwork, the operative and wellknown
procedures for acquiring data with this system were
followed (Riisgaard & Blas, 2004), and specifically,
closedloop acquisitions were achieved. The acquisition
with the Zeb Revo RT started and ended outside the
belltower entrance and the operator reached the
higher accessible area inside the belltower, a total
number of four scans was acquired. The acquisitions
with TLS were not conceived to cover all the volume of
the belltower, and thus only few scans were achieved
to serve as ground reference. A Faro Focus3D X 330 TLS
was used for data acquisition and a total of eighteen
scans were acquired covering part of the exterior of
the tower and part of the indoor areas. The processing
and the final products derived from the acquisitions
were metrically and geometrically validated following
two approaches: the use of Ground Control Points
(GCPs) and Check Points (CPs) and the comparison

with a Terrestrial Laser Scanner (TLS) dataset that can
be considered a more consolidated technique and can
thus be used as a ground reference.

Both artificial papercoded targets and natural features
were used as GCPs and CPs and were measured by
mean of a Total Station in the interior and exterior part
of the belltower. The points measured on the exterior
were mainly used for the UAS data processing and
validation, while the ones in the interior were crucial
to ensure a reliable connection between indoor and
outdoor and to control the interior acquisitions. In
the exterior part, it was possible to measure 67 points
while 32 were measured in the interior. Concerning
data processing, it was decided to follow consolidated
strategies for all the different acquired data. Images
acquired during the photogrammetric flights
were processed in a commercial solution (Agisoft
Metashape) exploiting the standard pipeline: from
image matching, via the Bundle Block Adjustment
(BBA), metric validation through GCPs and CPs (Table
1), point cloud densification, and generation of
added value products such as Digital Surface Models
(DSM) and orthophotos. Due to the high number of

Table 1. Main processing results of the photogrammetric processing.

Images  N° GCPs 3D RMSe GCPs (m)

N° CPs

3D RMSe CPs (m) GSD (m)

543 27 0.009

8 0.008 0.003

Dense cloud

Sparse cloud

T

Mesh Model Mesh Model with texture

Figure 4. Example of the quality of the 3D models generated by the UAS photogrammetric processing on a portion of the belltower.
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One of the point cloud acquired with the ZEB Revo
RT (left) and acquisition path (right)

Scalar field representation of ZEB Revo
RT point cloud (acquisiton time)

UAS and SLAM point cloud coregistered

Figure 5. Workflow of the on the field survey (left), schema of the GNSS network and the position of the ground marker used for the photogrammetric

UAV processing (center)). Topographic measurements total station (right).

images and the reduced sensorobject distance, it
was possible to generate a high detailed 3D model,
as shown in Figure 4. The TLS dataset was processed
using its dedicated solution: the Faro SCENE software
and two different approaches were followed for the
outdoor and indoor dataset. The outdoor scans were
firstly registered using an Iterative Closest Points (ICP)
algorithm and then georeferenced using the ground
control points measured during the fieldwork. For the
indoor dataset, the control points were used for both
the registration and georeferencing phase, due to the
different and more complex geometry of the scan
positions influenced by the environmental constraints.
The accuracy of the targetbased registration was 1
c¢m for the outdoor dataset and 0.5 cm for the indoor
dataset. The first step of the ZEB Revo RT processing
(Figure 5) foresees an optimization of the acquired
point cloud thanks to the SLAM-based algorithms
and is then followed by a registration of the SLAM
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point cloud in the same reference system of the other
acquisitions. The first step is performed in GeoSLAM
hub and the operator's possibility of processing
customization is quite limited.

In the second step inside GeoSLAM hub, the different
point clouds are roughly aligned and then registered
by the software via the “merge” function. During this
second step the SLAM scans were then coregistered
with the TLS dataset using an ICP registration in the
open-source solution CloudCompare®. The RMSE
(Root mean square error) resulted from this operation
was approximately around 4 cm. A more detailed
description of the acquisition and processing phases
can be found in (Teppati Lose, Chiabrando, & Tonolo,
2021; Teppati Lose, Chiabrando, Novelli, et al., 2021)
while more information about some tests connected
to Spherical Photogrammetry approaches completed
using the belltower as test sites can be found in
(Teppati Lose, Chiabrando, & Tonolo, 2021).
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3. FROM POINT cLOUDS T0 HBIM

Two main products were generated starting from the
point cloud derived from the metric survey: traditional
2D drawings and a first HBIM model. The creation of an
HBIM “as-built” model represents a further step of the
documentation project of the belltower.

As is well known, the use of this type of data (point
clouds) in the BIM software solutions is still not fully
implemented and different challenges need to be
addressed when adopting this approach, especially
when dealing with a complex architectural object.
Different solutions were tested in the BIM software used
(Autodesk Revit), both using built-in tools and external
plugins or software.

The first approach tested for the creation of the HBIM
model consisted in a more consolidated solution,
that started with the import of the point cloud in the
Autodesk Revit software and the subdivision of the
belltower in different main portions. For each of the eight
portions created a series of sections was then extracted
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Figure 6. Standard approach from point cloud to solid geometry.
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to serve as the geometrical base for the creation of the
main volumes constituting the belltower. Thereafter,
the sections were manually vectorialized and served
as core elements to create the main volumes of the
belltower (Figure 6). After this first phase of modeling,
each face of the new volumes created was converted
into wall elements, and information derived from the
joint use of indoor and outdoor data was applied (e.g.,
thickness, stratigraphy, etc). Concluded this initial
modelling phase, it was necessary to refine the details
of the belltower (decorative elements, windows, niches,
etc.) that needed to be individually modeled exploiting
different tools provided by Revit (e.g. cutting geometry
using solids) and using as reference the different point
clouds. It was particularly challenging to model the
molding and the decorative bands for which three
different strategies were tested: i) sweeping a 2D profile
along a path, ii)using AutoCAD and Rhinoceros to create
more complex NURBS and, iii) increasing the number of
sections on the element to be modeled (Figure 7).
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Furthermore, considering that some decorative
elements are repeated on the four facades it was
possible to create specific families inside Revit and to
customize all the related parameters.

A final step of this process was connected with the
enrichment of the HBIM models with a series of
information. Data derived from historical sources and
in situ inspections concerning the wall stratigraphy
and materials were added to the model. Moreover,
extracts of the orthoimages of each facade were

Strategy 2

AutoCAD +
Rhinoceros

Strategy 1

Revit Revit

FEANSRN PR CORBEALEEAY /S 0WAA -

Figure 7. Example of the different modeling approaches tested.

Strategy 3
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connected as image parameters where it was necessary
to underline specific features such as state of decay,
missing elements, etc. The generated HBIM model was
finally validated using an M2C (Model to Cloud) analysis
thanks to the plugin FARO As-Built for Revit; results
from this analysis are reported in Figure 8. It needs to be
reported that the plugin failed to analyze the portions
modeled inside Rhinoceros and thus further analyses
are needed on these elements. The image reports the
analyses conducted using the point clouds as a ground

ST

Strategy 1

Strategy 3
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reference and shows the deviation of the HBIM model.
As is possible to notice results can be considered
satisfying, especially for a complex asset like the Santa
Marta Belltower and are in a range of few centimeters.
Results are under 2 ¢cm in areas constituted from the
more simple geometries of the belltower, while a bigger
deviation can be observed in the more complex parts

M2C analysis (cm)

Figure 8. The final HBIM model and the results of the M2C analysis.

where the modelling phase was more challenging
(mainly in the higher moldings of the structure).

4, CONCLUSION AND FURTHER PERSPECTIVES

The documentation project of the Santa Marta
Belltower allowed tailoring several issues connected
with the different phases of the documentation work,
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exploiting all the survey pipeline from survey design,
via data acquisition, processing and validation, to
the generation of addedvalue products including the
HBIM model. In this contribution, the focus was on the
modelling phase. After data acquisition and processing,
for the creation of an as-built parametric model. It is
clear from the experience conducted and from the
result presented that, despite the advancement of the
last years, this phase is still the most time-consuming
and the one that requires a high effort from the
involved operators. Automatization is still missing,
or at least is at its initial phase of development, and
the use of point clouds in the modelling requires
expertise and experience. Different strategies have
been tested for the management of survey products
in the phase of 3D modelling, both inside the Revit
software, both using external solutions or ad hoc
plugins. Nevertheless, every strategy has its own pros
and cons and needs to be selected mainly considering
the characteristics of the asset. This is particularly
evident when dealing with Built Heritage which lacks
the possibility of standardization and still requires the
research of new solutions for enhancing this phase of
work. A contribution in this sense can be provided by
the recent development of Al (Artificial Intelligence)
approaches applied to Cultural Heritage, which is a hot
research topic continuously evolving.

NOTES

1 https://www.dji.com/uk/phantom-4-pro/info#specs
2 https://geoslam.com/solutions/zeb-revo-rt/

3 https://www.cloudcompare.org/
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ABSTRACT

This contribution presents the study carried out on the Tower of Belem,
a UNESCO World Heritage Site since 1983. The events of recent years
have focused attention on the importance of the "digital projection” of
Cultural Heritage and the various forms of archiving and dissemination of
information associated with it. The aim of the research was to document
the heritage, creating a database of three-dimensional models for
possible conservation, maintenance and enhancement of one of the
jewels of the Portuguese capital



METHODOLOGIES FOR THE PROTECTION OF THE PORTUGUESE

ARCHITECTURAL HERITAGE

1. INTRODUCTION

Cultural Heritage can be defined as a living memory
of Digitisation, facilitated by recent technological
innovations, is an essential action to make it accessible,
allowing the information associated with it to be stored
for knowledge of the places, thus contributing to its
conservation, enhancement and use.

The digital survey responds to the request of
international organisations regarding the need for
documentation in a precise, detailed and timely
manner. It provides not only a scientific basis for study
and research (TorresMartinez et al. 2016) but also a
tool for the design of heritage conservation strategies.
As it is known, in the cognitive process triggered by
the survey, drones are representing a tool capable
of acquiring extremely advantageous information by
increasing the pace and speed of the related data
acquisition activities. The use of such instrumentation
is therefore to be considered a resource for achieving
increasingly high performance objectives and
producing widespread knowledge for the benefit of
all. (Parrinello, 2020)

This contribution presents the results of the study
conducted on the Tower of Belem, recognised as a
UNESCO World Heritage Site in 1983, together with the
nearby Monastero dos Jeronimos, for its high historical
and symbolic value.In 1755, the Portuguese capital was
hit by a major earthquake, followed by a tsunami that
destroyed much of the architectural heritage located
near the coast. Given the location of the Tower and
the possibility of a similar catastrophic event occurring
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again, the aim of the survey was therefore to carefully
document the state of conservation of the building,
providing a digital source of graphic and iconographic
data for possible reconstruction work on one of the
jewels of Lisbon and Portugal in the event of a disaster.

2. HISTORICAL NOTES ON THE BELEM TOWER

The Tower of Belém is a 16th-century fortification
located in Lisbon along the northern bank of the Tagus
River, serving as both a fortress and a ceremonial
gateway to the city by combining the originality of a
Gothic watchtower with a modern, pentagonal, well-
armed bastion.

Built during the height of the Portuguese Renaissance
at the behest of King Manuel I, the architectural
artefact was an addition to the network of structures
for the military defence of the river mouth formed
by the towers of S. Sebastido da Caparica and Santo
Anténio in Cascais. This allowed crossfire between
the two banks, preventing enemy ships from entering
the capital, which had become one of the world's
commercial centres after the Great Discoveries. There
is some speculation that the Tower, built in the middle
of the Tagus, now stands adjacent to the coast after
an earthquake struck the city in 1755, redirecting
the course of the river. The Portuguese Ministry of
Culture and the Institute for Architectural Heritage
have ascertained that the fortress was built on a
basaltic rock outcrop, belonging to the Lisbon-Mafra
geomorphological volcanic complex, close to the shore
(Figure 1). Progressive urban development, extending
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towards the coast, gradually integrated the Tower into
the coastline. The project, presented by the military
architect Francisco de Arruda, who envisaged the use
of a local white-beige limestone in the Lisbon area, was
completed in 1519 and took the name Castelo de Séo
Vicente de Belém, in honour of the patron saint of the
Portuguese city. A drawbridge, decorated with plant
motifs and armillary spheres, surmounted by the royal
coat of arms and flanked by small columns (Figure 2),
gives access to the bastion, which consists of two parts:
a 30-metre high quadrangular tower and an irregular
hexagonal bastion with elongated flanks jutting out
into the river to the south.

NN

Figure 1. The Belem Tower in Lisbon, north-west view. (Guerriero Fabiana 2021)

The former is considered one of the main works of
the Manueline late Gothic Portuguese style. This is
evident from the crosses of the Order of Christ, the
armillary spheres and the twisted rope, clear symbols
of the organic Manueline style of nautical inspiration.
On four levels, the structure houses a cistern with a
ribbed vault on the ground floor and on the first floor
the Sala do Governador, connected by corridors to the
watchtowers located in the northeast and northwest
corners. A spiral staircase leads to the second and
third floors, which respectively house the Sala dos
Reis, a loggia with a seven-arched portico overlooking
the river, and the Sala das Audiéncias. The last level,
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recognisable from the outside by a terrace with shields
of the Order of Christ, houses a chapel with cross
vaults and niches, emblematic of the Manueline style,
supported by sculpted corbels. This room differs from
the others, which have hollow concrete slabs on the
roof. The whole structure is crowned by a terrace with
pyramidal battlements enclosed by four turrets, from
which it is possible to admire the monumental river area
of Lisbon. The lower part of the bastion, the casemate,
has openings for 17 cannons and embrasures that offer
a view of the river, while the upper part, decorated with
rounded shields, has lookout posts at strategic points.
The latter, topped by domes with ridges, unusual in

European architecture, and decorative elements, are
characterised by corbels with zoomorphic ornaments
(Figure 3). From the base of the bastion, two arcades
open onto the main cloister to the north and south, while
six broken arcades extend along the eastern and western
parts, interspersed with square pillars.

The open cloister above the casemate, although
decorative, was designed to disperse cannon
smoke. The upper level was instead used for light
calibre infantry. This diversification underlines a new
development in military architecture as the Tower of
Belem represents the first Portuguese fortification

with a twotier gun emplacement.

Figure 2,3. On left: The Belem Tower in Lisbon. levatoire bridge (Guerriero F. 2021); on right: the Belem Tower in Lisbon, watchtower. (Guerriero F. 2021)
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3. RESEARCH TOOLS AND TECHNOLOGIES

The continuous evolution of surveying tools
and techniques highlights how the use of these
methods represents an added value capable of
speeding up times and improving the accuracy of
the work (Luigini, 2007).

As is well known, there are various methods available
to produce three-dimensional models, including
photogrammetry, which is widely used in the field as
it enables dynamic and accurate information to be
obtained from photographs by transforming two-
dimensional information into three-dimensional
information (Ceconello, 2003). The decision to use an
image-based method was considered suitable for the
documentation of the artefact under examination,

taking into account both the lighting conditions
and the purpose of the survey: to conduct a correct
reading of the architectural object by applying the
rules of scientific rigour, to return a comprehensive
and objectively valid three-dimensional image and
to develop support documents for projects for the
protection, enhancement and promotion of the
UNESCO heritage through the use of a non-invasive
technique. The dimensions and geometry of the
object to be surveyed required the use of different
instruments, with two types of photography: one on
the ground using a digital camera and one at altitude
using a DJI Mavic Mini 2 four-wheel drone. The latter
weighs 249 g and features a camera, integrated into the
gimbal to maximise image stability during movement,

Figure 4. The Belem Tower in Lisbon. Perspective view of the dense point cloud, obtained through the process of aerial photogrammetry and identification
of the acquisition points (left). Flight plan of the drone (right). (Guerriero Fabiana, 2021)



with a 12 MPixel sensor, wide-angle 4 mm focal length
lens and 83° FOV (Field of View).

The sets of drone photographs were taken in several
flights following a grid idealized vertically and
horizontally divided into modules: shots were taken in
manual mode along each axis of the aforementioned
grid by varying the altitude and axis of rotation of
the camera, without changing the distance from the
object to be acquired (Fraser, Al-Ajlouni, 2006). The
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convergence of the axes thus ensured the coverage of
the surfaces of the architectural apparatus, constituting
a valid informative support both from a metric and
qualitative point of view (Figure 4). The photographic
data, approximately 400 taken with UAV instrumentation
and 250 acquired by camera, were initially subdivided
according to the fronts and environments in which they
were taken in order to diversify the development of the
3D models and optimise the management phase.

Figure 5. The Belem Tower in Lisbon. View of the main elevation of the dense point cloud and tex-tured mesh obtained through the photogrammetry
process. (Guerriero Fabiana, 2021)
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The photographs, imported into a specific 3D photo
modelling software, were then processed following a
workflow based on four phases: Align Photos, Build
Dense Cloud, Build Mesh and Build Texture (Barba S.,
2020). During the first part of the process an algorithm,
evaluating the internal parameters of the camera
(focal length, position of the main point, radial and
tangential distortions) as well as the camera positions
for each shot, produced a dense cloud. In the next
step, by reprojecting a larger number of pixels for each
aligned camera, the Dense Cloud was created, which is
fundamental for the subsequent processing of a three-
dimensional high-poly model. Finally, according to a
texture mapping algorithm, the 3D mesh was textured.
This last process, operates, as far as the result obtained
is concerned, generating a uniform image, without
over or under zones, of the portrayed object capable of
returning a very realistic perception (Figure 5) (Kairiene
L., 2020). Of particular importance was the use of the
UAV instrumentation able to observe the Tower from
new points of view and to take frames that the digital
camera had not been able to acquire, such as the entire
roof and the upper part of the elevations (Figure 6).
The joint use of the two instruments strengthened the
calculation and processing of the dense point cloud,
avoiding local deformations by the software.

The acquired frames, besides guaranteeing a
considerable metric precision of the result, verified
through fundamental measurements identified in
situ, allowed the reconstruction of a complete three-
dimensional photograph of the Tower of Belem capable
of providing colorimetric and material information
derived from the photographic acquisitions (Benedetti,
Gaiani, Remondino, 2010). The three-dimensional
models elaborated by the SfM photogrammetric
survey give the possibility to explore the peculiar object
of study and have also allowed the extrapolation of
orthophotoplans in CAD software on the basis of which
traditional two-dimensional multi-scale drawings
have been elaborated, such as plans, elevations and
sections, rich in descriptive details.
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The outputs of this cognitive process, in addition to
deepening the graphic and theoretical study of one of
the symbols of the urban landscape of the monumental
river area of Lisbon, are therefore a tool capable of
facilitating the interpretation of historical dynamics as
well as the design of strategies for the protection of
this Cultural Heritage.

4. CONCLUSIONS

The Tower of Belém, one of the most remarkable
monuments in Lisbon and Portugal, is a testament
to the transitional nature of military architecture,
with defence features from the Middle Ages and the
modern Renaissance. A symbol of power and a jewel
of architecture from the reign of King Manuel I, it is
a landmark of Portuguese identity. The study, using
interactive software for graphic restitution, digital
representation, image-based techniques and 3D
modelling, shows how the technological revolution has
opened up horizons for the visualisation of Cultural
Heritage by providing multimedia tools that make
it possible for a wider public to enjoy the heritage
(Svalduz, 2013).

The aim of the research was to carefully document
the state of conservation of the property, through a
consolidated survey process, constituting not only an
iconographic database but also an archive of three-
dimensional performing models of one of the nation's
most famous cultural attractions of architectural
interest, proposing possible interventions for the
enhancement. The innovation will be in terms of:
documentation -with the generation of engineering
plans-, visualization -all the information about the
monument would now be shown in a 3D virtual
space-, and diffusion, through the creation of
online material that will allow generalized virtual
visits. This multidisciplinary and technological
vision of heritage protection aims to be the digital
key tool in current efforts to conserve, study and
promote Cultural Heritage.
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Figure 6. The Belem Tower in Lisbon. View of the dense point cloud coverage (left), the textured mesh (centre) and the three-dimensional model

(right). (Guerriero F. 2021)
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ABSTRACT

The depopulation of small villages impacts built heritage conservation. A
fast, low-cost and imple-mentable survey methodology, that combines
lightweight UAV with target-less approach photogram-metry and
traditional techniques, has been employed in the village of San Giovanni
Lipioni (Italy) to measure several buildings units (51) of surrounding
aggregates with the same point cloud. The out-comes are (i) synthetic
factsheets that collect geometric, typological, and state of conservation
data to outline the most suitable refurbishment interventions; (ii) the
drafting of a “Restoration Manual”.



JAV PHOTOGRAMMETRIC SURVEY AS A FAST AND LOW-COST
TOOL TO FOSTER THE CONSERVATION OF SMALL VILLAGES,
THE CASE STUDY OF SAN GIOVANNI LIPIONI

T INTRODUCTION

Over the last decades, the depopulation of small villages
has become a significant phenomenon in the rural areas of
many European countries, causing social, economic, and
demographic repercus-sions (Pulpén 2020). Consequently,
not only the tangible and intangible local culture is directly
threatened, but also the identity connected to traditional
construction characteristics (Engelbrekts-son 2009).

In 2007, the number of people living in urban areas had
surpassed the rural population, and, in 2050, more than
68% of the world population will live in cities (United
Nations 2019). In Italy, marginal areas’ progressive
abandonment was followed by the definition of the
National Strategy for Inner Areas (SNAI) and the approval
of legislative measures to face this issue using specific
funds and financial resources. The SNAI identified
72 inner areas, characterised by a lack of services and
extremely rich in natural and Cultural Heritage, and two
main objectives: (i) enhancing the natural and Cultural
Heritage and (i) improving and adapting primary services
(mobility, schools, health) (Strategia Aree Interne 2020).
Priority actions are needed to fight the loss of cultural
identity as intangible heritage (Postiglione, Lupo
2006). However, the large amount of funds allocated
does not meet concrete actions, so often bottom-
up initiatives coordinated by local inhabitants foster
directly rehabilitation projects. In this perspective, the
collaboration was born between the Social Promotion
Association APS “Nessuno Escluso” and the research
unit of the Department of Architecture of the University
of Bologna for the revitalisation of San Giovanni Lipioni.

Thevillage is located in the province of Chieti, in the valley of
river Trigno, near the border between Abruzzo and Molise,
and it is included in the inner area "Basso Sangro Trigno".
From 1971 to now-adays, it has recorded a demographic
decrease of over 70% (ISTAT 2011), mainly due to the de-
velopment of large industrial activities (automotive and
food) along the coast, which have encour-aged people
to move closer to their place of work. It currently has 152
residents with an average age of 72 years, divided into the
following age groups: 2% 0-15 years; 3.3% 15-30 years;
39.7% 30-67 years; 55% over 67 years (APS "Nessuno
Escluso” 2020).

The village is characterised by the historic centre and
some expansions in a north-south direction along the
main street. It is almost exclusively residential: there is a
bar, a pharmacy, a doctor's surgery and a small retailer.
This condition inevitably affects the built fabric: only
about 15% of the dwellings are permanently inhabited,
57% are occasionally occupied, particularly in the summer

Figure 1. Photography of San Giovanni Lipioni. (Source: Authors' photography)
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pe-riod, while 28% are currently unused (APS “Nessuno
Escluso” 2020). These few data highlight the urgent
need to safeguard the village and its territory to prevent
its complete abandonment. The strategy elaborated
and presented in this paper is addressed to the existing
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Figure 2. Methodology workflow. (Source: Authors’ graphic elaboration)
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heritage and the urban areas; it aims at promoting the
development of a tourist-residential reality thanks to the
reconversion of the building units and the enhancement
of the village peculiarities through the identification of
significant pedestrian routes across the village.
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2. MeTHopoLoGY

Located on a ridge of 545m.a.s.l., the historic centre of
San Giovanni Lipioni presents typological, architectural,
and construction recurring elements of small Italian
villages of the inner areas in the southern-central
regions (Bonafiglia 2015). Highly compact aggregates
with complex volumes gen-erate an intricated grid
of narrow and steep streets with rare widenings. The
property of housing units is very fragmented and the

ey 4

;[’

cadastral and cartographic documentation is rarely
available in digital form and may present lacks in the
update. This condition contributes to not having a
clear overall image of the village that instead need to
be analysed and evaluated with a holistic perspective
that merges urban and building scale (Cucari 2019).

In recent years, obtaining technically and economically
optimised digital-survey workflows has gained even
more attention, especially for small rural contexts
(Federman 2017).

Figure 3. Upper row: Streets of San Giovanni Lipioni during the photogrammetric campaign; Lower row: photographs of residential buildings of the historical

centre. (Source: Authors’ photographs)
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Figure 4. Mesh models of the historic centre. The analysed building units are highlighted and indi-cated with an alpha-numerical code in which the letter

specifies the aggregate while the number defines units studied inside. (Source: Authors' graphic elaboration).

The morphology of the villages, the closeness of
aggregates, and the shape of roofs could generate
lacks in the TLS point cloud which then needs to bridge
the gap with UAV photogrammetry, thus increasing the
level of complexity and costs of the survey (Chiabrando
2016). Besides, despite the small size of these villages,
it would still be too large to employ these techniques
widespread on large portions of the historic centre
and would not solve the problems concerned with the
fragmentation of properties. Consequently, the digital
survey could present holes in point clouds that would
not be possible to overcome with future campaigns
for a rural municipality due to the specific skills and
instruments needed to employ TLS or photogrammetry.
Starting from these considerations, the paper describes
a fast, low-cost, and implementable workflow of UAV
photogrammetry (Figure 2). This method has been
employed on 51 abandoned building units to achieve
a broad and solid knowledge of the local construction
techniques and architectural characteristics. The use
of lightweight UAVs, suitable for moving between the
narrow streets, and the target-less approach consent
to discard expensive sur-vey tools minimising the
campaign cost and reducing the time significantly. This
workflow employs only the EXIF position data recorded
by the camera associated with the GPS of the drone
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Figure 5. Sparse point cloud of Aggregate F. The first path (P1) was made
with nadiral shots; pic-tures taken along facades constitute the second
(P2); while the third path was carried out to survey the portico and the
widening in the back street. (Source: Authors’ graphic elaboration).

(not RTK), keeping a limited relative error in geometries
and a remarkable grade of precision about buildings
characteristics, proper for 1:50 scale representation
(Massafra 2021).

At the same time, accurate topographic data in
terms of absolute external orientation, calibration
and deformation that could be solved by using GCP
measured with GNSS receivers or total stations is
unnecessary for the re-search outcomes. Consequently,
a target-less approach was preferred.
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Figure 6. Processing of Unit N1, from left to right: Sparse point cloud; Dense point cloud; 3D mesh model. (Source: Authors’ graphic elaboration).

In this methodology, the internal surveys are done
with traditional techniques and can be implemented
progressively when building owners allow access to
their units. Therefore, digital tools are not necessary
considering that plans, sections and facades are
already surveyed.

3. THE COLLECTION AND PROCESSING OF DATA

The data collection has been carried on in two different
campaigns; the first had a longer duration of about
six days with two teams working in parallel, one on
photogrammetry and the other on the photographic
and traditional survey of internal (Figure 3). The second
campaign took place in two working days to survey the
internal of some building units where photogrammetry
was already made. Regarding photogrammetry, a
reasonable error with Ground Sampling Distance
of approx. 3,00-6,00mm/pix on a horizontal plane
allowed employing a cheap DJI Mavic Mini with the
following char-acteristics: open category UAV of CO-
class identification label (MTOM < 250 g), 1/2.3" CMOS
sensor with 12 M.P. effective pixels, images of 4000
x 2250 pixels. The urban context is characterised by
dwellings of modest size, generally two-story-high,
embedded in highly compact aggregates, with a very
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fragmented property of housing units. Consequently,
fol-lowing the standard photogrammetry guidelines
for each unit would have been a long and complex
process. For this reason, large portions of the historic
centre were incorporated within the same point cloud
in order to detect several building units belonging to
surrounding aggregates (Figure 4). From an operational
point of view, three trajectory types were employed as
shown in Figure 5: the first is made with nadiral shots
to the roofs and the context, using a two directions
grid path at an average flight height of 20-25m that
consent to survey the dimensional relationship between
the constructions; the second is taken employing a
similar path parallel to the front and along the side
of aggregates with particular attention providing
information about the state of conservation; the third
is applied in cases of specific elements needing specific
movement to overcome an obstacle or conformation
between buildings. During the flights, the overlap
between two consecutive pictures has been kept at
least 65-70% longitudinally on the same row and 40-
50% transversally between two contiguous lines. The
photogrammetric models were subsequently built in
Agisoft Metashape® 1.6.5, employing four large point
clouds for the thirty building units in the historic centre
and stand-alone or smaller models for those outsides.
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Figure 7. Redrawn of plans merging orthophotos and traditional survey, from left to right: orthophotos of aggregate R, redrawn of unit R1 and R2. From
up to down: from roof to basement plan. (Source: Authors’ graphic elaboration).

Unit R2: Basament plan
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Orthophoto: Main elevation

Orthophoto: Lateral elevation

Orthophoto: Longitudinal section

Lateral elevation

Longitudinal section

Figure 8. Redrawn of elevations and sections merging orthophotos and traditional survey, from left to right in the upper row: orthophotos of main facade
and cross-section of aggregate R, redrawing of same documents. From left to right in the lower row: orthophotos of lateral elevation and longitudi-nal-
section of aggregate R, redrawing of each document. (Source: Authors' graphic elaboration)

The processing phase has followed standard workflow
parameters (Figure 6): high accuracy in the alignment
of a varying number between the 560-1460 photos in
the large mod-els, using generic preselection, reference
preselection, key point limit of 40,000 and tie point limit
of 10,000; medium quality building dense point clouds
with medium quality and mild filtering mode in-depth
maps generation. Afterwards, in order to create high-
quality orthophotos, dense point clouds have been
cleaned from unnecessary points or not necessary
geometries as vegetation or traffic signals.

Finally, 3D mesh and texturised models were
generated employing medium quality param-eters to
obtain a reasonable faces number without reducing
the orthophotos quality. Finally, high-resolution
orthophotos were extracted to investigate different
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aspects: the horizontal orthophotos of plans or roofs and
the vertical orthophotos of sections provide the outer-
edge outlines that guarantee the accurate geometric
data on which merge the traditional internal survey; the
ver-tical orthophotos of facades offer detailed texturised
images useful for the crack pattern, deterioration and
different construction phases analysis. The collected data
were elaborated and redrawn on a scale of 1:50 (Figure 7
and 8), merging the photogrammetrical survey with the
traditional one.

In this representation scale, a graphical/reading error of
0,5mm corresponds to 2.5cm, therefore the survey can
be considered reliable for the realisation of synthetic
factsheets that collect the geometric, typological, and
state of conservation data to outline the most suitable
interventions for a functional refurbishment.
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Figure 9. Above, 2 frames of a second-seismic shock (November 2016) and 2 frames of a flight after the debris removal (April 2018) (by M. Canciani).
Below, volumetric model of the post-seismic situation (April 2018) (by M. D’Angelico).
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4. Resuits

The drawings and outcomes of analysis on the 51
building units have been collected in synthetic
factsheets using Microsoft Excel. A deliberately simple
form facilitates understanding for people with-out a
technical background, easily identifying the structural
issues and the related solutions. The evaluation sheets
are organised into sections, each of them containing
specific information:

¢ Location data — the building unit is catalogued with
an alphanumeric code providing the ad-dress and
geographical coordinates;

« General information — this section summarises the
main unit data like the typology, the num-ber of floors,
the construction period and the current use;

« Geometric data —including drawings (plans, elevations,
sections) - the number and type of rooms are identified,
including data concerning the surfaces (DPR 1142/1949);
« Construction and conservation state characteristics of
walls and horizontal structures - an alphanumeric code
classifies the types of structure and information about
dimension and conservation state. The Masonry Quality
Index (MQI) is evaluated for vertical structures and
construction weakness for horizontal ones;

« Risk and the state of damage assessment — the
vulnerabilities are identified, as well as the presence of
damage and which structural component is involved;

« Summary of recommended types of structural, energy
and conservation interventions on plants, vertical or
horizontal structures and roof;

+ Detailed list of most suitable intervention types that
link the structural, conservation of finishes and energy
weaknesses with the solutions proposed in the previous
point. These factsheets have been further summarised
in a graphic poster form containing only the essen-
tial information to analyse characteristics and issues of
the various building units, which an example follows
in Figure 9. The overall analysis has produced three
synthetic schedules concerning the structural solutions,
the finishes elements, decorative and functional
components (Figure 10).
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This cataloguing highlighted construction characters
of San Giovanni Lipioni, recurring in many other
villages of the Abruzzo Region (Ranellucci 2004).
From a structural point of view, there is a preva-lence
of irregular stone masonry (73.1%) with steel floors
(67.2%), wooden roofs (67.9 %), brick-vaulted stairs
(48%). The main decorative elements are brick or stone
portals (24.6% and 14.8%); the eaves are built with
the traditional technique of “Romanella” in which two
rows of “Pianella” bricks and one of imbrexs (35.7%)
or only two-row of imbrexs (21.4%) are used to make
the overhang; balconies characterise about one-third
of the facades, while traditional ovens or fireplaces the
two-thirds of inner spaces. As regards the finishing
elements, facades appear in masonry or are plastered
in a similar frequency both on the outside (55.3% and
44.7%) that inside (57.9% and 42.1%), win-dows are
mainly in wood (63.4%) while traditional terracotta
tiles constitute the 25.3% of the floors finishing. All
this information is collected to produce a “Restoration
Manual” of the built heritage of San Giovanni Lipioni,
inspired by the rich tradition of Italian manuals as an
example the Restoration Manual of Citta di Castello
(Giovanetti 2000). The primary purpose of this kind of
book is to collect, catalogue and graphically represent
the local construction techniques to disseminate
and provide guidelines to safeguard the traditional
characters of built heritage.

D. CONCLUSIONS

The paper describes a fast, low-cost, and implementable
methodology of surveys, consisting of the combined
use of photogrammetry and traditional techniques that
allowed identifying the uniformity in the construction
and architectural characters of the built heritage of San
Giovanni Lipioni, through the cataloguing of about 50
building units. Therefore, synthetic factsheets suggest
the most suitable types of intervention to preserve
the original traditional characters of the built heritage.
Furthermore, the mapping and analysis of historic
buildings allow achieving a broad and solid knowledge,
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Figure 10. Structural, finishing and decorative/functional elements schedule. (Source: Authors’ graphic elaboration).
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that will define a wide enhancement program of the
territory of San Giovanni Lipioni, through the creation of
natural and cultural trails for hiking or cycling that involve
the closer municipalities in a tourism net-work offering the
product "nature-active holiday”. Indeed, an untouched
and untransformed land-scape represents a precious
value for rural areas (Tempesta 2010), highlighting the
need to pre-serve and enhance the natural environment
and Cultural Heritage. These achievements are also at the
centre of the current municipal and regional strategies for
developing the Basso-Trigno area in the Abruzzo Region
(Regione Abruzzo 2017).
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ABSTRACT

The paper presents the experience of surveying of the Renaissance
Church of Madonna della Pieta near the village of Calascio (LAquila, Italy)
employing a SfM (Structure from motion) technique. Using a light drone
has been possible to operate at different scales, from the elaboration of a
DTM of the site, to a precise 3D model of ornaments inside the church. A
comparison is also presented between the results obtainable with drone
photos and those taken from the ground. Finally, some considerations
are presented about indoor droning, in relation to the maneuvering
possibilities and the expected results.



CXPERIENCE OF INDOOR DRONING FOR CULTURAL

HERITAGE DOCUMENTATION

1. INTRODUCTION

The diffusion of multirotor drones that are lighter,
easier to handle and cheaper allows their use inside
the buildings to document, survey and analyze indoor
spaces, architectural details, statues, bas-reliefs, etc.
This kind of drones, manually driven, give to the user
the opportunity to freely move in the real surrounding
space and environment, see and take pictures. In
this way drones offer the opportunity of multiple
direct observations, making easy operations that in
the past could have been carried out with the use of
telescopic rods, scaffolding, platforms, or balloons
for photogrammetry. In a sense, it is a kind of aerial
photogrammetry at the architectural or manufact scale.
The paper presents the experience of surveying of the
Renaissance Church of Madonna della Pieta near the
village of Calascio located 1440 meters above sea level
on the Gran Sasso Mountain, in a completely natural
environment, and just 200 meters far from the famous
fortress of Rocca Calascio.

The site can only be reached on foot, along a path of 500
m which has a difference in height of about 60 m. This
clearly makes it awkward to use heavy or bulky tools.
The use of a light drone made it possible to document
and survey the building at very different scales, starting
from the outside, from the territorial context, and arriving
at the details of the interior decoration. By integrating
the data obtained from the photogrammetry with those
deriving from the direct survey, it was therefore possible
to carry out a complete survey of the architecture and a
satisfactory documentation of the entire area.
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2. THE CASE OF STUDY: THE CHURCH OF THE

MADONNA DELLA PIETA

The Church of the Madonna della Pieta is located in
the municipality of Calascio, in the province of L'Aquila,
within the borders of the Gran Sasso and Monti della
Laga National Park, in the district called “Terre della
Baronia”. The latter follows the territories that historically
were part of the “Barony of Carapelle” and is made up by
the municipalities of: Barisciano, S. Stefano di Sessanio,
Castelvecchio Calvisio, Carapelle Calvisio, Castel del
Monte and Calascio. The whole area was involved in
the transhumance on the Tratturo Magno route, which
connected L'Aquila with Foggia'?. Calascio develops
along the side of a mountain on whose summit the village
of Rocca Calascio is perched at 1465m asl. La Rocca is
the highest fortress in the entire Appennine chain and
in southern Italy, considered by National Geographic
to be one of the most beautiful castles in the world>.
The Church of the Madonna della Pieta is located in an
isolated position, along a path just outside the village
in the direction of the Rocca. The place is extremely
suggestive, sinceitisthelastsettlementbeforethe Campo
Imperatore plateau in the Gran Sasso massif (Figures 1, 2).
The Church was built in the XVI century, as a sign
of thanks for the victory obtained by the local
inhabitants over a band of brigands who, crossing
over from the Papal State, had headed from
Campo Imperatore into the territory of the barony
of Carapelle controlled by the family Piccolomini.
The church is characterized by a mannerist language
and a central octagonal layout. The side of the octagon
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Figure 1. The main facade of the octagonal church of Madonna della
Pieta; on the right the volume of the sacristy, in the background the
Gran Sasso massif, with its highest peak, the Corno Grande, 2912 m asl.

Figure 2. The spatial planimetric relationship between the village of
Calascio, the borgo of Rocca Calascio with the castle and the church
of Madonna della Pieta.

measures 5.64 m externally, the maximum width of the
roomis 11.84 m, the internal surface is 115 m? the height
of the main facade from the ground to the cornice is 10.94
m, the top height of the lantern from the flooris 17.60 m.
There are some examples of churches with these
characteristics in Abruzzo: the closest is the church
of the Madonna della Consolazione in Picenze, also
built in the 16" century and just 13 km away in the
direction of the city of LAquila. Other examples are the
churches of S. Maria di Tricalle in Chieti, S. Maria della
Misericordia in Ancarano and S. Flaviano in Giulianova.
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It is in fact probable that these architectures are the
result of a common cultural line. With the exception
of S. Flaviano in Giulianova, these churches share,
in addition to the octagonal layout and similar
dimensions, the devotional character and the location
on the edge or outside the inhabited areas [4,5,6].
The building adapts to the rocky morphology of the
place through a stone basement from which angles rise,
also in stone that frame the walls. The main facade has
a rich portal with a tympanum surmounted by a large
window with a sumptuous decoration. A series of niches
completes the design of the facade, together with
two windows called “pectorals” that allow passers-by,
originally mainly shepherds, to see inside. The central
hall is marked by tuscan pilasters and is covered by a
wedged dome with a top lantern. Of the various wooden
altars that was to house the church, only the major one
is partially preserved. However, the altar of St. Michael
stands out, made of stucco and masonry, which presents
a rich system of frames and columns, the statues in the
first order of St. John the Baptist, St. Michael and another
Saint, (probably St. Peter of Alexandria patron saint of
Siena, a sign of the influence of Piccolomini family), of
the Eternal Father among two Angels and two cherubs
in the second order, again surmounted by two cherubs
resting on the highest frame. On the right side there
is the sacristy, a simple volume with a rectangular base
placed next to the volume of the church which has only
a pavilion vault on the ground floor and a single pitched
roof (Figures 3, 4, 5).

3. THE SURVEY

The survey campaign took place in a single day, with one
flight outside and one inside. Due to the strong wind
(the site is very exposed to winds as it is very close to the
crest of the ridge on which the fortress stands), in order to
remain in safe conditions, the maximum altitude reached
did not exceed 60 m. In any case, given the rather small
size of the building, the extent of the photographic shots
was considered satisfactory. The drone used (DJI Mini 2)
does not allow automatic flight mode. For this reason,
the flight was conducted exclusively in manual mode. After



Figure 3. Elevation of the main facade of Madonna della Pieta. Top left
the ground floor plan. Drawing by Luca Cetra.
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Figure 4. Cross section of the Church. On the left, in projection, the
altar of St. Michel. Drawing by Luca Cetra.

completing the flight outside, the flight inside the building
was carried out. The size of the room is such that it does
not involve particular difficulties in maneuvering. Attention
was focused on the altar of St. Michael, since the rest of the
room, essentially bare, did not require such detailed data
acquisition. It was therefore considered appropriate to limit
the use of the drone to documentation from high points of
view of the more complex decorative element, and to use
a reflex camera and ground viewpoints for the rest of the
environment. In addition to these activities mainly aimed
at the use of SfM technology, a direct survey of the
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Figure 5. Detail in elevation, horizontal and vertical sections of the
altar of St. Michel. Drawing by Luca Cetra.

plan and of the section was carried out, in particular by
trilateration. This indeed redundant measurement was
carried out in order to be able to compare the results
of the photogrammetric process and a more traditional
process, so as to be able to evaluate the accuracy of
the entire process. In summary, 130 drone photographs
were taken (56 external, 74 internal) in two flights for a
total of 24 minutes of flight. 293 photographs were also
taken with a reflex camera (Canon EOS 1200 D) of which
226 were internal (including 78 dedicated to the altar of
St. Michael) and 67 external (Figure 6).



D-SITE, Drones - Systems of Information on culTural hEritage for a spatial and social investigation

Figure 6. The four different datasets employed, clockwise from top left:
"Inside_drone”, "Inside_ground”, “Outside_ground” and "Outside_drone".

4, ELABORATION PROCESS AND  COMPARISON
BETWEEN DATASETS

The software used for processing was AgSoft Metashape.
Given the desire to make a series of comparisons
between the various results that could be obtained, the
following datasets were used:

For each dataset, the first two steps of the workflow
provided by the software were performed: Allign Photo,
Build Dense cloud. The sparse clouds obtained after the
first step were filtered using the gradual selection tool
on the following parameters (Reprojection error 0.25;
Reconstruction uncertainty 25.0; Projection accurancy
5.0). In the following table the numerical data of these
elaborations have been collected.

We can see how the number of sparse cloud points
obtained from the drone datasets is lower than the
one obtained from the photos taken from the ground,
but the smaller reduction following the application of
the filter, indicates a greater confidence of the former
and a consequent higher quality. Another relevant
consideration is that the "Outside_drone” dataset

Dataset/Chunk

Outside_drone 56 drone photos of the exterior

Outside_ground | 67 photos from the ground of the exterior

Inside_drone 74 drone photos of the altar of St. Michael

Inside_ground 78 photos from the ground of the altar of St. Michael

Dataset/Chunk | Sparse Sparse Cloud | percentage Dense 3D
Cloud points reduction of the Cloud model
points after filtering filter points faces

Qutside_drone 157421 93.952 40.3% 4.662.086 | -

Qutside_ground 140 660 61.288 56.4% 40.537.225 | -

Inside_drone 45317 16.160 64.3% 4824328 | 964.861

Inside_ground 172.331 46.360 73.1% 15.171.769 [ 311.022

concerns a much larger area than the “"Outside_ground”
dataset. So, the most fitting comparison is that between
“Inside_drone” and "Inside ground” concerning both the
same physic area, the altar of St. Michael. The difference
in the number of points between sparse clouds increases
sharply in dense clouds, where it reaches an order of
magnitude. This gap is probably due to the different
sizes of the images (4000x2250px vs 3456x5184px).
However, the model of the "Inside_drone” dataset is
more defined than the “Inside_ground” dataset, with
a 1: 3 ratio in the number of faces since the excessive
size of the dense cloud of the “Inside_ground” dataset
required a more impactful decimation.

In addition to the quantitative aspect, we can proceed
with a qualitative analysis of the dense clouds obtained.
Comparing the Chunks "Outside_drone” vs “Outside_
ground” we can see that "Outside_ground” completely
lacks coverage and the reconstruction of the lantern is
partial and unreliable. On the other hand, in Outside_
drone the quality of the reconstruction in the shaded part
is progressively poorer. This is due to the strong contrast
between light and shadow.
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Probably this inconvenience could have been avoided or
reduced by paying more attention in the phase of taking
the exposure values or acquiring the photographs in.raw
format. Obviously there is also the substantial difference:
the "Outside_drone” dataset allows to reconstruct a
much larger spatial scope and allows, even without the
use of GCP (Ground controlled points), the creation of
a DTM (Figure 7). Turning to the comparison between
the models of the altar of St. Michael, it is evident the

= =N

Figure 7. View of the spare cloud of dataset "Outside_drone” with
overlapped the level curves resulting from the processing of the DTM.

Figure 8. Comparison between the models deriving from the “Inside_
drone” (left) and “Inside_ground” (right) datasets. In the upper part of
the models the definition it's sensibly different.

237

presence of holes in the one obtained from the “Inside_
ground” dataset and a better definition, especially of
the upper parts in the other (Figure 8).

6. OUTPUTS OF THE PROCESS

The results of the elaborations were used to derive a
series of drawings and models employed as base in
order to conduct detailed analyzes for the knowledge
of the building. In addition to the DTM, used to build a
representation with level curves of the area, 2D drawings
of plans, elevations and sections were made, used as a
basis for the survey of macroscopic surface degradation.
Finally, 3D models were made of both the exterior and
the altar of St. Michael. As mentioned in the introduction,
the municipality of Calascio is very small and has limited
resources, and this does not allow the church to be kept
open, precluding its accessibility. The models obtained
were uploaded to the SketchFab.com platform. In this
way, the models are accessible both remotely and in situ
by scanning a QR code on the information panel in front
of the church (Figures 9, 10, 11, 12).

7 CONCLUSIONS

The described experience highlights a number of
strengths of the surveying technique for SfM with the use
of the drone, both inside and outside. The first notable
aspect is that all the field work was carried out with two
flights lasting a total of 24 minutes and a single battery
charge. Bringing the drone to the site did not require
any particular effort and was easier than any other type
of ground instrumentation such as a laser scanner, with
respect to which similar or better results were obtained
in some respects. The internal use of the drone makes the
dataset to be processed even more complete and extends
the scope of the information that can be collected and
the products that can be made, including 3D models of
appreciable quality. Ultimately, the described one turns
outto be amethod of appreciable efficiency and versatility,
which, as the experience described demonstrates, easily
adapts to very different needs with great savings in time
and effort.
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Figure 10. Plan development of external elevations obtained from the
processing of point clouds. Each side it's identified by a letter referred
to the diagram in plan.

Figure 11. Overlap between the models obtained by SfM and the 2D
drawings that have been obtained, relating to the altar of St. Michael,
the cross section and the plan. The elaboration is by Luca Cetra.
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Figure 12. Detail in elevation, horizontal and vertical sections of the
main facade. Drawing bt Luca Cetra.

A final consideration on indoor dronig: in the case study,
the internal environment did not present particular
problems for flight maneuvers, as it did not present
internal obstacles and was rather large in size.

In the experience gained by the operators, we can
say that the main problems that arise in narrower
environments are not so much about the difficulty
of maneuvering: the absence of strong air currents
and the opportunity to constantly maintain visual
contact with the vehicle allow you to operate
generally in safe conditions.
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The problem is rather the distance from the object
to be photographed. In fact, when this is less than
3-4 m, the width of the shot is considerably reduced
and consequently strong problems arise during the
processing phase within the software, compromising
the results. Finally, we want to underline how the
documentation material produced at each step constitute
a value both for the documentation of the heritage and
for its communication and dissemination and, therefore,
it can be considered that starting from the campaign on
site, the investigation process generates the production
and progressive growth of contents that have their own
testimonial and communicative value (Figure 13).

NOTES

1 Clementi A. (1991) L'Organizzazione demica del Gran Sasso nel
medioevo. L'Aquila: Edizioni Libreria Colacchi, 1991.

2 Cialone G., Cifani G. (2012). Le terre della Baronia. L'Aquila: One
group edizioni, 2012.

3 Accesible online at http://www.nationalgeographic.it/popoli-
culture/2013/07/01/foto/castelli-1714269/10/

4 Gavini I. C. (1983). Storia dell’Architettura in Abruzzo. Avezzano:
Studio bibliografico Adelmo Polla, vol. II, 1983.

5 Bartolini Salimbeni L, Delle tipologie religiose nell'architettura
abruzzese fra XI e XIX secolo. In Storia dell'arte dell'abruzzo e del
molise dall'antichita ai nostri giorni, Pescara: Paratore Ettore, 1997, pp.
205 - 306.

6 Vittorini M. (1994), Studio per il parco del Gran Sasso d'Italia, LAquila:
Tecnocasa e.t.a.,, 1994.
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