v heritage

N

Article

Virtual 3D Reconstruction Hypothesis of the Mural Decorations
in the Sala de los Amores, Castulo Archeological Site (Linares,

Jaén, Spain)

Ana Carrasco-Huertas *{0, Ana I. Calero-Castillo 112, David Dominguez Rubio 2 and Teresa Lépez-Martinez

check for

updates
Academic Editors: Marco Gaiani and
Anthony Pamart

Received: 19 December 2024
Revised: 7 February 2025
Accepted: 11 February 2025
Published: 14 February 2025

Citation: Carrasco-Huertas, A.;
Calero-Castillo, A.IL; Dominguez
Rubio, D.; Lopez-Martinez, T. Virtual
3D Reconstruction Hypothesis of the
Mural Decorations in the Sala de los
Amores, Castulo Archeological Site
(Linares, Jaén, Spain). Heritage 2025, 8,
73. https://doi.org/10.3390/
heritage8020073

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1

Department of Painting, Faculty of Fine Arts, University of Granada, Avenida de Andalucia, s/n,

18071 Granada, Spain; anacalero@ugr.es (A.I.C.-C.); tlopez@ugr.es (T.L.-M.)

Conservation-Restoration Specialist of Cultural Heritage, 18071 Granada, Spain; daviddr@correo.ugr.es
Correspondence: anach@ugr.es

Abstract: The advancement of digital techniques and reduced costs have greatly facilitated
their integration into cultural heritage preservation. These technologies are especially
valuable in archaeology, where detailed documentation is crucial. However, minimal inter-
vention in restorations often limits public understanding of archaeological spaces, making
digital tools essential for enhancing engagement. An example is the study and the virtual
hypothesis of the mural decorations in the Sala del Mosaico de los Amores, located in the
Castulo Archaeological Site (Linares, Jaén, Spain), dated to the late first and early second
centuries AD. The hall originally featured an elaborate wall decoration, now largely lost
due to the collapse of its walls, leaving only a few fragments in situ. Using SfM photogram-
metry, the hall and the original paintings and cornices—restored in a laboratory—were
documented and virtually reassembled. This process employed precise color calibration
and dimensional scaling to ensure the faithful recreation of the original appearance. In
addition to the anastylosis of the surviving fragments, a virtual reconstruction hypothesis
was developed, offering the public an immersive visualization of how the space would
have looked in its original state.

Keywords: digital; virtual 3D reconstruction; hypothesis; anastylosis; mural paintings;
cornices; restoration; cultural heritage

1. Introduction

The development of digital techniques for documentation and the consequent re-
duction in costs have revolutionized cultural heritage preservation, providing innovative
tools. With the advancement of digital photography, where the contribution of computer
sciences enables the use of conventional cameras, the cost of photogrammetry has been
reduced by replacing the previously required calibrated metric cameras [1]. Additionally,
the use of conventional cameras is significantly more affordable than acquiring expensive
laser scanners, and it is more likely that professionals already have access to one, further
facilitating the adoption of photogrammetry in heritage documentation. This technological
progress has been particularly beneficial in fields, such as restoration and archaeology,
where the meticulous documentation of all intervention processes is essential [1,2]. In the
conservation and restoration discipline, current practices prioritize minimal intervention
approaches. However, these often limit the public’s ability to fully interpret archaeological
spaces or objects. Digital techniques have, therefore, become valuable allies in bridging the
gap between this heritage and society [3-5].
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A clear example of this is the study and documentation of the wall decoration in
the Sala del Mosaico de los Amores, located in the Castulo Archaeological Site (Linares, Jaén,
Spain). Currently, two previous virtual reconstruction hypotheses exist for this space [6,7],
but subsequent research has made them outdated. This work proposes a revision of these
reconstructions, integrating recent findings and newly digitized fragments while leveraging
the latest technological advances (Figure 1).

Figure 1. Virtual reconstructions of the Sala del Mosaico de los Amores completed to date: (2014) © F.
Arias de Haro [6]; (2019) © T. L6pez Martinez [7].

The creation of a new reconstruction will provide the public with an updated view
of what is currently known about the original decoration of the hall. To recreate the lost
elements, the work has relied on previous scientific and historical studies. Such efforts
are essential to help the general public, particularly those without specialized knowledge,
understand what the hall may have looked like in the past. It is equally important, how-
ever, for the audience to grasp the distinction between the original and the hypothetical
aspects of the reconstruction. This information has been conveyed through the use of
a historical-archaeological evidence scale, which indicates the veracity of each element,
ensuring a faithful and educational reconstruction. These type of tools for indicating
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the level of evidence and veracity for each area or element are already outlined in the
Principles of Seville—the international guidelines for virtual archaeology—which state
that it is essential to distinguish between what is authentic and accurate, and what is not
(principle 4.2). Consequently, when creating virtual reconstructions, this distinction must
be explicitly demonstrated.

2. The Case Study of Sala del Mosaico de los Amores in the Castulo
Archaeological Site (Linares, Jaén, Spain)

The city of Castulo, an ancient Iberian-Roman city founded in the third millennium BC,
is located in the province of Jaén (Spain) (Figure 2), specifically, between the municipalities
of Torreblascopedro, Lupién, and Linares, with the latter currently including its territory. It
was one of the most important cities in Hispania, as evidenced by the numerous references
to it in classical works, which extend continuously through all historical periods to the
contemporary era [8].

Linares

CASTVLO

© Msgcrostorio] 0SMarg

Figure 2. Map showing the location of the city of Castulo in relation to nearby towns © A. Carrasco-
Huertas; created with MapCreator.io.

Several factors contributed to its significance, particularly its strategic location in the
Alto Guadalquivir region, near roads and routes that connected all of Andalusia, La Mancha,
and Levante. Additionally, it was renowned for its mining industry, producing iron, copper,
lead, anglesite, and silver, making this exploitation and trade one of its primary economic
resources. Finally, the Mediterranean climate of the region also contributed to the city’s
development [9] (Figure 3).

Its period of greatest prosperity came during the Iberian-Roman occupation, although
the area had been settled since the Middle Bronze Age [10], followed by Arab occupation,
until the city disappeared in the 16th century AD, when it was used as a quarry for
supplying emerging cities in the region [11]. This extensive history of settlements and
cultures makes Castulo an archaeological site of invaluable worth.
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Figure 3. Virtual reconstruction of the city of Castulo in the Roman era © F. Arias de Haro [7].

In 2011, the city was declared an archaeological site, and a series of projects (Castulo
Siglo XXI and Forvm MMX) were launched, enabling the excavation and study of specific
areas of the city. Over the years, numerous buildings and archaeological materials have
been documented, highlighting the city’s significance during the Roman era [12,13]. Among
these spaces, Building D stands out, dating from the first and second centuries AD, and
features an extensive and rich mosaic and wall decoration [6,14].

Within this building, the Sala del Mosaico de los Amores is particularly notable. This
room, approximately 6 x 12 m in size, contains an extraordinary mosaic, after which the
room is named, as well as a tripartite decoration typical of Roman wall paintings. In this
style, the wall is divided into three sections or pontatas, corresponding to the three levels
of scaffolding [15]. The lower area, or base, is decorated with a perspective gammadion
cross in red and ochre tones on a black background, outlined by a white fillet. The middle
section consists of large red panels bordered by a double fillet with an outer white line and
an inner garnet one, with four points decorating the corners, and interpanels featuring
candelabra and other vegetal motifs, among which a human face has been identified. These
decorations are framed by a turquoise green band, flanked by two white fillets. Finally, the
upper section or frieze is decorated with a relief, a polychrome cornice [8].

There is archaeological evidence suggesting that this room was an unfinished work,
demolished while still under construction [16]. It is believed that the demolition was a result
of a damnatio memoriae—a condemnation of memory—since the building was intended for
the imperial cult of Domitian, who was assassinated in a conspiracy in 96 AD [16]. This
explains why the wall remains were found on the mosaic floor, seemingly as intentional
rubble. In the current view of the room, in addition to the impressive mosaic, only minimal
remains of the base area can be seen, which distorts the image of the building (Figure 4).
As for the paintings recovered from the floor, restoration work has been underway at the
University of Granada’s Wall Painting Restoration Laboratories since 2014, allowing for
both their thorough study and documentation [17,18].
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Figure 4. Current condition of the Sala del Mosaico de los Amores. © T. Lépez-Martinez.

3. Materials and Methods
3.1. Documentation of the Wall Painting and Cornices

Cultural heritage holds immeasurable value for both current and future generations,
yet it is inherently delicate and constantly evolving. Therefore, the information provided
by graphic sources is essential for its preservation, filling the gap left by its changes or
even disappearance at times [19]. Given this reality, and thanks to the advancement of
digitization methods, heritage documentation has become a powerful tool for conserving
and transmitting this past, allowing future generations to study, understand, and appreciate
it. These reproductions of real objects, or replicas, must ensure fidelity and accuracy both in
terms of topology and metrics, as well as in surface properties. Thus, the digital replica or
duplicate becomes a transmitter of information in both the digital and real environments,
thanks to 3D printing and prototyping techniques, which also enable haptic experiences
and enhance accessibility [20].

Structure from Motion (SfM) digital photogrammetry is a digitization technique that
allows the creation of these three-dimensional digital duplicates of an object from multiple
photographic captures. For the software to generate the point cloud and subsequently, the
mesh, these images must be taken from various angles and overlap with each other, enabling
the software to automatically resolve the orientation of each photograph [21]. Today, it
is a widely used tool due to its portability, simplicity, and accessibility [22]. It requires
only a conventional camera along with specialized software, allowing the generation of
high-quality three-dimensional models with geometry closely resembling reality.

3.1.1. Photographic Capture

The representation of the objects of study as they are is the most crucial aspect. To
achieve this, it is essential that the photographic documentation is conducted with the
utmost rigor, ensuring its accuracy through color calibration charts, scale control using
measurement systems, and proper photographic parameters to ensure high-quality im-
ages. These photographic parameters have been chosen based on the experience gained
from previous work as well as the guidelines provided by the software selected, Agisoft
Metashape® [23]. Color management in scientific documentation is critical to guarantee
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the highest possible color fidelity and a representation as close as possible to the original,
maintaining consistent color perception [24]. To achieve this, a color calibration chart,
white balance control cards, and, where possible, controlled lighting using LED spotlights
have been employed. Additionally, to assist the software in processing the images and to
control the scale of the objects, photogrammetry targets or markers and graphic scales have
been used.

The photographic record will be divided into two clearly defined sections: on-site
photographs taken at the excavation for documenting the setting, and controlled pho-
tographs taken in the studio for documenting the various fragments of mural paintings
and cornices that have already been restored. The materials used are listed in the following
table (Table 1):

Table 1. Materials used for photographic capture. All the material used for digitization belongs to and
is located at the Conservation and Restoration building, Faculty of Fine Arts, University of Granada.

Materials In Situ Photographic Studio
Cameras Canon RP and Canon R5
Canon RF 24-105 mm F4-7.1 IS STM and Sigma 50 mm
Lenses

F1.4 DG HSM A014

Natural light and Yongnuo  Nanlite CN-1200SA LED

Lighting YN560 IV flash daylight (72 W)

X-rite ColorChecker® Passport Photo 2, white balance

Control methods
card, markers, scales.

The photographs taken in the Sala del Mosaico de los Amores were captured using tripods
to ensure the quality of the images, camera shutter release, and, on occasion, LED flash
lighting. The photographic strategy followed a path parallel to the walls (Figure 5a), as this
is the correct approach for creating a model of a facade [23]. In total, 1314 photographs
of the room were taken, establishing capture patterns that ensured thorough and detailed
documentation, along with adequate overlap between the various images. Additionally,
scales, white balance cards, and color calibration charts were used (Figure 5b). This process
also allowed for the collection of data and measurements to facilitate the subsequent virtual
reconstruction of the decoration, such as the height of the baseboard at different points,
evidence of the position of the interpanels, or any significant changes in the repetition of
the decorative scheme.

In contrast, the photographs of the fragments recovered from the floor (mural paintings
and cornices restored in the laboratory) were taken in the photography studio at the
Conservation and Restoration Building of the Faculty of Fine Arts at the University of
Granada. This documentation was carried out in a more controlled environment, with
daylight LED lighting, and smaller pieces were photographed in a lightbox that provided
more even illumination (Figure 6a). All photographs were taken following a spherical
pattern, meaning the images were captured around the object and from various heights,
as outlined in the software manuals [24] (Figure 6b). Furthermore, all necessary control
methods were employed to ensure the reliability of the documentation (color, white balance,
and measurements).

The following table summarizes the parameters and results obtained from the photo-
graphic documentation (Table 2). In total, photographs were taken of 20 fragments of the
paintings and 5 fragments of the cornice.
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Figure 5. In situ photographic documentation: (a) photographic recording and in situ study of the
Mosaico de los Amores Room; (b) photographic documentation with color calibration charts © A.

Carrasco-Huertas and A. I. Calero-Castillo.

Figure 6. Photographic documentation in the photography studio: (a) use of a lightbox for documen-
tation with the most uniform lighting possible; (b) spherical capture strategy. © A. Carrasco-Huertas.

Table 2. Table showing the parameters used for photographic documentation (in situ and of the

pieces in the photography studio).

N° Pho- Focal Shutter
tographs Length Speed Aperture IS0
Hall (in situ) 1314 50 1/125—1/8 F/8 400
Wall paintings 116 50 1—1/2 F/13 100

(medium size)
Wall paintings 185 35 1—1/2 F/16 100
(large size)

Cornices 96 50 1/8 F/16 200
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3.1.2. Image Processing and Creation of Digital Duplicates

The image development was carried out using Adobe Photoshop® software (v.25.12.0),
specifically the Camera Raw tool. To calibrate the colors, the color profile generated in
ColorChecker® Camera Calibration, created from the X-rite color chart, was applied. These,
along with the white balance adjustment made using the neutral gray color card, are
the adjustments made to the photographs before converting them from RAW to TIFE.
Subsequently, these files were processed using specialized photogrammetry software.

The image processing was performed with Agisoft Metashape® Professional (v.1.7.1),
which automatically aligns the different photographs based on matching points between
them [21]. Using these points and positioning each one in space, a three-dimensional point
cloud is generated, which serves as the basis for the model, created through triangulation.
Finally, to achieve a photorealistic appearance, a texture based on the captured photographs
is applied [25]. The image processing was carried out at the highest quality (High and Extra
high), and the texture was created in 8K resolution, resulting in the following outputs
(Figure 7) (Table 3):

Figure 7. Photogrammetric models: (a) east wall of the hall; (b) cornice; (c) wall painting. © A.
Carrasco-Huertas and D. Dominguez Rubio.

Table 3. Results obtained from the photographic capture (in situ and in the photographic studio).

N° Puntos Ne° Caras
Hall (in situ) 861,363 35,126,646
Wall paintings 30-80 k 2555M

(medium-large size)

Cornices 60-110 k 6-12M
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This work consolidates photogrammetry models captured at different times and for
various projects, which accounts for the variations in the results obtained. The models
created for the 2019 reconstruction [8] have been incorporated, along with others represent-
ing fragments documented in subsequent years after their restoration. Additionally, the
cornices were documented using a different camera (Canon R5, as opposed to the Canon
RP used for the previous fragments). As a result, and despite being smaller fragments, the
resulting 3D models were more complex and heavier in file size. The reason for this change
in equipment, and consequently the resolution of the final models, is that digitization has
been carried out over several years, from 2019 to the present. During this time, techno-
logical advancements and funding have significantly improved the available capabilities,
allowing for the acquisition of better equipment and achieving higher-quality results.

3.2. Virtual Reconstruction Hypothesis of the Hall

According to the approach introduced by Gregory Bateson [26], the primary objective
of virtual heritage should not be the mass digital recording of our heritage, but should also
include other creative initiatives that assist in the understanding of cultural heritage [19].
In this context, it is often said that “what is not seen, does not exist”, which is precisely
the issue with archaeological sites [27]. Visiting these sites can evoke a range of different
reactions, conditioned by the viewer’s background and education. For the general public,
these sites are often difficult to comprehend, as the state of preservation and degradation
over time typically complicates the task. In most cases, one can guess what they may
have looked like in the past, but without the necessary knowledge, it is impossible to fully
understand them. This lack of understanding results in a failure of heritage education [28],
which in turn, hinders respect, appreciation, care, enjoyment, and transmission [29].

Advancements in computer graphics power have significantly increased the realism
of these 3D virtual representations and the quality of their details, enabling highly precise
studies [30]. Modern technologies, such as digital modeling and sculpting, augmented
reality, and virtual reality, applied to cultural heritage, can offer excellent options, not only
for explanation but also for providing an immersive experience [30].

The virtualization of heritage aims to address these interpretation challenges, pro-
viding visibility to the results of the various research, documentation, interpretation, and
dissemination processes of the artifacts being studied. According to the Principles of
Seville [31], a document that sought to expand on the London Charter [32] regarding
Virtual Archaeology, virtual reconstruction is an attempt to visually recover these assets
based on studies conducted by archaeologists and other heritage experts. In this study, the
Seville Principles and the London Charter have been used as a foundational framework, as
they are widely accepted and influential in this field, serving as guiding documents rather
than rigid protocols [33]. Several key principles outlined in these documents have been
considered, including an interdisciplinary approach, respect for authenticity, scientific rigor,
professional training, among others [34]. However, it is acknowledged that these guidelines
provide general recommendations and are not specifically designed to address site-specific
challenges, such as incomplete data in certain areas. For this reason, these documents must
be adapted to each case study, as every archaeological site presents unique complexities and
conditions. To ensure a contemporary approach, recent studies that revise and update these
principles have been reviewed [34,35]. Notably, during the V Congreso Iberoamericano
de Investigaciones en Conservacién del Patrimonio (ICP 2024), a new charter on virtual
restoration was proposed [36]. Additionally, a comparative analysis of recent archaeological
reconstructions has been conducted to examine how these principles are currently being
applied in practice [35,37-39]. This broader review ensures that the methodology employed
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in this study aligns with the latest advancements and critical discussions in the field of
virtual archaeology and digital heritage conservation.

In this regard, it is crucial to ensure rigor within the discipline. To achieve this, a series
of intervention criteria must be established: interdisciplinarity, purpose, complementarity,
authenticity, rigor, efficiency, scientific transparency, and education [40]. It is essential to
deeply understand the materials and techniques used to ensure that these reconstruction
hypotheses are not based solely on aesthetics but are scientifically rigorous. A multidisci-
plinary perspective is necessary to reconstruct heritage assets with the highest historical
fidelity, creating high-quality educational and divulgative resources (Figure 8) [33].

Figure 8. Hipétesis de reconstruccién virtual del Monumento Ibérico de Cal Posastre (Sant Martin
Sarroca, Barcelona) © P. Aparicio Resco [41].

The development of infographics and 3D models, along with other tools, will facilitate
the understanding of heritage items and serve as an attraction for visitors. Additionally,
it enables the restitution of certain elements without physically altering the material [40].
This is precisely the case in this specific study, where the restored mural fragments and
cornices have not been physically returned to their original locations, at least for the time
being, making it difficult to bring the public closer to the original appearance of the room.

3.2.1. Study of the Hall and Its Decoration

In the case of the Sala del Mosaico de los Amores, several virtual reconstructions
have been created over time to enhance public understanding of the space and its deco-
rative elements. Reconstructions published in 2014 and 2019 reflected the available data
at the time, evolving and adapting as research and restoration efforts progressed. Nu-
merous studies have been conducted on these decorative elements since their discovery,
and as new findings emerge, it is essential that their virtual reconstructions be updated
accordingly. Scientific investigations—including archaeological research [9,16], materials
analysis [13,17,42], and assessments of the conservation status of both in situ artifacts and
those stored in repositories [17]—have been previously published and have been taken into
account in revising this virtual reconstruction hypothesis.

The tripartite scheme of the room’s wall coverings has been a consistent element
from the beginning, as evidenced by the reconstructions by Arias de Haro [6] and Lépez-
Martinez [7] (Figure 1). The reconstruction presented here aims to reassess and update
the previous versions based on new data obtained from subsequent studies. However,
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inaccuracies have been documented in the representation of each section of the walls,
detailed as follows:

Lower Section: From the initial discovery of the wall coverings in 2011, it was accu-
rately recorded that the baseboard featured a series of gammadion cross in perspective
on a black background, with alternating ochre and two shades of red to create depth, all
bordered by a white line. Despite this, the first published recreation in 2014 depicted
the baseboard as continuous, omitting the presence of doors or openings. Subsequent
excavation revealed two openings corresponding to doors in the southwest corner. These
were later incorporated into the roofing project for the room, allowing visitors to better
visualize the space as originally conceived. These openings were later incorporated into

the digital reconstruction by Arias de Haro, as can be observed in the images (Figure 9).

Figure 9. (a) Openings proposed in the hall’s exhibition project. (b) Revision of F. Arias de Haro’s
reconstruction, highlighting the two openings © Junta de Andalucia [43].

Middle Zone: From the beginning, the middle zone was clearly documented as con-
sisting of red panels separated by black background interpanels adorned with candelabra
designs. The reconstructions completed so far accurately depict this layout; however, they
fail to include the dotted decoration at the corners of the double fillet framing the red
panels, which was identified in 2019 (Figure 10a). Additionally, the initial reconstruction
only depicted metallic candelabra designs in the interpanels. While this type of decoration
is the most common, an interpanel featuring vegetal motifs and the face of a human figure
was documented (Figure 10b). This suggests the possibility of discovering additional
variations as restoration efforts progress. Furthermore, evidence has been found to confirm
the placement of some interpanels, but not all. In certain cases, their positioning has been
determined through correlation, while in others, such analogies have not been possible.
Due to the degradation of the original decorative elements, the full extent of the interpanel
decorations remains unknown. As a result, in the virtual reconstruction, these decorations
have been represented in a subtle and schematic manner. This approach ensures that their
existence is acknowledged—supported by archaeological evidence and restored decorative
elements—while avoiding historical inaccuracies by refraining from fully reconstructing
missing details.

Upper zone: The upper zone consists of a relief decoration, a polychrome cornice
featuring vegetal elements obtained through molding or a tool, while at the base, there is a
linear succession of cylindrical reel, each containing two beads (Model A). Additionally,
another typological motif was found within this same room, featuring a stepped decoration
with different decorative profiles (Model B) (Figure 11). The exact location of this second
typology is unknown; it could have been positioned in the upper zone alongside the other
cornice or in another area, such as the upper part of the doors. For the reconstruction carried
out, the first hypothesis was chosen, though its original placement cannot be confirmed.
The cornice is connected to the rest of the wall decoration by a continuous maroon band
that crowns the entire mural painting, followed by a green band, which also flanks the
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interpanels. This decorative element in the upper section, the cornices, had not been
included in any previous reconstructions. Therefore, its incorporation represents a new
addition introduced in the virtual reconstruction presented here.

ﬂ

/

Figure 10. Decoration details included in the new reconstruction: (a) dots at the corners of the double
fillets; (b) interpanel with floral decoration and human face © T. Lépez Martinez.

50 em 50 cm

Figure 11. Typological models found in the room: (a) cornice with vegetal decoration and (b) cornice
with profile decoration © A. Carrasco-Huertas.

It is important to note that the reconstruction presented here is based on the data
available up to the present (2011-2024). Thanks to the data gathered from studies and
documentation in recent years, a more comprehensive and accurate reconstruction was
achieved. This version includes the openings that were missing in the 2014 reconstruction
and fully preserved sections of the painting, which were absent in the 2019 version, provid-
ing a more complete representation of the room. It also incorporates updated decorative
elements based on the latest findings, such as the dotted patterns on the red panels and
interpanels featuring floral motifs. Additionally, a significant number of original pieces of
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mural painting have been incorporated into the composition, including the upper cornices
and the reconstruction of their original appearance.

As the restoration and study of the wall coverings continue, some of these data may
change, allowing the reconstruction to be expanded or modified if necessary. In this
regard, it is worth highlighting a particular case involving two fragments of the wall
painting decorated with a marble imitation in gray and pearlescent tones, which could be
identified as cipollino [44] (Figure 12). To date, it has not been possible to deduce their
exact location within the room, as the restoration of all the preserved wall coverings has
not yet been completed. For now, these fragments have been excluded from the virtual
reconstruction. However, once these materials are thoroughly studied—just as the other
mural elements have been—and as new evidence emerges from the restoration of additional
wall paintings, it is expected that these fragments can be more accurately integrated into a
future virtual reconstruction.

Figure 12. Fragments of the wall decoration with marble imitation © T. L6pez Martinez.

3.2.2. Digital Anastylosis of the Original Remains

Once the room and all the fragments have been digitized, it is necessary to create a
virtual environment for the restitution of the pieces. In order to combine the different frag-
ments into a single scene, it is important to reduce their geometry, as using high-definition
(high poly) models would make it difficult to move them smoothly on a computer. This
optimization process was carried out using the processing software Agisoft Metashape®
Professional (v. 1.7.1), reducing each piece to around 15,000 faces. If the project required it,
and if more pieces were involved, further reduction could have been applied.

The digital restitution or anastylosis was carried out in the free software Blender®
(v. 4.3.0), where the scene was created with the different pieces. The various models were
imported into the same project (Figure 13), and from there, they were repositioned in
their original locations (Figure 14). It is important to note that the exact location of all
the pieces is not known, and most of them were placed in a general orientation based on
decorative motifs.
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Figure 13. Importing the photogrammetric models into the scene, awaiting placement © A. Carrasco-
Huertas.

Figure 14. Restored fragments in the room © A. Carrasco-Huertas y D. Dominguez Rubio.

3.2.3. Digital Modeling, Sculpting, and Texturing for the Hypothesis

Using the digital restitution or anastylosis as a foundation, a hypothesis for recreating
the missing areas was developed. Through digital modeling, both the floor and the
wall paintings were created using 3D planes in Blender® (v. 4.3.0). The floor texture
was extracted from the panoramic or gigapixel photograph taken by the FORVM MMX
project [45], with a slight digital restoration applied using Adobe Photoshop® (v. 25.12.0).
The textures for the wall paintings were also created using the same software, building
on the designs made by Lépez Martinez [17] for his doctoral thesis, incorporating some
modifications to reflect updates based on new data and findings (Figure 15).



Heritage 2025, 8,73 15 of 23

MURD,largo3b. it af 10.7% (Capa 14, RGO/ES)

Figure 15. Virtual reconstruction hypothesis of the wall using Adobe Photoshop®. © A. Carrasco-
Huertas, D. Dominguez Rubio y T. Lépez-Martinez.

For the digital sculpting of the cornices, which were in the worst state of preservation,
another software was used: Maxon Zbrush® (v. 2025.0.1). This software enabled the
selection and projection of the best-preserved original areas to restore the typological
models to their original appearance (Figure 16). Once these idealized models were obtained,
a decorative cornice was created by repeating the model, successfully completing the
decoration of the entire room.

‘Y X X X XXX R

Figure 16. Virtual reconstruction through the digital sculpting of the typological cornice models in
Maxon Zbrush®. © A. Carrasco-Huertas.

After each fragment was restored and the virtual reconstruction hypothesis was
completed, a series of renders were created to present the 3D reconstruction in a two-
dimensional format. These renders are presented in the following section as the results of
the work carried out.
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4. Results

The following presents a selection of renders of the reconstructed room, highlighting
the north and west walls. These walls, the focus of this study, include restored fragments
that have been incorporated through anastylosis (Figure 17). Additionally, other detailed
renders have been generated to provide a closer view of the room and its decoration
(Figure 18).

Figure 17. Reconstruction of the Sala del Mosaico de los Amores, specifically the northwest corner, to
which the restored fragments belong © A. Carrasco-Huertas.

€)

Figure 18. Reconstruction of the Sala del Mosaico de los Amores composition with details: (a) cornices;
(b) baseboard; (c) red panel and interpanel decorated with flora and a human face; (d) interpanel
with candelabras. © A. Carrasco-Huertas.
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4.1. Scale of Historical-Archaeological Evidence for Graphically Representing Authenticity

With the increase in hypothetical reconstructions of heritage, particularly archaeolog-
ical heritage, many initiatives have sought to address the problem of standardization in
systematizing best practices and their dissemination [46]. The development of this disci-
pline has been significantly influenced by the “Seville Principles: International Principles
of Virtual Archaeology” [31] and the London Charter [30], which include values such as
authenticity. These principles state that “they should help both professionals and the public
to clearly differentiate between remains that have been preserved ‘in situ’, remains that
have been re-positioned in their original location (real anastylosis), areas that have been
partially or fully reconstructed over the original remains, and finally, areas that have been
restored or virtually reconstructed” [33]. As a result, various scales of evidence have been
created [47], inspired by the Byzantium 1200 project [48], which graphically represents
the degree of authenticity of different areas shown in infographics. Some of these scales
are specifically designed for particular contexts, such as urban areas [46] or archaeological
sites [33].

In this study, several pre-established options were reviewed, but none fully suited
the case of study and the information to be represented. These scales used to be designed
for broader contexts, such as an entire archaeological site, whereas this work focuses on a
specific area within an archaeological site and its various decorative elements. Additionally,
we had original elements preserved both in situ and in the laboratory, a reality that was
difficult to represent with the scales we found. Therefore, the scale published by Aparicio
Resco and Figueiredo [33] was used as a reference, with modifications to the description of
each level. This scale was chosen because it is visually intuitive, with colors progressing
from warm tones (indicating greater evidence) to cooler tones (indicating lesser evidence).
This allows for a quick understanding of the infographic, showing which areas of the
hypothesis are supported by more secure evidence and which are less certain. Additionally,
the number of levels was reduced to those necessary for the specific case study, removing
those that, due to their similarity, could cause confusion and also eliminating the “imagi-
nation” level, which was not required. The proposed table (Table 4) with the descriptions
of the levels and the infographic showing the archaeological-historical evidence of the
reconstruction hypothesis (Figure 19) are presented below.

- .
+

EVIDENCE

Figure 19. Reconstruction of the Sala del Mosaico de los Amores, specifically the north and west
walls, indicating the degree of authenticity in each area according to Table 4 © A. Carrasco-Huertas.
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Table 4. Levels of evidence in the veracity scale used.

Level Color Explanation
1 #B61918 Existing as per the original and preserved in situ
2 . #EE7883 Original with strong evidence regarding its location (archaeological and decorative)
3 #F7AA59 Original with evidence regarding its location (archaeological and decorative)
4 #FFE500 Original with decorative evidence of its approximate location
5 #7EC399 Virtual hypothesis of the decoration following strong decorative evidence
6 #5FC3E1 Original but without evidence regarding its location (archaeological and decorative)
7 Virtual hypothesis following strong decorative evidence but without clear evidence of

. #004594

its location

4.2. Diffusion Through Virtual Reality

It is essential that the information generated is accessible to both professionals and
the general public, which makes the dissemination of this information particularly im-
portant. In this regard, there are several tools that offer a closer connection to cultural
heritage through screens, such as 2D (e.g., Gigapan [45]) and 3D (e.g., Sketchfab [49])
digital repositories.

Technological advancements have enabled the development of immersive experi-
ences, such as Virtual Reality, Augmented Reality, and Mixed Reality, which are especially
prevalent in archaeological heritage due to their ability to allow the exploration of nearly
lost buildings. Specifically, for the Sala de los Amores at the Castulo Archaeological Site,
initiatives of this kind have already been developed, such as the “Castulo Virtual” app
(Figure 20), which provides a way to explore the room via Augmented Reality through a
mobile device [50].

| l il i | 7B
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; - - ~— - - 1

Figure 20. Visualization of the prior in-situ virtual reconstruction at the site. © ESTRESd Patrimo-
nio Virtual.
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For this study, we have chosen to focus on these technologies, which complement
those previously implemented, by creating an immersive experience through Virtual Reality.
This will allow users to visit the room from anywhere, thanks to the use of 3D graphics,
virtual environments, and VR headsets [51]. The design of this immersive experience
utilizes the software Unreal Engine® (v.5.5.0), along with the new reconstruction of the
room presented in this article. The software has recreated the entire room, including the
original artifacts, and has represented the two openings it originally had. It has also been lit
in such a way that it can be explored through virtual reality (Figure 21). This new tool will
be invaluable not only for demonstrating how the room originally appeared, but also for
making it accessible to the public who, for various reasons, are unable to visit it in person.

Figure 21. Visualization of the new reconstruction hypothesis through video game engines. © A.
Carrasco-Huertas.

5. Conclusions

Digital techniques have become a powerful tool for the dissemination of virtual her-
itage, especially for those sites that are partially or completely destroyed, where the current
criteria of minimal intervention limit the interpretation and accessibility of archaeological
artifacts for the general public. Under the principle of minimal intervention—which re-
quires repairing or conserving original parts rather than replacing materials to maintain
historical value—these digital methods offer a means to preserve and share heritage that
might otherwise be lost [20]. This challenge is particularly evident in archaeological con-
texts, where the preserved original remains are often insufficient to fully illuminate the
past. In many cases, these preserved elements cannot be physically placed back in their
original position, but they can be virtually reconstructed (digital anastylosis), enabling a
better understanding and interpretation of spaces and structures that have already been
lost. Some notable examples of this included the reconstruction of the Palmyra Theater in
Syria [52], which suffered significant damage due to armed conflict, and the reconstruction
of the Colossus of Constantine [53], whose full splendor had not been witnessed in modern
times. Additionally, these digital reconstructions can serve as a basis for the development
of future virtual reconstruction hypotheses.

These digital techniques offer another significant advantage; they eliminate the need to
physically handle artifacts for study, as they allow researchers to examine a digital replica
without ever touching the original. Moreover, virtual reconstructions are non-invasive and
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do not alter the original pieces, enabling modifications to their appearance over time, if
new findings emerge, without compromising the integrity of the actual remains [54,55].

The reconstruction hypothesis undertaken in the Sala del Mosaico de los Amores at the
Castulo Archaeological Site is an example of the application of this new methodology. The
process began with the digitization of the pieces, followed by an anastylosis and virtual
reconstruction. Both procedures were based on the new research conducted on the room, as
well as on newly digitalized pieces, which allowed for a review of previous reconstructions
that did not incorporate this updated information. This process enabled the development
of the most up-to-date vision possible of the room, which can be updated or refuted in the
future with new discoveries or studies. In this way, photogrammetry allows for a virtual
reconstruction that offers the public a more accurate and faithful view of what the room
will look like once all the coverings are restored and placed in situ.

Throughout this study, we have examined the inherent subjectivity of the virtual
reconstruction process in cultural heritage, acknowledging that interpretative decisions
are often necessary. To minimize arbitrariness, this study has adopted an interdisciplinary
approach, integrating data from various fields of knowledge. The study is grounded in ar-
chaeological and historical research, with direct collaboration from the site’s archaeologists,
to understand the specific characteristics and context of the building. Additionally, a scien-
tific analysis of construction materials was conducted to identify the original components
and assess the types of degradation they have undergone. Finally, a virtual reconstruc-
tion hypothesis was developed based on this comprehensive dataset, adhering to current
restoration criteria and best practices.

For instance, the decorative interpanels, for which the evidence is incomplete, were
represented in a schematic manner to avoid speculative reconstruction while still acknowl-
edging their existence and original placement. Their positioning is based on archaeological
evidence and in situ remains, ensuring that the reconstruction remains grounded in verifi-
able data rather than conjecture. Furthermore, this article explicitly presents the criteria
applied and the supporting evidence, ensuring that the preserved original remains are
distinctly visible. This approach allows for a clear differentiation between verified data
and hypothetical reconstructions. Additionally, for decisions related to anastylosis or the
reconstruction of missing sections, a scale of evidence was implemented to transparently
convey the level of certainty associated with each interpretative choice. Likewise, if all
these strategies fail, the reconstruction will always be presented as a virtual hypothesis
rather than a definitive certainty, ensuring that the audience understands the inherent
degree of subjectivity in the work.

The field of virtual reconstructions presents several inherent limitations, as archaeolog-
ical evidence is often fragmentary and uncertain. Many reconstructions rely on incomplete
data, making it essential to adopt an interdisciplinary approach that integrates insights
from archaeology, history, material sciences, and digital technologies. When gaps in the
evidence persist, alternative methodologies, such as artificial intelligence (Al) and par-
ticipatory reconstruction, can provide valuable support. Al-driven models can analyze
patterns and generate statistically plausible reconstructions, while participatory approaches
engage experts and stakeholders to collectively assess hypotheses. By combining these
strategies, virtual reconstructions can achieve a higher degree of accuracy and transparency,
ensuring that the final representations remain scientifically rigorous and adaptable to
future discoveries.

Finally, an important aspect of this type of research is its subsequent dissemination.
For this reason, the plan is to share the reconstruction images directly through the site’s
communication channels, as well as to deploy the immersive application—either at the
site or elsewhere. This initiative aims to bring archaeological heritage closer to individuals
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who may lack the necessary tools to interpret it, or who, due to accessibility constraints, are
unable to visit the site in person.
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