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1 INTRODUCTION 

New technologies are increasingly present today and are gaining significant importance within the field of Cultural 

Heritage (CH) [9], due to their various functions. There are, on the one hand, applications that facilitate the analysis and 

the conservation of CH [61], assisting work procedures and process documentation [57]. For example, 3D modeling [20], 

photogrammetry [45], and laser scanning [49] are all now virtually essential in archaeological reconstructions [28]. Such 

technologies can be used to collect and to process the data needed for virtual reconstructions [75], resulting in a hypothetical 

3D view of a CH site or artifact in its original state [31].  

On the other hand, there are also new technologies that can serve as tools for the dissemination of CH [47], particularly 

eXtended Reality (XR) technologies [26], a heading that covers Augmented Reality (AR), Mixed Reality (MR), and Virtual 

Reality (VR) [10]. Although first used in the CH field in the 1990s [38], their use has gained greater interest within the 

public domain over the past decade [10]. AR has accompanied the rise of smartphones and the launch of Oculus DK1 has 

significantly advanced the use of VR [17]. VR has since become widely recognized in its immersive form (iVR), unlike 

VR, the iVR environment completely envelops a user, perhaps equipped with a Head Mounted Display (HMD) or a Cave 

Automatic Virtual Environment (CAVE) system [5]. The dissemination of CH through XR technologies, such as iVR, can 

improve knowledge transmission, especially spatial information [18], by enhancing the clarity of archaeological data and 

hypothetical visualizations. It can also improve user satisfaction [1], whilst contributing to CH preservation and 

accessibility [65].  

The widespread acceptance of the above-mentioned set of new technologies in the field of CH has seen their 

introduction alongside traditional musealization experiences [93]. For example, XR has had a significant impact on 

knowledge transmission [4]. Now integrated in what are known as Virtual Museum (VM) experiences, these digital 

museum-like experiences also serve to digitize entire collections [92]. VM bridges geographical boundaries and promotes 

remote access [87]. In this sort of musealization experience, the use of Virtual Humans (VH) or Virtual Agents (VA) is 

common [84]. Interactive or otherwise, they guide users through the virtual environment [55]. As agents within a virtual 

environment, they transfer knowledge of intangible heritage and act as virtual guides [55]. In brief, the inclusion of a VH 

or a VA enhances user satisfaction and assists knowledge transmission [46]. 

This research aims to contribute to the advancement of technologies applied to the preservation, reconstruction, and 

dissemination of CH, such as 3D modeling, photogrammetry, and iVR within high-impact contexts such as museums. To 

this end, the research presents a case study in which these technologies are comprehensively and systematically 

implemented through the virtual reconstruction and validation process of a Roman sculpture of the goddess Isis, unearthed 

at the Roman city of Clunia (Spain). For this purpose, a qualitative approach was employed for the historical reconstruction 

and a mixed qualitative and quantitative approach for assessing the 3D model. The resulting 3D model is designed to 

function as an open-access downloadable VA ready to use in other iVR experiences. Furthermore, this model has been 

integrated into an immersive iVR experience, which was validated within a real musealization environment. 

The structure of the paper is as follows. In Section 2, related works are analyzed, and the novelty of the study is 

emphasized. In Section 3, the characteristics of the case study, a Roman statue of Isis, are described. In Section 4, the 

reconstruction and validation procedure of the 3D model is detailed. In Section 5, an explanation of the development of 

the iVR experience used to test the 3D model is given. In Section 6, the evaluation process of the iVR experience and its 

results are detailed. Finally, the conclusions of the study are presented in Section 7. 
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2 RELATED WORK 

The virtual reconstruction of statues has been addressed in scientific literature. The state of conservation of a statue 

determines the process that is followed. On the one hand, if in good condition and intact with no need for further restoration, 

restoration will typically be focused on its original polychromy. On the other hand, a full or partial reconstruction of a 

statue in a poorer state of preservation with one or more missing features is usually undertaken.  

Various restoration projects have been described in the literature. For example, the restoration of the Lingyan Temple 

(China) statues, dated between the 11th and the 14th c., whose original polychromy was restored [85], and the sculptures 

in the Dunhuang Mogao Grottoes (China) where non-rigid transformation was tested for better reproduction of the original 

textures [96].  

Moreover, anastolysis or structural and non-structural reconstruction is necessary when a statue is not well conserved. 

The anastolysis reconstruction technique involves the reassembly of separate parts to recreate an original piece [21]. One 

example is the reconstruction of Roman masks found on the island of Lipari (Italy) dating back to the 4th c. B.C., whose 

reconstruction, after photogrammetry, involved joining their different parts together [56]. However, a reconstruction may 

also be partially based on anastylosis and combined with other reconstruction techniques, such as the restoration of the 

statues from the Temple of Zeus at Olympia (Greece) from the 5th c. B.C., for which structural and non-structural 

reconstruction was used [68]. If anastylosis is not an option, structural and non-structural elements can be reconstructed 

upon the basis of documentation and comparison with similar artifacts. Examples include the 2nd c. statues of Aesculapius 

and Hygeia at the Sanctuary of Isis in Lilybaeum (Italy), which were reconstructed using other sculptures as documentation  

[29], or the circa 1st and 2nd c. AD lion sculptures, respectively, at the Lapidario Estense Museum and at Modena Cathedral 

(Italy), both also reconstructed using the same method [33]. In some cases, only specific missing components of the 

sculptures required reconstruction, such as the weapons of the 12th c. Ni-Tennō statues (Japan) [82].  

Additionally, some of these reconstructions have been evaluated through XR experiences, such as AR or iVR, to assess 

the effectiveness of the work in a real dissemination environment. For instance, the reconstructions of the two lions, one 

at the Lapidario Estense Museum and the other at Modena Cathedral, were tested with an AR application [34], while the 

reconstructions of the weapons of the Ni-Tennō statues were evaluated through an iVR experience [82].  

However, statue reconstructions for the purpose of a VA are relatively uncommon. Typically, a VA (or VH) in a CH 

experience is used for three main purposes. It first of all serves as an inhabitant of the virtually reconstructed environment 

[55]. A VA will often serve to convey certain concepts of intangible heritage while also enhancing the realism and 

immersion of virtual reconstruction. One example is the case of the virtual reconstructions of Mesopotamia circa 5000 

B.C. [86] and a pre-Columbian Amazonian village [27], which both used a VA depicted as an indigenous inhabitant of the 

reconstructed site. Second, a VA can be used to provide instructions or tasks in more complex experiences with challenges. 

Some examples are the reconstruction of Little Manila in the 20th c. [89] and the Temple of Hera, circa 500 B.C. [67]. 

Finally, a VA is frequently used as virtual guide to help users understand different parts of the iVR experience, as featured 

in the reconstructions of the City of Uruk, circa 3000 B.C. [11], the Great Palace of Knossos, circa 1700 B.C. [43] or the 

iVR experience about the city of Heraklion (Greece) [2] and the iVR experience of the Museo Egizio of Turin (Italy) [12]. 

Although these studies have significantly contributed to the advancement of this discipline, no research has focused on 

integrate these outcomes into a systematic and comprehensive process that combines the data acquisition, restoration, 

optimization, and validation of a statue to produce a 3D model with VA capabilities, ready for use in iVR experiences. In 

addition, this research evaluates the resulting 3D model through a pilot iVR experience conducted at the Museum of 

Burgos, involving a highly diverse age group. The outcomes revealed distinct behaviors patterns, identified through a 

clustering analysis of the participants. 
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3 CASE STUDY: STATUE OF ISIS OF CLUNIA 

The sculpture of the Isis of Clunia was unearthed in an area adjacent to the theater, a major archaeological site located at 

the ancient Roman city of Clunia to the south-east of the province of Burgos (Spain) [8]. Various theories on its original 

location have situated it among the sculptures around the theater, as shown in Figure 1.1 [59]. The worship of this deity, 

the mother of Horus, survived assimilation into both the pre-existing Greek and Roman pantheons. As Rome’s conquests 

spread, the gods and goddesses of other cultures were often renamed after existing Roman divinities, although the worship 

of the goddess Isis continued throughout the Hellenization of Egyptian culture and subsequent Romanization, slowly 

spreading through Italica into Hispania. The expansion of the cult of Isis during the reign of the Emperor Hadrian has been 

linked to maritime trading and the status of major cities that would require at least one temple for her adoration [6]. So, the 

goddess unearthed at Clunia, rather than a typical representation of ancient Egypt, was depicted in the Hellenic style that 

emerged in Alexandria during the Ptolemaic dynasty of Egypt [94]. 

 

 

Figure 1: 1) Archaeological site of the theater of Clunia; 2) Cecilio Pizarro “The goddess Isis (Clunia)” compound pencil, 113 mm x 82 

mm (D006404/111-04, Madrid, Museo Nacional del Prado, © Archivo Fotográfico Museo Nacional del Prado); and 3) statue of the Isis 

of Clunia at the Museum of Burgos. 

The news of its discovery was documented in an article published by Salomón Remigio in a weekly magazine in 1853 

[79], accompanied by a woodcut print of a drawing by Cecilio Pizarro, now conserved at the Museo Nacional del Prado, 

Madrid (D006404/111-04 [63]), as shown in Figure 1.2. The statue had been found the previous year by Santiago Lucas, 

in a horizontal and slightly inclined position. A plaque dedicated to the Emperor Hadrian was found nearby: 'To the health 

of Emperor Caesar, Augustus Hadrian, of the Cluniense Colony' [79], five columns, three small bronze wings, some 

ceramics, fragments of ivory, and deer antlers [3].  
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The sculpture of the goddess Isis at Clunia, dated to the 2nd c. AD, rests on a small oval pedestal with a double toroidal 

profile. Standing at a height of 1020 mm, it was sculpted in a naturalistic style, reflected in an elegant and sensual 

contrapposto, with the weight of the body resting on the right leg. This creates a sinuous silhouette, with its feminine forms 

accentuated by the draping of the garments fitted to the chest, abdomen, and thighs. Beneath the tunic, the folds of an 

undergarment are visible, revealing feet shod in sandals. The shoulder-length headdress defines the oval shape of the face 

around which curled strands of hair are still visible on either side. One detail that clearly identifies the sculpture as a 

depiction of the goddess Isis is the presence of the aforementioned Isiac knot [94]. A sign reinterpreted, in the Greco-

Roman manner, known for its protective properties [6]. There are also some remnants upon the headdress that could be 

vestiges of crescent moon [79]. Both arms of the statue are missing, along with the left and the right hand that would in all 

likelihood have held a situla or ritual pitcher, and a sistrum, an ancient rattle of metal rods, respectively [6]. Figure 1.3 

shows the sculpture at the Museum of Burgos (Inv. 27 [70]), its current location. 

The analysis of the statue was supplemented by a comparative study of other Roman representations of the same deity, 

to facilitate the reconstruction process. The missing elements that might further define its iconography could in that way 

be interpreted on the basis of reliable sources. To do so, sculptures were selected according to their similarity in terms of 

their state of preservation, arrangement, posture, and other features that might assist with the virtual reconstruction. Among 

various works, the statue of Isis from the Capitoline Museum in Rome (Inv. Scu 744 [81]), was selected. Although 

significantly larger than the sculpture unearthed at Clunia, it shares important similarities with its Spanish counterpart. The 

Capitoline statue (displayed in Figure 2.1) holds a sistrum aloft in its right hand, while the situla hangs loosely below the 

waistline in the left hand [6]. It should be mentioned that the sculpture has undergone restoration in modern times. 

The sculptures from the Museum of Art History in Vienna (Inv. 1-158 [64]), Figure 2.2, and the Museum of Naples 

(Inv. 6368 [35]), are also of interest, especially as parts of their polychromic coating are still in place. However, the former 

only showed the handle of the sistrum, the instrument itself having been lost to posterity. Both works and the Capitoline 

Isis have a headdress partially covering the side of the face crowned with a solar disk, although without the crescent moon 

diadem upon the Clunia sculpture that is likewise no longer with us. It was therefore logical to search for such distinctive 

symbols on other statues. One example was found at the National Roman Museum of the Baths of Diocletian [36] in Rome, 

shown in Figure 2.3. Here, the lunar horns support the solar disk, although without a headdress. In that way, examples of 

all the distinctive iconographic symbols no longer part of the sculpture under reconstruction could be assessed. 
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Figure 2: Isis statues: 1) Capitoline Museum, Rome (Image by © Sailko, licensed under CC BY 3.0, available on Wikimedia Commons 

[78]); 2) the Museum of Art History, Vienna (Image by © Gryffindor, licensed under CC BY 2.5, available on Wikimedia Commons 

[37]); and 3) National Roman Museum of the Baths of Diocletian, Rome (Image by © Carole Raddato, licensed under CC BY-SA 2.0, 

available on Pinterest [13]). 

4 3D MODEL DEVELOPMENT AND ASSESSMENT 

The reconstruction process is summarized in Figure 3, in the same order as Sub-section 4.1. Reconstruction procedure. The 

purpose of this procedure is to achieve a faithful reconstruction of the historical-archaeological documentation described 

in the previous section, to obtain a realistic 3D model that could be used as a “game-ready” asset in a game engine. Due to 

this and considering that the reconstruction process significantly alters the appearance of the piece, this procedure has 

prioritized optimization over the preservation of a ground-truth surface. Subsequently, the validation procedure applied to 

the resulting 3D model will be detailed in Sub-section 4.2, Model Assessment. The 3D model in .fbx format can be 

consulted and downloaded in Annex I.  

 



7 

 

Figure 3: Summary of the reconstruction procedure. 

4.1 Reconstruction procedure 

A photogrammetric survey was the first step of the reconstruction procedure. In this case, the photogrammetric survey of 

the statue served as the basis for the subsequent introduction of all the secondary documentation described in the preceding 

section [40]. A procedural phase that is summarized in Figure 3.1. 

A conventional low-cost set of instruments was used for close-range photogrammetry, as described in several works 

[42, 52]. The instruments were a Fujifilm X-T20 Mirrorless DSLR camera equipped with an APS-C sensor of 24 

megapixels. Additionally, two diffuse light sources were employed to compensate for the ambient lighting conditions of 

the museum, as shown in Figure 1.3. A Calibrate Color Checker Passport Photo 2 was also used to perform white balance 

calibration and ensure accurate color capture. This calibration target includes a reference square of 50 mm, which was used 

as a scale reference for the photogrammetric model. Image capture was configured with a focal length of 33 mm (equivalent 

to 50 mm on a full-frame sensor), ISO 640, an aperture of F/6.4, and a shutter speed of 1/30 s. These capture parameters 

remained consistent throughout the acquisition process, which is a key factor for the successful development of the image 

data acquisition phase [80]. The chosen specifications aimed to maximize image homogeneity and minimize noise, taking 

into account the museum’s lighting conditions. A total of 193 images were captured in RAW format at a resolution of 

6000×4000 pixels. The quantity and resolution of the images are comparable to those used in other datasets for image-

based 3D reconstruction [48], providing a high degree of overlap between frames, an essential factor for the successful 

generation of the photogrammetric model [72]. 

Photogrammetry was selected as the acquisition method for several reasons. First, it is the most widely used and 

accessible technique, which not only aligns with the team's prior experience but also enhances the replicability of the 

workflow in future studies [73]. Second, while other acquisition methods may offer higher geometric accuracy, 

photogrammetry excels in capturing high-quality color and texture information, making it one of the most popular 

techniques in archaeological documentation [51]. Moreover, in subsequent stages of the procedure, texture quality will be 

prioritized over surface fidelity to optimize the model, as it represents one of the most critical aspects in the optimization 

of 3D models, since much of the simplification of the 3D model occurs at the surface level [23]. Consequently, the 
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deviations introduced by photogrammetry, are potentially in the range of a few millimeters under suboptimal conditions 

[73]. 

For image processing, Agisoft Metashape was selected, with which the research team was familiar and that is widely 

used in photogrammetry projects [45]. Upon completion of this phase, the 3D model contained a Polygon Count (PC) of 

5,415,819 triangles. Handling such a dense mesh in the subsequent stages of the workflow may be computationally 

demanding, particularly for devices with limited hardware resources. An alternative approach would be to generate a 

lighter, optimized mesh directly within the photogrammetry software. However, this would result in a less accurate model.  

Subsequently, the historical-archeological information detailed in Section 3 was incorporated into the photogrammetric 

model to complete the missing parts of the sculpture. A summary of that phase in the procedure is shown in Figure 3.2. To 

do so, two different methods were followed. Firstly, digital sculpting was used to reconstruct elements requiring structural 

restoration, such as the statue's nose. The choice of that technique was because it enables easy modification of such 

elements as the body of the sculpture. Secondly, 3D modeling was employed to reconstruct parts that needed non-structural 

restoration, such as the situla and sistrum, held in the left and the right hand of the reconstructed statue, respectively. The 

3D models generated in this phase were created entirely from scratch. This procedure was selected rather than using 

photogrammetric models as a base, for the following reasons. Firstly, due to the geographical and administrative challenges 

involved in capturing photogrammetric data of the other statues located in different museums. Secondly, the varying sizes 

and poses of the other sculptures would have required adaptations regardless, limiting their usefulness as direct references. 

Likewise, their development was based on the historical-archeological information presented in Section 3, and the process 

underwent several rounds of review by history of art experts. The 3D modeling was utilized because it is often used to 

create geometric models from scratch.  

 Then, using the digital sculpting tool, some of the reconstructed parts, such as the arms and the crown, were merged 

with the photogrammetric model. Following a working principle of restoration that restored parts should be visibly 

distinguishable, a slightly different material was used for the reconstructed parts. This material was created by cloning the 

preserved parts of the sculpture. The entire phase was carried out using Blender 3D modeling software, version 3.6 Long 

Term Support (LTS). Blender was chosen, as it is an open-source software, making it one of the most popular CH research 

software packages [47]. Additionally, the research group has gained experience with that software in other CH modeling 

projects [18]. Other widely used software solutions for these purposes include Cinema 4D, 3D Studio Max, and Maya; 

however, their high cost represents a significant limitation for many research and development contexts [76]. Upon 

completion of that phase, the 3D model contained a total of 28,953,712 triangles. The use of the digital sculpting tools with 

the photogrammetry-based model explains the higher PC, as it was configured to modify the topology of the 3D model by 

generating additional polygons. Topology alteration is a recommended process to preserve the surface of the 

photogrammetric model, since not generating new polygons would require repositioning the existing ones, thus modifying 

the shape of the piece. However, this drastic increase in PC can lead to performance issues on low- and mid-range computer 

systems. 

The results of both phases of the procedure are illustrated in Figure 4. Firstly, the photogrammetric 3D model is shown 

(Figure 4.1), followed by the completed reconstruction (Figure 4.2), and finally, the Extended Matrix archaeological 

evidence scale (Figure 4.3). Extended Matrix and its toolkit are designed for virtual heritage reconstruction and 

transparency [21]. In this project, the various sources used in the reconstruction were checked against the Extended Matrix 

properties scale. The properties of an artifact are classified in eExtended Matrix, although all levels of evidence not used 

in this reconstruction were omitted, is shown to the left of Figure 4.3. The color coding of the scale refers to: 1) the extant 

parts (generated through close-range photogrammetry) in red; 2) the structural reconstructions (generated through digital 
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sculpting) in blue; and 3) the non-structural reconstructions, based on the documentation detailed in Section 3 (generated 

through 3D modeling) in green. The visualization of such data is of great importance in the CH domain, as transparency is 

one of the fundamental principles of the London Charter [22]. 

 

 

Fig. 4: Reconstruction phases: 1) photogrammetric model; 2) reconstructed model; 3) scale of archaeological evidence. 

 

Finally, the reconstructed model was optimized, so that it was ‘game-ready’, and its functions could be seamlessly 

incorporated into a game engine. It involved a common optimization process for using a model in game engines [83], by 

reducing both the number of vertices and the number of textures and materials used in the model, as 3D model generation 

processes based on photogrammetry typically result in a very high number of triangles [30]. This process is crucial for the 

proper functioning of 3D models in interactive environments, but particularly in iVR, due to the more limited resources 

available on these devices [16]. In addition, in this project the optimization process ensured that the model could be used 

as a VA. This process necessarily involves a simplification of the 3D model's surface, although its visual appearance will 

be preserved. For this reason, it is preferable to use a data acquisition method that excels at preserving textures, as these 

will not be simplified during the optimization process. Moreover, textures play a key role in visually conveying part of the 

geometric detail lost during simplification [23]. This process, therefore, constitutes a trade-off between surface fidelity and 

ensuring usability in interactive environments [71]. This phase of the procedure is summarized in Figure 3.3. 

First, the number of the 3D model vertices was reduced through retopology, a process that remodels an existing 3D 

model with a mesh that has fewer polygons than the original model [60]. Typically, the process is performed in the CH 

domain using automatic retopology tools, such as those available in Z-Brush or Blender [25]. Their results are satisfactory, 

but a sufficient level of adequacy for more complex contexts, such as animation, is not achieved [14]. In this work, a 

manual retopology procedure using the Blender modeling toolkit was carried out, in a process through which all the 

polygons of the new (Low-Poly) model were manually generated and connected, while maintaining the shape of the 

reference (High-Poly) model. Manual retopology permits a drastic reduction in the number of triangles (5,415,819 vs 

35,134), thereby enabling a mesh of polygon loops to recreate the 3D shape in future animations. 
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Figure 5: Face mesh from the photogrammetry model (left); face mesh of the retopologized model with some of its edge loops 

marked in color (right). 

 

An edge loop is a continuous line of polygon edges that loops around a mesh to connect with itself, forming a complete 

loop. The placement of edge loops is a very important factor in model deformation and the loops play a fundamental role 

in 3D model animations, which rely on mesh deformation to generate new shapes [20]. The flow and the loops of the Low-

Poly model were designed to follow the anatomical shapes of the sculpture, so that the mesh deformations seemed to be as 

natural as could be. Additionally, the polygon flow was aligned, in so far as possible, with the wet drapery effect of the 

clothing on the asymmetrical posture of the statue, while ensuring connectivity with the other loops. Finally, a higher 

density of polygons was concentrated in areas with multiple joints (i.e., the hands) to reflect movements of greater 

complexity. An example of the use of edge loops on the face of the sculpture is shown in Figure 5 where the 

photogrammetric mesh is shown on the left, and the retopologized mesh, on the right. The left-hand side of the figure 

shows some of the most important loops, such as the eyes, the nose, the mouth, and the face, which are traced out with 

colored lines. Movements reflecting contraction and expansion of, for example, facial features can be achieved with the 

polygon structure in those areas, lending greater expressiveness to the 3D model. This aspect is particularly important 

when creating models intended for animation, as in the case of a VA. For a non-interactive model, automatic retopology 

could be used, which would simplify the process. However, this approach requires significant prior experience in 3D 

modeling to be carried out effectively. Upon completion of that phase, the 3D model was composed of 35,134 triangles. 

Finally, all the details from the High-Poly model were transferred to the Low-Poly model through baking and texture 

reprojection. Both techniques are widely used procedures in projects with similar retopology workflows [66]. In that way, 

geometric details of a 3D model may be transferred to a texture, resulting in significant PC savings [15]. To do so, a cage 

model that enveloped both the High and the Low-Poly models was created, serving as a spatial reference for texture 

reprojection. The cage must encompass both models and as accurately as possible resemble their shapes for the process to 

function properly. In this study, the cage properly enveloped both models after modifying the Low-Poly model. The entire 

Low-Poly model was unwrapped to reduce the number of textures and so that it occupied the full UV space. Additionally, 

Physically Based Rendering (PBR), which combines various textures that simulate the physical properties of an object 

[23], was used to create material textures with realistic reactions to any type of lighting. It is a key feature for enabling a 

3D model to be incorporated into a wide variety of photorealistic environments. 

A total of 3 textures were created with the standard PBR methodology: 
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1. Diffuse texture: a Red, Green and Blue (RGB) texture that encodes information on model colors, disregarding 

specular reflection [95]. The final texture was generated by reprojecting the diffuse texture of the High-Poly model 

onto the UV space of the Low-Poly model. 

2. Normal texture: an RGB texture that encodes the direction of surface normal vectors using the RGB channels for 

each axis [69], so that non-existent geometry may be simulated. The normal texture was generated by baking the 

geometry of the High-Poly model. 

3. Roughness texture: a Black and White (BW) texture that contains information on the degree of dispersion that light 

should adopt when in contact with the object [24]. The texture was generated with the Blender rendering engine that 

calculates material roughness. 

A metallic texture can also be created to distinguish metallic properties [44], though it was unnecessary in this 

reconstruction with no metallic parts. The entire process was completed with the Blender modeling toolkit. This process 

could also be carried out using software such as Adobe Substance, although it is a proprietary option [29]. All 3 textures 

and their effects on the 3D model are shown with a white material in Figure 6. The textures were compressed with the BC7 

codeq in .dds, a format that minimizes compression losses and that is easy to decompress, so that it is especially suitable 

for real-time rendering. Although there are other formats or codecs that can reduce file sizes even further, the BC7 real-

time decompression time is at present on of the shortest. The reconstruction procedure therefore produced a 3D model, 

consisting of 35,134 triangles, and a material composed of three 4k textures with low compression rates. For its distribution, 

the .fbx format was chosen, although other popular options such as .obj. Currently, .fbx is the standard for the integration 

of 3D models into development engines. In addition, .fbx allows for seamless integration other metadata, such as 

animations and textures [32], which is of great importance in a textured 3D model that can also be used as a VA. 

 

 

 

Figure 6: Images of the 3 textures and their effects on the 3D model: diffuse texture (left); normal texture (center); and roughness 

texture (right). 
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4.2 Model assessment 

Finally, three analyses were conducted to assess the technical specifications of the model and the procedure: a discrepancy 

analysis of the reconstructed 3D model (Low-Poly) compared to the photogrammetric model (High-Poly), a detail 

concentration analysis and a Level of Detail (LoD) analysis. The analyses were carried out with respect to the 

photogrammetric model. The purpose of the analyses was to verify correct execution of the retopology process that should 

maintain the shape of the photogrammetry and place the highest number of vertices in the most relevant and expressive 

areas of the 3D model with a suitable LoD. Since the optimization process involves a trade-off between surface fidelity 

and compatibility with interactive environments, it is crucial to ensure that this process has been carried out correctly. 

Otherwise, part of the surface fidelity may have been lost, something of great importance in CH work [22], without 

achieving any actual improvement to the 3D model. 

The discrepancy analysis was conducted using the software Cloud Compare, a standard open-source tool [53]. The 

reconstructed parts that could not be compared were excluded from the analysis, since there was no photogrammetric 

reference. The minimum and the maximum distances between both models were -39.65 mm and 26.63 mm, respectively, 

with a Mean (M) of 0.4 mm and a Standard Deviation (SD) of 3.7 mm. Figure 7 displays the heatmap generated from the 

analysis. Both the lower and the upper thresholds were adjusted from -15 mm to 15 mm, so that the deviations of the model 

could be seen more clearly. Accordingly, blue represents negative and red represents positive deviations. An enlargement 

of the upper torso of Isis showing the most pronounced deviations can be seen below in Figure 7. 

 

 

Figure 7: Results of discrepancy analysis heatmap with enlargement of the upper torso (right). 

 

The results indicated that, on average, the deviation of the model was around 1 mm with a SD of 4 mm. Such a relatively 

high SD was very likely due to localized maximum deviations, which reached up to 40 mm. Significant deviations that 

may be attributed to the restored parts of the model, shown in Figure 7, where the lower part of the knot of Isis is highlighted 
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in blue. The heatmap of the model, shown in Figure 7, represented most of it in green, indicating deviations of at most ±1 

mm. Additionally, all deviations were either concentrated in the reconstructed parts (crown and lower part of the knot) or 

near the shoulders, which connected to the newly reconstructed parts. These areas were excluded from the Low-Poly model 

to enable a more accurate analysis; however, the lack of nearby geometric references eventually led to the appearance of 

deviations in the results. This occurred because the optimization process was carried out using the fully reconstructed 

statue, not just the photogrammetric model. The only exception was on the left-hand side of the mantle, due to its more 

complex shape. It would require further geometry for a completely accurate representation. The analysis demonstrated 

satisfactory overall results, generally showing deviations around 1 mm in a full-size 1020 mm high model. 

For the analysis of detail concentration assessment, both a qualitative and a quantitative analysis were conducted. For 

the qualitative analysis, the MeasureIt add-on, with which metric measurements can be taken within the Blender 

environment and other Blender add-ons were used. The latter software was chosen out of convenience, as it is pre-installed 

with Blender. Various areas were calculated, and the number of their vertices were counted. The segmentation of the statue 

into its constituent parts was based on semantic and anatomical criteria. The results of the vertex count, area, and average 

vertex density per cm² are shown below, in Figure 8, for each part of the model. The vertex concentration of the model is 

also shown in the same Figure using a color-coded heatmap in blue and red where darker tones of red indicate higher 

concentrations. 

These data reveal that the lowest detail concentration is found in the mantle, tunic, arms, and pedestal. Conversely, the 

highest detail concentration is observable in the head, hands, feet, knot and instrument. Throughout the model development 

process, efforts were made to prioritize retopology, by enhancing detail in elements of significant iconographic importance 

or areas with high expressiveness, essential for accurate animation. In that regard, the most important iconic symbols of 

the goddess, her situla, the sistrum and the Isaic knot, the hair, and her headdress were modeled in detail. Although the 

tunic and mantle had the lowest vertex concentrations, they were detailed for an accurate depiction of the wet drapery 

effect, as shown in the vertex distribution in Figure 8. In contrast, the face and hands, as expressive features that were 

crucial to the animation, were highly detailed [14]. Facial details, critical for facial expressions, were specifically 

concentrated around the mouth, nose, and eyes. The high vertex concentration at the sculpture's feet was because the 

vertices were at the endpoints of many loops within the 3D model. 
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Figure 8: Results of the detail concentration analysis. Heatmap (left) and table results (right). The clusters within the 3D model, 

defined based on vertex concentration, are represented over the heatmap. Each cluster is labeled with its corresponding centroid number, 

and the cluster radius is indicated by a black dashed line. 

 

For the quantitative analysis, a clustering of regions within the 3D model was performed using the k-means algorithm. 

To conduct this analysis, the Euclidian coordinates of each vertex were extracted and subsequently subjected to the 

clustering process. The entire procedure was carried out using the Hartigan-Wong algorithm, with a varimax rotation of 

10 [39]. Initially, clustering was performed using a range of 1 to 10 clusters. The Elbow Method was then applied to 

evaluate the Within-Cluster Sum of Squares, revealing that the most significant drop occurred at five clusters. Beyond this 

point, the improvement from adding more clusters became marginal, indicating that 5 is the optimal number of clusters. 

Subsequently, spheres were modeled around each cluster using their centroids as centers in order to determine the spatial 

area occupied by the clusters within the 3D model. The standard deviation of each cluster was calculated to define a 

representative radius, indicating its spatial extent in the 3D environment. Specifically, the square root of the Within-Cluster 

Sum of Squares was divided by the number of points in the cluster. The resulting value reflects the average dispersion of 

points around each cluster centroid. Figure 8 shows the identified clusters, outlined with dashed black lines over the 3D 

model's heat map. Each cluster is labeled with its corresponding centroid number. All relevant data regarding the clusters 

and their generation are provided in Annex II. As illustrated in Figure 8, the results of the quantitative analysis support the 

findings of the qualitative assessment. The areas highlighted by the clusters correspond to the hands and instruments, head, 

feet, and the central region of the model near the knot. These regions are also the most visually prominent on the heat map. 

Moreover, the segmentation of the model based on semantic criteria, also visible in Figure 8, shows that these areas contain 
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the highest concentration of vertices. This confirms that these regions of the 3D model are the most relevant in terms of 

detail, as well as the most expressive areas, where the key attributes of the deity are also located. 

For the LoD analysis, LoDCalculator, an add-on for Blender designed to evaluate LoD, particularly in 3D models of 

CH [76] was used. This software provides a score of 1 out of 5, with half-point increments. The model received a score of 

4 out of 5, indicating a high LoD. However, this score is primarily due to the "low" resolution of textures applied to the 

goddess’s instruments. Since these objects did not have a primary reference based on photogrammetry [62], priority was 

given to displaying the rest of the sculpture to occupy a larger area in the UV space, resulting in a relatively lower resolution 

for the instruments [34]. Excluding the instruments from the analysis, the LoD score reaches 5 out of 5. Nevertheless, a 

score of 4 out of 5 still indicates a high LoD [76]. These results are indicative, but in any case, they suggest that the 

generated 3D model has a high LoD. 

5 DEVELOPMENT OF IVR EXPERIENCE 

An iVR experience was designed to test the 3D model. Created in collaboration with the Museum of Burgos (Spain), it 

was tested with the museum's visitors during an annual ‘White Night’ cultural event, during which the city museums remain 

open during the event and receive large numbers of visitors. 

The aim was to test the quality of the model in an iVR experience, so it was necessary to create a 6 Degrees of Freedom 

(6DoF) iVR experience, so that users could freely look at and move around the virtual environment [77]. The experience 

followed a simple design process, due to the limitations of the evaluation context. As noted in various reviews, iVR 

experiences within museums are often more limited than in other contexts, because they are usually tested with very large 

and diverse groups [10]. The large number of people testing the experience, and the diversity of profiles complicate the 

execution of complex experiences and evaluations, as situational control is reduced [75]. This aspect has been particularly 

important in this experience, as the ‘White Night’ is an event that attracts a particularly large number of visitors. In other 

contexts, less constrained experiences could be considered. 

The iVR experience was of the Explorative type, meaning that users could not directly interact with the environment 

and their range of movement was limited [17]. A Real Walink-type interaction system [7], also referred to as Room Scale 

in other reviews [75], was used in which the user can only interact within the environment by walking around it. The 

movement area of the experience is approximately 2m2. Rather than other more complex systems, its use removes the need 

to include controllers or hand-tracking systems and simplifies the iVR experience, making it more accessible to all kinds 

of participants. In this iVR experience, users can view the photogrammetric sculpture of Isis and its reconstructed version 

for a total of 2 minutes (1 minute per version); information that is communicated to the users through a visual message 

before the experience begins. The user appears in front of the photogrammetry sculpture, displayed at real size, and can 

move around it for close examination. Due to the high PC of the photogrammetric version of the model (5,415,819 

triangles), a decimated version with a PC of 24,406 triangles was generated. One minute later, the photogrammetric version 

of Isis is replaced by the reconstructed version of Isis. So that the change is clearer for the user, the virtual environment 

also changes: while the users are observing the photogrammetric version, they are in a museum; when they see the 

reconstructed version, they find themselves within a Roman temple dedicated to the goddess. No specific heritage site is 

reconstructed in the temple environment. These genetric scenarios were obtained from the Unreal Engine Marketplace, 

now known as Fab. Figure 9 shows an image of the iVR experience depicting both scenarios and reconstructions of Isis. 

A background ambient soundtrack remains on throughout the experience. 

The experience was developed for standalone HMDs (Oculus Meta Quest 2 and 3) using Unreal Engine 5. It was the 

chosen type of HMD, because it requires no computer to function [5], facilitating both its transport and installation in a 
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museum. Additionally, Unreal Engine was selected for its capability to generate photorealistic environments [10], due to 

the research team's prior experience with this engine and its ease of use [57]. 

 

 

Figure 9: Screenshots of the iVR experience: 1) the original Isis and 2) the reconstructed Isis. 

 

6 EVALUATION 

The main characteristics of the evaluation will first be described, followed by the results and discussion. 

6.1 Materials and Methods 

The evaluation procedure consisted of a single questionnaire administered at the end of the experience. Although 

administering questionnaires both before and after the iVR experience can be useful to obtain more robust results [75], 

only one questionnaire was administered to simplify the evaluation method. A more complex evaluation method with 

multiple tests could in a context of limited control over the users have led to errors [88]. 

The questionnaire was derived from the Questionnaire sur l’État de Présence [91], a 2005 revision of the Presence 

Questionnaire (PQ) proposed by Witmer B.G. and Singer M.J. [90].  The aforementioned questionnaire was chosen, as it 

is recognized as a standard for the evaluation of various factors related to iVR experiences [50]. 

The PQ was slightly modified to meet the specific needs of the experience. Firstly, its original 7-point Likert scale was 

adjusted to a 5-point scale for the purpose of simplification. A change that was due to the challenges of conducting an 

evaluation in a musealization context. Secondly, due to the limitations of the experience in terms of complexity, all 

questions directly related to interaction or controls were removed, including all questions on the Interface Quality factor, 

which refer to the quality of the interface and control [90]. Finally, two new blocks of questions were added. The first 

block contained demographic questions such as age, gender, and previous experiences with iVR. The second block 

consisted of questions specific to the experience, focusing on the realism of the 3D model and the quality of the 

reconstruction; regarding these questions, participants were informed that the environments in which the statue was placed 

were generic, and that the questions specifically referred to the figure of the goddess Isis. In addition, a question about 
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cyber sickness symptoms, a very important factor for the assessment of iVR experiences, was also added [7]. Table 1 lists 

the questions. Considering the above adjustments, the factors evaluated in the final questionnaire were as follows: 

1. Cybersickness: a condition marked by symptoms such as nausea, and headaches experienced by users in virtual 

reality (VR) environments, which have primarily been explained through sensory conflict theory [19]. The 

cybersickness factor was evaluated with 1 question. 

2. Involvement: a psychological state that arises from directing mental energy and attention toward a coherent set of 

stimuli or activities. It is enhanced by tasks and activities that cognitively, physically, and emotionally stimulate, 

challenge, and engage an individual [91]. The involvement factor was evaluated through 9 questions. 

3. Adaption/Immersion: terms used to describe the degree of the user's perceived competence at navigating the virtual 

environment and how quickly they can adjust to the iVR experience [90]. The adaption/immersion factor was 

evaluated with 5 questions. 

4. Visual Fidelity: used to evaluate the ease of viewing using vision throughout the iVR experience when conducting 

active searching, surveying, or examining objects [90]. The visual fidelity factor was evaluated with 2 questions. 

5. Reconstruction questions: used to evaluate specific aspects of the restoration work in this project. The reconstruction 

evaluation factor was evaluated with 3 questions. 

 

Table 1: List of questions used in the questionnaire 

N Factor Item 

1 Demographic Sex 

2 Demographic Age 

3 Demographic Have you ever used a Virtual Reality headset before? 

4 Cybersickness Did you feel dizzy during the experience? 

5 Involvement How much were you able to control events? 

6 Involvement How responsive was the environment to actions that you initiated? 

7 Involvement How natural did your interactions with the environment appear? 

8 Involvement How much did the visual aspects of the environment involve you? 

9 Involvement How natural was the mechanism which controlled your movement through the environment? 

10 Involvement How compelling was your sense of objects moving through space? 

11 Involvement How much did your experiences within the virtual environment appear to be consistent with your 

real-world experiences? 

12 Involvement How involved were you in the virtual environment experience? 

13 Adaptation/Immersion Were you able to anticipate what would happen next in response to the actions that you performed? 

14 Adaptation/Immersion How completely were you able to actively survey or search the environment using vision? 

15 Adaptation/Immersion How much delay did you experience between your actions and the expected outcomes? 

16 Adaptation/Immersion How quickly did you adjust to the virtual environment experience? 

17 Adaptation/Immersion How proficient in moving and interacting with the virtual environment did you feel at the end of the 

experience 

18 Visual Fidelity How well could you examine objects from multiple viewpoints? 

19 Visual Fidelity How closely were you able to examine objects? 

20 Reconstruction 

questions 

How realistic did you find the sculpture of Isis? 

21 Reconstruction 

questions 

Do you think the 3D model you have seen faithfully reproduces the appearance of Isis? 

22 Reconstruction 

questions 

Were you able to differentiate the reconstructed parts from the original parts of the sculpture? 
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6.2 Results and discussion 

Firstly, the demographic results are detailed. Secondly, the results of the factors that were analyzed are explained and 

discussed. Finally, the results of a clustering analysis on user behavior are presented. 

The 60 individuals of the evaluation sample had a mean age of 47 years old with an SD of 17 years.  There were 33 

(55%) women and 27 (45%) men, 43% of whom had previous experience with iVR. Figure 10 shows a group of users 

viewing the experience during the ‘White Night’ event. The data were processed by calculating M and SD. The results of 

Question 15 were reversed, with maximum and minimum values inverted, as it was the only question posed in reverse 

order. All the data can be consulted in Annex 2. Table 2 presents the sample results for each factor, showing M and SD. 

Considering that the musealization experience is designed for a diverse range of users, the results were categorized based 

on the demographic profiles of the users, to assess their impact on each factor. The results were divided into groups based 

on their prior iVR experience and age, splitting the sample into four equal quartiles of 15 individuals with the following 

characteristics: Age Group 1 (10-34 years old), Age Group 2 (34-53 years old), Age Group 3 (54-60 years old), and Age 

Group 4 (60-75 years old). In that way, age-related differences could be identified in view of the wide age range of the 

sample. 

 

 

Figure 10: Group of users testing the experience during ‘White Night’ event. 

 

Overall, the results of the study were highly satisfactory, with Visual Fidelity, at 3.73, being the only factor scoring 

below 4 out 5. There were minimal differences between the other groups, with Age Group 3 standing out for having a 

slightly higher score, except in Cybersickness. These results can be contrasted with the results of other studies, in which 

iVR experiences were evaluated in museum contexts with large samples and wide age ranges. The way that the results 

were affected by age, due to factors such as the younger populations' experience with new technologies [67], interest in 

new technologies [54], and perception of CH [74] can be highlighted in this research. In addition, these results could also 

have been affected by the novelty effect, i.e, the excitement that any new technology causes in new users, enhancing their 
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attention during initial interactions [58]. An effect that was also evaluated in other iVR studies, revealing significant 

differences among users with varying levels of experience with this technology [58]. These results with few variations 

between users of different ages and previous iVR trials may be attributed to the simplicity of our iVR experience. Positive 

results were expected in terms of usability and satisfaction across all age groups, regardless of prior experience with iVR, 

as the iVR experience was designed to be simple and accessible to all types of audiences. It also reduced age-related 

differences such as the novelty effect. 

 

Table 2: User results in relation to the different factors, showing both the M and the SD of each factor. 

 N Cybersickness 

(M/SD) 

Involvement 

(M/SD) 

Adaption/Immersion 

(M/SD) 

Visual Fidelity 

(M/SD) 

Reconstruction questions 

(M/SD) 

Total 60 4.58 / 0.94 4.06 / 0.86 3.73 / 1.06 4.05 / 0.93 4.02 / 0.92 

No iVR Experience 34 4.56 / 1.05 4.10 / 0.86 3.67 / 1.06 4.01 / 094 4.07 / 0.96 

Previous iVR 

Experience 26 4.62 / 0.80 4.00 / 0.87 3.81 / 1.05 4.11 / 0.92 3.94 / 0.85 

Group Age 1 15 4.80 / 0.56 3.91 / 1.00 4.02 / 1.05 4.46 / 0.81 3.78 / 1.06 

Group Age 2 15 4.20 / 1.42 3.96 / 0.90 3.51 / 1.05 3.71 / 1.01 4.07 / 0.78 

Group Age 3 15 4.60 / 0.91 4.23 / 0.72 3.84 / 1.09 4.13 / 0.73 4.13 / 0.89 

Group Age 4 15 4.73 / 0.59 4.15 / 0.78 3.56 / 0.99 3.93 / 1.02 4.05  0.93 

 

Delving deeper into the differences between the various user-types, a user behavior analysis based on k-means 

clustering, in which users are grouped into clusters based on response patterns, was also conducted [41]. For the analysis, 

Questions 1 to 3 were excluded, as they pertained to demographic aspects that would have influenced the composition of 

the clusters. The remaining questions were analyzed using the Hartigan-Wong algorithm [39]. 

Figure 11 depicts the Cluster plot on the left-hand side, illustrating the two clearly independent clusters, Cluster 1 (in 

blue) and Cluster 2 (in green). Both the X and the Y-axis represent the weight of the two dimensions identified for 

clustering. On the right-hand side, a box plot shows the scores of both clusters for each factor. The Y-axis displays the 

distribution of the scores, while the X-axis shows each factor divided between the two clusters, with Cluster 1 always on 

the left and Cluster 2 on the right. Examining the demographic data, Cluster 1 has an average age of 27, with 59% of its 

members having prior experience in iVR. In contrast, Cluster 2 has an average age of 53, with 41% of its members having 

prior experience in iVR. The older users of Cluster 2 might therefore have tried out iVR on fewer occasions than the 

younger members of Cluster 1. 
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Fig. 11: Cluster Plot (left), box plot with the scores of the two clusters in each factor (right). 

 

 

As observed, Cluster 1 groups together lower scores across all factors, concentrated around 3 or 4. In contrast, the 

scores for Cluster 2 (older age group and less experienced in iVR) are concentrated around 4 to 5. The exception is the 

Cybersickness factor, where both groups have the same score, concentrated around 5. The positive results of both groups 

were also echoed in previous studies, in which the impact of the novelty effect and age on user behavior was higher among 

older and less experienced users [58, 67]. 

The results of this study indicate a very positive response from the sample across all the factors that were evaluated, 

demonstrating high usability and user satisfaction with both the iVR experience and the reconstructed 3D model. Although 

no obvious differences were observed between age groups and prior iVR experiences, those differences could be detected 

using clustering methods, which revealed typical behaviors of such users in similar experiences, with higher results among 

users with less prior experience in iVR. The lack of clear differences at first glance may be indicative of a well-designed 

iVR experience for a variety of audiences within musealization contexts. The simple design was intended to mitigate the 

friction that this technology can cause in uncontrolled environments with diverse user profiles, such as museum exhibitions 

[10]. The results were highly satisfactory in that regard, although the 3D model has still to be implemented in more complex 

iVR experiences, so that its potential as a VA may be further explored. 

 

7 CONCLUSIONS 

The development, assessment, and iVR implementation of a virtual reconstruction of the sculpture of the Isis of Clunia 

(Spain) from the 2nd c. AD has been presented in this study. The reconstruction procedure of the 3D model utilized close-

range photogrammetry to build an initial model. Subsequently, the photogrammetric model was supplemented with 

historical information through 3D modeling for non-structural restorations and digital sculpting for structural restorations. 

The model was then optimized through retopology and texture baking. The deviation of the 3D model from the original 

photogrammetry was few mm and its detail were concentrated in the iconic attributes of the sculpture and the movable, 

expressive parts, facilitating its animation and its use as a VA with a high LoD. This process resulted in a light 3D model 

ready for implementation in iVR experiences and with the potential to be used as a VA. In addition, the model is open 

access and freely downloadable. The procedure executed in this research has yielded satisfactory results. However, a 
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limitation of this procedure is the loss of fidelity of the generated model in relation to original statue, due to the data 

acquisition and optimization methods employed. 

An explorative iVR experience has been developed to test an initial implementation of the model. Users were able to 

observe the sculpture in its two states: original and reconstructed. The results of the iVR experience were tested with a 

sample of 60 people during the ‘White Night’ event at the Museum of Burgos (Spain). The 3D model was well received, 

and the evaluation yielded very positive results in terms of usability and user satisfaction, for both the 3D model and the 

iVR experience. Further analysis of the results with clustering methods showed less satisfactory results between young 

people with previous iVR experience and higher satisfaction among older people who had never experienced iVR before, 

due in all likelihood to the novelty effect [58]. In any case, the effect was hardly noticeable in the results of both groups, 

which were very satisfactory. In the future, it is planned to use the model in more complex iVR experiences and to explore 

its potential as a VA, in addition to assessing the degree of user interaction with users from a wide range of demographics 

in this more complex experience. Moreover, the development of simpler iVR experiences focused on the Isis of Clunia is 

also planned as part of the activities of the Museum of Burgos. 
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