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Abstract: The latest results obtained through photogrammetric restitution enhanced by GNSS (Global
Navigation Satellite System) RTK (Real-Time Kinematic) survey achieved increased levels of accuracy.
These survey solutions are used to rapidly obtain a detailed model with an excellent level of accuracy
(centimetric) with cheaper equipment. However, the contour conditions are not always favorable
for obtaining the best results in a simple way. The work presented in this paper shows the survey
and the photogrammetric restitution of the Manfredonic Castle of Mussomeli in Sicily, developed as
a part of the PON NEPTIS European Project, aimed at the valorization of Cultural Heritage (CH).
This case is a typical example of a complex survey carried out in an impervious environment where
traditional survey procedures are totally useless or require a longer amount of time and great effort
if a high level of accuracy is requested. In this case, considering the natural conditions of the site,
the only way to perform the task has been the use of photogrammetric restitution based on UAV
(unmanned aerial vehicle) technologies and GNSS survey. The precision obtained from the results
allowed us to create a geometric 3D reconstruction of the monumental complex of the castle for the
valorization of the site, which was the main goal of the whole process. The procedure that is the focus
of this work is a test of rapid 3D CH survey and documentation in an impervious environment.
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1. Introduction

Topographic technologies and methodologies have always been necessary for the protection,
safeguarding, and fruition of archaeological sites and monumental complexes, as well as for geological
analysis for the purpose of hazard assessment [1]. The use of these instruments encounters real
difficulties in survey operations; these operations usually characterize monumental complexes where
problematic access to places, the state of degradation of the structures, and difficulty identifying
the ruins are typical elements of the operations in situ. For this reason, sometimes it is necessary to
solve these issues by developing specific strategies regarding surveys that differ from the procedures
generally followed for simpler scenarios.

In fact, multi-image photogrammetry has become a crucial archaeological tool because it is a
methodology less expensive than the standard procedures that use a laser scanner [2] and because
it allows an acceptable level of precision in the restitution. Indeed, this technology allowing the
reconstruction of the 3D environment has become very useful for the 3D documentation of Cultural
Heritage (CH) [3]. Recently, the increasing diffusion of unmanned aerial vehicle (UAV) systems for
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many survey applications [4,5] has also added fundamental value to photogrammetric solutions for
archaeological surveys.

The use of aerial acquisition allows us to achieve the restitution of an impervious and
complex environment that would be unavailable using standard topographical equipment on the
ground [6]. The study case in this work—the survey and the restitution of the Manfredonic Castle of
Mussomeli—led us to choose this technology in light of the limits related to the short time available
for survey operations, the complex orographic shape of the site, and adverse natural conditions. These
difficulties contributed added value to the goal of this work (that is, the valorization of the Castle of
Mussomeli and the surrounding environment), making the reconstruction of the monument and the
natural surrounding context an interesting challenge to overcome.

2. Preliminary Analysis of the Site: The Manfredonic Castle of Mussomeli

The choice of the best solution to adopt during survey operations strongly depends on the main
features of the considered historic or archaeological site. In particular, the Manfredonic Castle of
Mussomeli (built in 1374 in Sicily by Manfredi Chiaramonte) represents an example of a monumental
complex strongly connected with the natural environment around it. The castle dominates a wide
surrounding area, thanks to the strategic position of its settlement.

It is located on the top and inside of a massive rock, with some complementary structures situated
around the north side of it. The rock presents an extension of about 250 x 150 m on the ground and is
about 85 m in height from the base level (Figure 1).

Figure 1. The surveyed area and its dimensions.

On the south side, the rock emerges the surrounding landscape, and nobody could climb from that
side. The only climbing path available exists on the north side, where the system of walls guarantees a
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less impervious trek from the main entrance to the top of the rock (Figure 2). The central courtyard
and the main buildings of the castle are settled on the top of the rock.

MAIN COURTYARD

Figure 2. The climbing path (in orange) seen in horizontal and vertical projections.

Constant wind characterizes the weather conditions all around the rock (from 6 to 15 m/s speed);
this is probably caused by the orographic position, because there are no mountains in the neighboring
area that could protect the site. Hence, the difficulty of access and the adverse orographic and climatic
conditions make the Castle of Mussomeli an interesting case for experimentation with innovative
survey operations in impervious areas.

3. The Survey Operations

The model of the castle was realized by 3D photogrammetric reconstruction of the outdoor
environment (facades, roofs, and open spaces) and indoor spaces and rooms (Figure 3). The primary
aim of this last procedure was the creation of an image-based reconstruction useful for virtual tourism
applications [7].
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Figure 3. The procedure followed for the restitution.

In particular, the photogrammetric solution allows us to obtain a 3D model with an acceptable
accuracy and sufficient LoD (Level of Detail) to create a virtual reconstruction useful for the sharing of
CH information and for the purpose of the touristic fruition of the castle.

From the beginning of this work, the idea of using ground survey equipment like laser scanners
was discarded due to the particular position of the castle. Indeed, the natural conditions obliged us
to use UAV survey and photogrammetric restitution supported by the acquisition of natural ground
control points. The primary target of this operation was the creation of a 3D virtual reconstruction
of the monumental complex for touristic fruition and documentation, with reduced time spent on
survey operations.

Considering UAV survey operations, the strong and constant presence of the wind required the
execution of multiple flights with crossed trajectories over the top of the rock, far from rocky walls.
In fact, the idea of making flights around the rocky wall was rejected because of the variable wind
conditions around all sides that could alter the stability of the drone, increasing the possibility of a
crash. Another critical issue to solve was the choice of the best location of the base camp for the take-off
and landing of the UAV. In fact, the take-off and landing point of the UAV should be high enough and
with enough free space around in order to take advantage of an open view of the sky to guarantee
the best acquisition of the Global Navigation Satellite System (GNSS) position. For these reasons, the
flight plan was set up by choosing the central courtyard of the castle as a base camp and programming
a flight height of 70 m over the take-off area (Figure 4).
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Figure 4. The UAV landing inside the courtyard of the castle.

To produce an exhaustive photogrammetric restitution, two flights were chosen from all flights
executed: one with the camera in nadiral position, and another with the camera 45° degrees
inclined. For the flights, a DJI Matrice 100 quadcopter was used with a Zenmuse X3 onboard camera.
The resolution of the camera was 12 Megapixels with a 3.6 mm focal length. The Ground Sampling
Distance (GSD) varied according to the elevation of the terrain surface (Table 1).

Table 1. Survey camera data.

Zenmuse X3 Camera

Sensor size 6.17 x 4.55 mm
Resolution 4000 x 3000
Focal length 3.6 mm
Eq. Focal length 20 mm
GSD (Ground Sampling Distance) at entrance square
(120 m distance) 5 em/px
GSD (Ground Sampling D.1stance) at main courtyard 291 em/px
(70 m distance)
Average error 0.214m
Target number 24

At the same time, a GNSS Real-Time Kinematic (RTK) survey of 24 targets was performed
considering visible and recognizable natural points, taken along the only accessible climbing path of
the castle (Figure 5a,b and Figure 6). During this operation, the level of accuracy of the GNSS signal
was threatened by the natural conditions of the site. Indeed, positioning the GNSS station close to the
walls of the castle, we noticed a reduction in signal precision caused by the multipath phenomenon.
Furthermore, the presence of the massive rock that hid a relevant portion of the sky dome reduced the
number of visible satellites and, hence, the accuracy of the GNSS signal.
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(a) | (b)

Figure 6. This orthophoto of the castle with the indication of GNSS markers was generated considering
the DTM (Digital Terrain Model) produced by the photogrammetric reconstruction improved by the
GNSS network. The starting DTM reference was the Sicilian Region 2 m DTM.

At the same time, a multi-image photogrammetric survey of every room was acquired for
the reconstruction of the indoor environments. During these operations, we used an SLR (Single
Lens Reflex) Canon 550D camera with a resolution of 18 Megapixels. In this phase the camera was
positioned on different station points inside every room in order to acquire sufficiently many images
taken from different angles, ensuring the coverage information necessary for the full reconstruction of
the environments.

4. From the Point Cloud to the Restitution of the Model

Once we had executed the GNSS and photogrammetric survey, the SEM (Structure from Motion)
algorithm was used for the construction of the point clouds of the indoor and outdoor environments.
This technology allows the reconstruction of the point cloud using a dataset of photos that captures
the surfaces from different points of view [8]. Indeed, with the recent achievements in computer and
information technologies, traditional procedures for survey operations have been increasingly replaced
with digital close-range photogrammetry [9]. In particular, the reconstruction of the point cloud is
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obtained using an algorithm that defines a probability distribution of the structure using step-by-step
iteration [10].

Agisoft Photoscan® software was used for the creation of the point clouds (Figure 7) and the
restitution of the 3D models. During the processing of the outdoor environment, the flight datasets
of both a 45-degree-inclined camera and a nadiral position camera were used. After a pre-alignment
operation choosing parameters for a high level of accuracy, markers with the coordinates of 24 GNSS
targets were loaded into the project in order to match every visible marker on every image. The flight
plan was programmed considering a 70 m flight height over the take-off surface, obtaining a GSD
(ground sampling distance) of 2.91 cm/px, according to the features of the camera. This GSD value
is relative to the level of the central courtyard of the castle (the higher zone of the site). Instead,
considering the entrance square, positioned at the base of the climbing path (with a 120 m flight height)
the GSD achieved a value of about 5 cm/px (Figure 8).

NS FLIGHT PLAN

70m

GSD = 2,91 cm/px

E
3

GSD = 5 cm/px

Figure 8. The vertical distances and the GSD range.
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As affirmed before, the GSD values changed along the climbing path due to the strong inclination
of the site and the irregular shape of the terrain that produced strong variations in the vertical distance
from the UAV.

The most accurate result was achieved using only the dataset of 142 images obtained from the
45-degree-inclined camera; however, this was strongly influenced by the adverse natural conditions
of the site. In particular, the obtained level of accuracy of the considered GNSS RTK network ranged
between 0.088 m and 0.432 m, achieving a total error of 0.214 m (Figure 9). This value was obtained by
discarding five targets that possessed a larger GNSS error of accuracy and represents an exhaustive
result considering the strongly irregular shape of terrain, the presence of multiple paths, the reduced
number of visible satellites, and the impossibility of producing a more distributed GNSS network of
the target due to inaccessibility of the surroundings. The final dataset was used to create the point
cloud of the outdoor environment.

Marke/r\s Easting Merthing Altitude Errar (m)  Projections Error (pix)
391409.737000  4159705.324000 703.935000 0.000000 0 0.000
O Hﬂ? 101 391428.714000 4159732187000 704748000 0.375187 30 13.053
Hﬂi 102 391440179000  4159700.473000 7O7.690000 0.235335 45 2445
Hﬂ? 104 391482.036000  4159707.275000 708.797000 0.253487 42 2.550
Hﬂ? 105 391513.619000  4159708.573000 711.151000 0.000000 0 0.000
Hﬂ? 106 391548179000  4159704.287000 713.674000 0.431987 15 2199
Hﬂ? 107 391562.738000  4159706.444000 716.229000 0.000000 0 0.000
HQT 108 391576,762000 4159708143000 717.184000 0.385294 5 2112
ﬂﬂ? 109 391563.098000  4159703.437000 719.884000 0.116323 15 3978
Hﬂ? 110 391553.209000  4159697.712000 723.211000 0.088852 13 2433
HﬂT 111 391531,997000  41596096.111000 725.560000 0.157291 14 1439
Hﬂ? 112 391565.331000  4159695.460000 727.067000 0.000000 0 0.000
Hﬂ? 113 391556.424000  4159690.8353000 727.285000 0.000000 0 0.000
Hﬂi 114 391516.773000  4159682.227000 730.418000 0.000000 0 0.000
O [ 116 45 2.440
O 117 18 2610
& 11e 34 2.061
Hﬂ? 119 391515.294000  4159661.919000 748.068000 0.178907 29 7.040
O HQT 120 391537.422000  4159661.820000 732.676000 0.470203 E)| 4.208
ﬂﬂ? 121 391535.240000  4159633.814000 758.374000 0.285006 26 4.076
Hﬂ? 122 391524.250000  4159619.160000 760.835000 0.247042 25 3.383
O HﬂT 123 391507.943000  4139609.765000 769.519000 0.508835 17 3.893
Hﬂ? 124 391544.251000  4159639.422000 754257000 0.31765% 23 2.946
Total Error 0.214742 3.640

Figure 9. Errors and accuracy of the survey restitution.

The reconstruction of the outdoor point cloud was the base for the creation of the 3D mesh of the
entire monumental complex including the natural environment around it. At the same time, with the
same technology, the point clouds of indoor environments of the castle (the baron’s hall, the bedroom,
the chapel, etc.) were created (Figure 10a,b). In particular, a realistic 3D restitution of every interior
room was developed by considering a huge number of photos taken from different angles and different
positions and with some main distances as a reference but without the support of the GNSS network.
The level of precision obtained from this operation was satisfactory in relation to the primary goal of
this 3D restitution: the creation of a realistic 3D model of the castle with a good level of detail, useful
for a virtual tourism application and documentation, and developed using fast survey operations with
a reduced number of operators.
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(b)

Figure 10. (a) An outdoor view of the sparse cloud of the courtyard; (b) An indoor view of the sparse
cloud of the chapel.

Furthermore, this 3D restitution (Figure 11) could grant access to all of the main environments
(outdoor and indoor), matching the cloud with an outdoor topographic reference network guaranteed
by the presence of GNSS markers.

Figure 11. The 3D reconstruction of the outdoor environment from the UAV dataset.

5. Generation of the Meshes and Matching of the Model

The last phase of the workflow was the creation of the final 3D model of the monumental
complex. During this phase, the aligned point clouds were triangulated to generate a 3D mesh of
every represented environment. The LoD (Level of Detail) of the texture of every model was chosen by
considering the extension of the surface recovered in the visualization.

The main reference model consists of the main outdoor shape of the castle, obtained with the
support of the GNSS network. The other models of the indoor environments were matched with the
main outdoor shape. In particular, the main outdoor shape was aligned with the other indoor 3D
models by considering the correspondence between the main architectural elements like portals, walls,
and windows, measured using direct survey operations.

The meshes were matched together using Blender®, open-source 3D modelling software that
allowed us to manage these matching operations, guaranteeing a good level of precision (Figure 12).
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Figure 12. An outdoor view of the castle with the indoor environment seen in transparency.

The final matched model obtained at the end of these operations represented a complete virtual 3D
reconstruction of the castle (outdoor and indoor) and the surrounding area, ready to be implemented
as 3D CH documentation.

This model was also exported to be freely navigable (Figure 13) on the web by connecting to the
GISLab laboratory website at the following link: http://gislab.dirap.unipa.it/mussomeli/index.html.

Figure 13. The 3D navigation model of the castle, navigable on the web.

6. Comparison between the Obtained Results and Other Similar Study Cases

The followed approach to the survey of the castle granted an exhaustive level of accuracy in
the results towards the aim of the research, linked to sharing CH information. In order to verify the
quality of the work, it is necessary to compare the obtained accuracy of the reconstruction with other
similar cases.

One similar case which could be considered, as an example, is the survey and restitution of
the Fornace Penna of Sampieri in Sicily (Italy). This work was developed for the benchmark 2017
activity organized by the Italian Society of Photogrammetry and Topography (SIFET). The studied
cultural good was an interesting example of an industrial heritage building (Figure 14), and different
survey options were pursued in a test area of 25 x 30 m in plane [11]. In particular, considering the
photogrammetric restitution obtained from UAV survey, the error obtained ranged between 4 and
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6 cm when considering different blocks of flights executed at a distance between 10 and 25 m from the
building surface using different cameras, with a GSD value of about 1 cm (depending on the distance
between the camera and the surface and on the features of the sensor).

Figure 14. The Fornace Penna of Sampieri in Sicily (Italy) [11].

The reconstruction of the Chillon Castle in Switzerland was another similar case where a complete
workflow was developed using PixdDmapper® (photogrammetric reconstruction software) [12]. In this
case, different camera-lens combinations were tested in order to compare the obtained different results.
The area of the castle consisted of a surface extended about 130 x 60 m on plane. The error obtained
from the results ranged between 2 and 8 cm, depending on the kind of camera used.

In light of these examples, comparing the results in relation to the extension of the considered
surface and the terrain conditions, the level of accuracy of the reconstruction of the Castle of Mussomeli
is more than acceptable.

7. Possibilities of 3D Documentation of CH Models

The survey and the photogrammetric restitution of the castle of Mussomeli presented in this
paper has illustrated a 3D model processing technique useful for different kinds of representation.
It is possible to extrapolate orthophotos, section planes, or other restitution types that could improve
knowledge on cultural goods. In recent times, new technologies in computer science have provided the
possibility to create, starting from a 3D model, an interactive online representation of a cultural good
with a reconstruction of the environment around it [13]. Furthermore, these technologies, together
with the latest achievements obtained in photogrammetric restitution, allow the construction of a 3D
GIS (Geographic Information System) environment accessible on the web [14]. To get these results
and to load online 3D models of monumental complexes, it is also necessary substantially simplify the
mesh, finding the right balance between the LoD and the speed of access on the web. Finally, the 3D
model of the castle of Mussomeli was used for the creation of a 3D interactive navigation platform
(Figure 15) available on the web [15].



Heritage 2019, 2 785

R CASTELLO MANFREDONICO B« , (&) CORTILE
O MUSSOMEL! S g W3 PRINCIPALE

Figure 15. The main courtyard of the Castle of Mussomeli on the 3D web navigation platform.

8. Conclusions and Future Developments

The process described in this paper shows an example of how it is possible to produce a survey
in a short time and then to generate photogrammetric restitution of a vast monumental complex
positioned in an impervious area, strongly connected with the landscape around it. The LoD and
precision on measurement obtained from this operation are not enough for monitoring the structures of
the monument, but, at the same time, are enough for creating an exhaustive representative 3D model of
the monumental complex, useful for the fruition and the diffusion of knowledge of the cultural good.

This model is also compliant for loading in 3D GIS online interactive applications, which are very
useful for sharing CH 3D models on the web. Indeed, documentation and the digital fruition of a
cultural good is a fundamental task to improve CH conservation [16].

Certainly, the positional accuracy of the survey could be increased by using a reference
topographic network at the rock base level. However, in this case, the time involved in the survey
operation would not be compatible with the goals of this valorization activity. The results of this
experimentation could be considered a reference point for similar cases oriented toward the valorization
of a cultural good. In the future, the workflow shown in this paper could represent a first step for
the creation of a standard methodology of 3D documentation and digitalization of CH usable for any
cultural good.
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