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Abstract: This paper uses digital approaches to investigate Priene’s (Turkey) archaeological area.
The city was built ex novo, after a catastrophic earthquake around 350 BC, on a new site facing the
Mediterranean Sea. The city suffered a slow decline following centuries of development and was
abandoned after the 12th century. The remains of Priene were discovered in the 17th century, and
different excavations and studies have been conducted in the last few centuries. The city’s remains
have been studied from various archaeological and historical points of view. It is documented that
the city suffered different earthquakes during its existence, as demonstrated by the partial restora-
tions and damage patterns visible within the remains. This contribution offers a methodological and
interdisciplinary approach for studying and enhancing archaeological heritage. This paper presents
the preliminary results of the first comprehensive digital acquisition of the Aegean city of Priene.
The digitization approaches here described focused on digital acquisition and 3D modeling restitu-
tion in the form of virtual reconstructions of two monumental buildings: the Doric Stoa near the
Temple of Athena Polias and the Theater. The procedure was complementary to the analysis and
comprehension of previous numerous studies carried out by British and German institutions, where
digital acquisition and restitution techniques have led to the validation of previously obtained re-
sults. For the first time, digital models have been used as tools for accessing heterogeneous
knowledge, and they have been incorporated into the discourse of archeological studies. Indeed,
the interdisciplinary team went beyond archaeological data to attempt to digitally reconstruct mon-
umental complexes and conduct preliminary structural evaluations scientifically.

Keywords: Priene; archaeological sites; natural disasters; digital survey; integrated approach;
digital 3D reconstruction; Masonry Quality Index analysis; Extended Matrix; Greek theater; Stoa

1. Introduction

The presented study and in situ considerations were part of the outcomes of the In-
ternational Summer School ‘Priene, Architecture, and Archaeology. Survey, Documenta-
tion and Design, 20-27 July 2022, Priene, Turkey’.

This contribution aims to investigate the use of new digital technologies to study and
enhance the archaeological site of Priene in Turkey. The activity within the Summer
School involved an interdisciplinary group composed of 26 international professors and
researchers and five students from Ozyegin University who applied for summer intern-
ships (ARCH?200). The researchers and scholars came from the Dynamic Research on Ur-
ban Morphology-DRUM laboratory, the Department of Interior Architecture and Envi-
ronmental Design of Ozyegin University and GEKA: Giiney Ege Kalkinma Ajansi/South
Aegean Development Agency, in cooperation with Bursa Uludag Universitesi, University
of Florence, Polytechnic University of Turin, Abdullah Giil Universitesi, University of Na-
ples “Federico II”, University of Novi Sad and “Sapienza” University of Rome. For the
first time, the group had the opportunity to work closely with the archaeological heritage
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of the city of Priene. At the beginning, part of the teaching and research program was
dedicated to the digital acquisition of the remains of the Priene ruins using integrated
digital acquisition technologies.

Therefore, the team was divided into five groups. Three of them were dedicated to
different acquisitions: photogrammetric, unmanned aerial vehicle (UAV), and laser scan-
ner. The figures involved are related to the discipline of drawing and surveying built her-
itage to define photogrammetric acquisition protocols in the archaeological field. The
company LiTech Engineering managed the laser acquisition phases using a laser scanner
(Leica RTC 360) controlled by a remote device, acquiring a total of 640 scan stations.

Another group was dedicated to analyzing the wall structures of the city’s main sites,
with an interdisciplinary team of architectural historians, archaeologists, and experts in
the structures and restoration of architecture and cultural heritage. The theme addressed
concerned the analysis of the structural features of different parts of the ruins, the pro-
posal of hypotheses on the damage patterns and their past causes [1].

Finally, the last group included architects and town planners to define a possible pro-
ject master plan for creating a new system of visitor paths within the archaeological area.
The aim was to define a possible relationship between archaeology and architecture. This
theme has always been characterized by several interlinking factors, including historical
perspectives, technological aspects, issues relating to restoration and the link with the lo-
cal territory [2].

The ancient Aegean city of Priene, located in modern-day Turkey, has a long history,
being one of the many interesting examples of Aegean urban settlement that defines the
architecture and the urban setup that would become a reference for all the Classical age.
It is known to have experienced earthquakes throughout the centuries. One notable an-
cient earthquake occurred in the region in the 4th century BCE. During the Hellenistic
period, Priene was struck by a devastating earthquake that caused significant damage to
the city, destroying many buildings and structures. Several ancient historians, including
Pliny the Elder and Strabo, a Greek geographer and historian, mentioned the event. This
significant earthquake led to Priene’s relocation and reconstruction at a new site, approx-
imately twenty stadia (around 3.7 km) from the original city [3].

The new city was discovered in 1673 by English merchants, and it subsequently at-
tracted numerous archaeologists from Germany, who have carried out and performed
multiple scientific excavations. Carl Humann carried out the first excavations in 1894 with
the permission of the Ottoman authorities. Between 1895 and 1899, excavations were car-
ried out by archaeologists Theodor Wiegand and Hans Schrader [4], who focused on the
ancient part of the city. In this paper, we focus on two areas. One pertains to the Hellenistic
area of the city and includes the Doric Stoa (2nd century BC), which has a large part of the
base wall still standing. The other area under consideration is the Theater, which was built
in the second half of the 4th century BC. Moreover, it was renovated at the beginning of
the 2nd century BC, in the middle of the 2nd century BC, and finally, in the 2nd century
AD. Between 1992 and 1998, architect Jens Misiakiewicz elaborated a restoration and
maintenance plan for the ruins, leading to the current configuration of the Theater [5]. The
interventions carried out included repairing minor damage, relocating recognizable ele-
ments within their context, and improving the legibility of the proscenium’s architecture
to ensure its overall image and stability. The excavations brought to light significant and
interesting buildings.

During the Summer School, the previously described groups analyzed and investi-
gated most of the archeological areas of the city of Priene, including houses, the Temple
of Athena Polias, the Agora, the Bouleuterion, and the Gymnasium. In this paper, two
areas in particular are analyzed in depth regarding their history of violent transformation
and slow decay: the Wall of the Doric Stoa and the Theater (Figure 1).
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Figure 1. On the top, a portion of the plan of Priene in ‘Griechische Stadeanlagen’ [6,7], with the
locations investigated during this study. 1. Terrace of the Doric Stoa near the Temple of Athena Po-
lias. 2. Theater. On the bottom, superimposition with the Google Earth view. (E.C.G. and G.V.).

2. Materials and Methods

The interdisciplinary team addressed the issues of virtual reconstructions, philologi-
cal anastylosis of architectural complexes, and structural considerations regarding the dif-
ferent historical techniques and damage observed in Priene.

The methodological approach was devoted to diverse objectives. First, the didactic
activities were carried out with internship students, and then, research activities related
to archaeological and historical evidence were conducted to understand the history and
evolution of the city’s diverse areas. Finally, the method involved the creation of storytell-
ing and narratives accessible on-site (design projects and open-air exhibit layouts) and
online (digital maps, digital galleries, and extended reality solutions).

This paper describes the definition and development of online digital assets to create
extended reality solutions for both the public and academics. Digitization is part of the
European Agenda initiative for the 3D digitization of cultural heritage artifacts and mon-
uments [8] and follows the Convention on the Value of Cultural Heritage for Society
(2005), which considers knowledge and use of heritage to form part of the citizen’s right
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to participate in cultural life as defined in the Universal Declaration of Human Rights.
Furthermore, cultural heritage is also recognized as a resource for human development,
the enhancement of cultural diversity, the promotion of intercultural dialogue, and an
economic development model based on the principles of sustainable resource use [9]. Dig-
itization processes and actions are essential for preventing risks and managing mainte-
nance, as they can help address risks arising from natural events, climate change, political
instability, or armed conflict. Additionally, the scenarios for experiencing heritage during
and after the COVID-19 pandemic have highlighted the importance of digital technologies
in ensuring accessibility to heritage sites [10].

These key factors were used to plan and manage the digitization of the city of Priene,
which aims to enhance its accessibility from abroad and contribute to the creation of novel
knowledge for cultural valorization and dissemination.

This project re-proposes the methodology of Virtual Reconstruction Information
Modeling (VRIM), which has been expanded and revised to standardize digital recon-
struction processes using historical documentation for partially documented architectural
and archaeological heritage [11].

The ‘Knowledge Acquisition” phase involves historical research and the collection of
metric data. This phase also includes gathering previously published works and collecting
data and metadata already available from digital repositories.

The ‘Data Analysis’ phase prepares for defining the possible levels of knowledge rep-
resentation, aligning with the multidisciplinary nature and objectives of 3D models that
integrates reality-based representations with source-based ones. In this case, the data anal-
ysis was focused on the Stoa wall and its structure.

The ‘Knowledge Interpretation’ phase establishes the critical and methodological ap-
proach to 3D reconstruction in a digital environment [12]. It includes the semantic struc-
turing of the model’s components, which is crucial for organizing knowledge within the
model. This phase was developed using, in this case, the methodology offered by the Ex-
tended Matrix (EM) [13].

The "Knowledge Representation” phase aims to create a digital ecosystem that com-
plements the primary digital asset (reality-based models). It serves as a primary access
point for multidisciplinary information accessible online and consistent with its discipli-
nary context.

3. Knowledge Acquisition and Data Gathering

Numerous, predominantly German, studies have allowed us to collect archaeological
documentation of Priene’s historical events and monuments. The extensive documenta-
tion already available in the literature posed a significance limitation due to the language
barrier, effectively making most of the contents inaccessible to non-German-speaking re-
searchers. Luckily, the recent enhancement of online translators (e.g., Google Translator
and DeepL) has made these resources more retrievable and easier to share. Among the
studies analyzed, reference was made to the extensive iconographic and photographic re-
sources accessible from the iDAI platform, which documents previous German excava-
tions in Priene. By employing Semantic Web strategies, Arachne provides a low-threshold
structure for data and part of the ‘iDAlLworld” is a comprehensive digital infrastructure
developed by the German Archaeological Institute (Deutsches Archédologisches Institut,
DAI) to support archaeological and cultural heritage research [14]. It is a central platform
for collecting, managing, and sharing archaeological data and resources. The ‘iDAlL world’
infrastructure encompasses several interconnected modules and databases that cover dif-
ferent aspects of archaeological research.

The other digital repositories consulted were developed by international initiatives.
The ‘Perseus Digital Library’ [15] covers the Greco-Roman world’s history, literature, and
culture. The ‘Ancient Theater Archive’ [16] is a non-profit, educational project from Whit-
man College, USA. The ‘Heidelberg University Library’ [17], the oldest and, at the same
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time, one of Germany’s largest academic libraries provides access to the digitalized Ger-
man references that we used for this study.

3.1. The Doric Stoa

Nowadays, the Doric Stoa near the Athena Polias Temple has completely disap-
peared. The wall on which it stood has also been disrupted by a ruinous landslide. The
side walls, previously surveyed and analyzed by Hennemeyer [18], remain visible.

The Acropolis, including the Athena Temple, is characterized by a Stoa facing the
southern part of the city. Here, a retaining wall stabilizes the plane of the acropolis, ele-
vating its level to the slope of the descending hill. Specifically, the Stoa was realized with
a portico located a few meters north of the terrace. The traces of the Stoa remain at the
basement level, while the retaining wall of the terrace has partially collapsed. The central
part is undefined, and only the two corners (occidental and oriental sides) are well con-
served (Figure 2).
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Figure 2. Historical photographic from the iDAI platform [19], and on the bottom, comparisons of
images A and B from the 1980 to 2022 photographic campaigns. (E.C.G.).
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The Wall of the Doric Stoa is made of huge stones, partially refined and well pre-
served despite the heavy impact of earthquakes and centuries of abandonment. Through
their positioning and evident alterations, the stones allow the interpretation of the “move-
ment” received by the original structure. This is also well documented by the ‘iDAl objects
arachne’ platform, which collects several historical pictures of the archaeological area. All
the digitized images and textual data in Arachne are preserved for the long term and are
available online.

A simple visual check of the available contents confirms that the prevalent changes
happened before any historical photographic documentation as shown in Fgure 2.

Regarding the Doric Stoa, LiTech Engineering used a 3D laser scanner unit and a
Leica Geosystem RTC 360 to perform the digital acquisition. The data acquired were ex-
tensive, and the group planned to divide the archaeological area of Priene into different
sub-areas: the Temple area, the Agora, and the House 33, as encoded by previous studies
[18,20-22].

The Temple area also comprises the Stoa area, consisting of 465 scan stations aligned
using ReCap Pro. After the point clouds were registered, the merged point cloud of the
Temple area was exported and cleaned using Leica Cyclone. This post-processing phase
was necessary due to the presence of people and visitors within the archaeological area
during the acquisition phase. Raw point clouds often contain noise due to sensor inaccu-
racies or environmental factors such as trees and vegetation (Figure 3).

Figure 3. On the left are axonometric views of the aligned point clouds of the Temple area: image
with 465 scan station positions (top) and a southwest view (bottom). On the right, images of post-
processing: a comparison between the raw data (top) and cleaned point cloud (bottom). (E.C.G.).

3.2. The Theater

The Theater of Priene is considered a typical Hellenistic theater due to its limited
modifications in the Roman period, unlike most Greek theaters in Anatolia. Armin Von
Gerkan confirmed this condition during his archaeological campaign from 1911 to 1912.
During the period of the two world wars, excavations were suspended and then resumed
by numerous scholars: Wolfgang Miiller-Wiener (1977-1982), Wolf Koenigs (1990), Wulf
Raeck (2013), Hasibe Akat (since 2014).
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For the Theater, the analysis followed an acquisition campaign that involved an inte-
grated survey: the photogrammetric acquisition was performed with an unmanned aerial
vehicle (UAV) by specialized operators using a DJI Mavic Mini drone equipped with a
1/2.3-inch CMOS sensor (Figure 4). At the same time, the terrestrial photogrammetric ac-
quisition campaign was part of the educational experience offered to the participants by
the International Summer School [23][1] and was performed using students’ smartphones.
A total of 1502 images were aligned and post-processed using MetaShape (Figure 5). The
obtained point cloud was then scaled using target points and dimensional references ac-
quired in situ. Using elements of known length for dimensioning point clouds is a com-
mon practice and generally produces dimensional accuracy within a few centimeters [24].

AN

Figure 5. Images of the post-processing of data for the Theater. From the left, the alignment of cam-
eras (1,256,561 points), dense cloud (261,238,304 points), and textured mesh (43,646,219 faces and
21,831,522 vertices). (E.C.G.).

The numerous investigations and studies conducted on the Theater of Priene have
made it possible to understand how the monumental building has changed, highlighting
its complexity. In this case, diverse authors have made diverse assumptions regarding its
layout and various configuration phases, including its skené, which had a similar function
to the modern proscenium.

According to Gerkan [25], the Theater had three configurations. The first was a Hel-
lenistic era configuration with a skené composed of a single level of Doric order and even-
tually an upper level with a central main entrance to access the scene (Figure 6). The late
Hellenistic age saw a shift of the theatrical action from the orchestra level to the first level
of the skené, with the spectacular presence of three huge niches simulating big entrances
(Figure 7). Finally, the Roman configuration featured a scenae frons with two levels (Figure
8).
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Figure 6. The hypothesis of the first configuration of the Theater (image from the Salt Arastirma,
Harika-Kemali Soylemezoglu Arsivi) [26,27].

Figure 7. The hypothesis of the Hellenistic Age of the Theater according to Gerkan [25,28].

+);-
!
I

Figure 8. The hypothesis of the Roman Age of the Theater according to Gerkan [5,25].

4. Data Analysis of the Retaining Wall of the Doric Stoa

The retaining wall comprises two parts, the eastern and the western sides. Both parts
are characterized by corners that are well interlocked between the elements. The analysis
of the digital survey shows that the eastern side of the wall, which is the most visible one,
is not aligned with the axis of the terrace and the Stoa behind, exhibiting a deviation of 2
degrees. However, the limited angle results in a displacement around 79 c¢m in the total
length of the non-aligned portion. Hennemeyer [18] has documented this variation, indi-
cating the two external sides to be constructions of different phases, while the original
retaining wall appears to be the one in the central part. However, an observation of the
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remains of the wall reveals how all the central part has collapsed, with only a few remains
lying on the bedrock.

The horizontal alignment between the different wall parts immediately points out
the diverse characteristics of the retaining walls (Figure 9). The layers between the two
sides do not correspond, and the stone elements have different dimensions in terms of the
length and height. According to the masonry quality index method [29], although there
are morphological differences between the eastern and western sides of the terrace, the
two walls present similar peculiarities from a structural perspective, indicating good re-
alizations (Figure 10 and Table 1).

Figure 9. Horizontal misalignment between the three parts of the retaining walls (A—C). The position
of the three parts is detailed in the legend. On the left is the west corner of Beilage 4 [18]. On the right
are the two fronts of the east corner from digital acquisition. (V.C.).

Horizontality of bed joints Stagger properties of vertical joints Inter-locking on the external plane

Figure 10. The Masonry Quality Index (MQI) analysis [29] applied to wall B from Figure 9. (V.C.).

Table 1. Parameters to consider in the visual analysis of the MQI method for wall B from Figure 9.
(V.C).

Description of the Parameter Acronym Outcome !

Mechanical characteristics and quality of masonry units SM F
Dimensions of the masonry units SD F
Shape of the masonry units SS F
Level of connection between adjacent wall leaves wC F
Horizontality of mortar bed joints HJ F
Staggering of vertical mortar joints wWj F

Quality of the mortar/interaction between masonry units MM NF

! Fulfilled —F, partially fulfilled —PF, and not fulfilled —NF.

On the west side, the wall offers a large number of diathon elements connecting the
retaining wall to the ground. On the other hand, the east wall presents a different config-
uration along the height, with three minor courses defining a different geometric pattern.
Concerning the diathons, there are still elements connected to the ground behind them.
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Although these are less identifiable in terms of the dimensions, they are visible in the part
adjacent to the collapse, where the inner section is reachable. In all cases, all the walls lie
directly on the bedrock layer. Where this emerges from the slope of the hill, the construc-
tion of the wall began following the natural inclination of the bedrock, leading to portions
with a greater or lesser height as a function of the site’s natural characteristics. This is
observable in the connections of both sides; furthermore, looking at the eastern part, some
non-horizontal elements seem to result from successive additions to tuck the wall in its
closing part. This is still coherent with the ground survey performed in part below the
terrace to observe the composition of the ground beneath the podium, where a series of
filling with incoherent materials were identified [18].

Discussion on Historical Damage, Earthquakes, and Vulnerabilities

According to Altunel [30], a damaged corridor in the Agora is the more evident evi-
dence of historical damage suffered by Priene due to ground motions. Considering the
territory where Priene is located, it is plausible that different earthquakes have struck the
region, thus leading to different consequent damages. In addition, many excavations and
alterations have been performed over the years, e.g., considering the tumuli of debris
made by the English excavations right below the western side of the terrace. Stiros [31]
shows clearly how the falls and damage that happened to most historical temples made
by the drum of stones depend on complex mechanics. The main effects can be identified,
but the disruption process is challenging to define fully. Observing the terrace of the Stoa
area, near the Athena Temple, it is possible to speculate that the central part is the most
vulnerable due to the absence of orthogonal walls impeding the out-of-plane failure. Due
to the presence of walls from different periods, local discontinuities could have increased
the tendency to overturn the central part because of weak connections to the side parts.
On the other hand, the presence of walls realized at different times could still be the con-
sequence of a failure, given by the shape of the wall, which is long, around 78 m, and thus
vulnerable to horizontal flexural mechanisms.

5. Knowledge Interpretation

New digital tools offer multiple possibilities for preserving and enhancing
knowledge about archaeological heritage. Semantically structured digital models emerge
as a product for dissemination from the digital acquisition of metric data. Within this spe-
cific topic, virtual reconstructions, widely used in digital cultural heritage, represent a
challenge and a still open field of investigation. The question, still open, concerns not so
much the morphological aspects of a reconstructed asset but rather the need to make ac-
cessible the critical reasoning behind the reconstructive process itself. This research, there-
fore, considers, starting from the open debate on the matter and from the existing guide-
lines, such as the ‘London Charter for the computer-based visualization of Cultural Her-
itage’ [32,33], the ‘International Principles of Virtual Archaeology’ [34,35] and the FAIR
Guiding Principles for Scientific Data Management and Stewardship [36], what could be
a methodological workflow capable of gathering the complexity of knowledge related to
the archaeological area and architectural complexes under consideration.

The virtual reconstruction process involved data collection, digital acquisition, data
analysis, and interpretation. In this phase, a data modeling approach was chosen for both
the morphological and informative layers. The data modeling visualization consisted of
the knowledge representation of the reconstruction process using 3D models, visual
graphs, and digital tools [37,38]. This approach is in line with studies about transparency
and the use of paradata to describe 3D critical modeling processes [39-41].

This approach has also recently been used within the European Erasmus Plus project
titled ‘Computer-based Visualization of Architectural Cultural Heritage-CoVHer" (2022-
2025) [42], which aims to sensitize the public to distinguishing accurate from inaccurate
historical reconstructions. Past projects also considered the possible implementation of
platforms capable of using 3D models to narrate and explain the historical evolutions of
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an urban-scale asset. Examples are the ‘Visualizing Venice’ project (2009) resulting from
the collaboration between Iuav University of Venice and Duke University (North Caro-
lina) [43] and now expanded into ‘Visualizing Cities’, the European ‘Time Machine’ pro-
ject (2019-2020) [44], and the ERC Venice’s Nissology: Reframing the Lagoon City as an
Archipelago (VeNiss) project (2023-2027) [45]. These can also be classified as projects of
the so-called ‘digital urban history” discipline, including the historical application of geo-
graphic information system (H-GIS).

In contrast, the search for semantically structured approaches to virtual reconstruc-
tions is addressed in the ‘German-speaking area’ by the ‘DFG-3D Rekonstruktions
Netzwerk'. Starting with the project ‘Digitale 3D-Rekonstruktionen als Werkzeuge der ar-
chitekturgeschichtlichen Forschung’ [46] and the subsequent ‘DFG-Viewer 3D-Infra-
struktur fiir digitale 3D-Rekonstruktione’ (since 2020), the aim has been to develop a dig-
ital 3D viewer infrastructure for 3D cultural heritage models [47,48]. The nature of all the
above projects is their willingness to use FAIR processes and the use and generation of
OpenData. These last two projects have a historical and digital humanities-oriented ap-
proach.

Another relevant and interesting project in the field of conservation and restoration
of architectural heritage is the European ‘Inclusive Cultural Heritage in Europe through
3D semantic modelling-INCEPTION’ project (2015-2019) [49,50], which focuses on herit-
age digitization and documentation using structured 3D data with a Historic Building
Information Modeling (HBIM) approach. More recently, also the ERC project ‘n-
Dame_Heritage. n-Dimensional analysis and memorisation ecosystem for building cathe-
drals of knowledge in Heritage Science’ (2022-2027) addresses the production of collective
knowledge to build an emblematic corpus of data on scientific practices in heritage sci-
ence, in the digital age [51]. The need to lay the foundation for a 3D model semantically
structured outside HBIM methodologies [52] was also addressed in the field of unbuilt
heritage [53].

The activity turned out to be ambitious but, unfortunately, is still far from being a
standardized procedure accessible to the general public, which still remains anchored to
the idea of the digital replica with low interaction.

This study decided to use another method, one more widely used in archaeology,
based on a stratigraphic approach. As a data-modeling tool, this study investigates the use
of the Extended Matrix [54] to manage and visualize the data beyond the virtual recon-
struction processes of the Doric Stoa (Figure 5). The Extended Matrix (EM) is a strati-
graphic reading approach that aims to create a common framework connecting archaeo-
logical documentation and virtual reconstruction. The EM can be considered a novel vis-
ual form of knowledge production and a visual template for creating knowledge graphs.
The theoretical approach and developed application are based on Steno’s stratigraphical
theory of lacunose systems [13].

The EM process is defined by a virtual reconstruction pipeline based on five main
phases: (1) data collection, (2) data management/analysis, (3) implementation/virtual re-
construction with the creation of the EM and the development of a 3D model that can have
two types of visualization: the proxy visualization for scientific purposes and the digital
representation for the large public (4). The last step (5) is publishing and disseminating
the reconstruction hypothesis [55]. Considering the EM schema as a conceptual model for
formalizing virtual reconstruction processes, the stratigraphical approach is functional
where archaeological evidence is available. An archaeological background is necessary to
identify and analyze different layers of knowledge referred to as a temporal construction
sequence.

The graphic visualization of the interpretation processes within the EM is repre-
sented through a series of visual nodes describing a ‘Stratigraphic Unit’ (US), where a gap
(-SU) corresponds to a ‘Negative Stratigraphic Unit’ that can be integrated or reinterpreted
using a “Virtual Stratigraphic Unit’ (USV). The USV/s is used to represent archaeological
evidence, not in situ, and it allows the anastylosis process to be represented. The source-
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based hypothesis is declared using the USV/n ‘Node’. A “Special Find’ (SF) is used to en-
code archaeological fragments, and a USV series is used to identify a whole composed of
a series of objects.

The EM is also composed of a series of other nodes that can be used to track paradata
and describe virtual reconstruction processes. In this case, the ‘Property node’ describes
the type of information extrapolated by a source (represented by the source node) using
an ‘Extractor node’ that highlights the correlation between these two nodes descriptively.
Finally, the “Combiner node” allows for validating property assumptions and how differ-
ent sources or stratigraphic units can deduct or interpret them.

5.1. Insights on the Doric Stoa

The Doric Stoa in Priene was a monumental portico made of 32 Doric columns
(Beilage 7) [17]and two pillars at the ends, and it was built against the polygonal wall sup-
porting the terrace of the Temple of Athena Polias. The Priene Stoa is a portico with a back
wall and a colonnade in the front, supporting a roof. For its virtual reconstruction, the
group considered the work performed by Hennemeyer [18] as the primary reference.

The group focused on drawing with reconstructive details (Tafeln from 84 to 88 and
Beilage 7). Unlike the previous study, digital technologies and 3D laser scanner acquisition
allowed further validation of previous measurements and assumptions. The point cloud
obtained was finally superimposed on the previous survey drawing (Figure 11) and was
used for dimensioning the 3D model of the Doric Stoa.

Figure 11. Superimposition between the digital acquisition (2022) and the archaeological survey
drawing from Beilage 1 [18] (E.C.G. and G.V.).

In the case of the Doric column, a reality-based element was used as a Doric capital,
which was probably moved from the Athena Temple area near the Theater. Its presence
by the Theater is due to its proximity to the ruins of a Byzantine basilica. The place of
worship was completely built from reused materials taken from the area [56]. For
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dimensioning and representing the shaft of the column, the reconstruction was based on
diverse drawings and a table of measurements produced by Hennemeyer [18] (Figure 12).

D.01

DORIC
CAPITAL

I Reality - based

Source - based et | JIIE S |
SOURCES e

g
1a

D.03

Figure 12. Reality-based capital (magenta) and source-based references (cyan) for the virtual recon-
struction of the column of Doric Stoa, according to Hennemeyer [18]. (E.C.G.).

Figure 13 presents the knowledge graph based on the Extended Matrix. The various
elements of this stratigraphic visualization system have been previously described, and
they form the conceptual basis for defining a Doric column instance.

The columns in the table represent the location of the elements. In fact, SFO1 repre-
sents the capital found in the Byzantine basilica. It is placed in the first row in the ‘Theater
area’ and thus belongs to the current location of the object. The second row represents a
time interval, referred to here as ‘Greek time’, which can be coded as a more defined his-
torical period using standard dating systems such as PeriodO. PeriodO is, in fact, a period
gazetteer that documents historical period definitions [57].

Within the ‘Greek period’, it is possible to find the two main elements of the column:
the capital (USV107) and the column (USV106), which are represented here as virtual
stratigraphic units as we refer to their digital representation. The main characteristics of
these elements include, for example, material, dimensional, and shape properties. Con-
cerning the capital (USV107), this information can be deduced through a critical/interpre-
tive process (extractor node SF01b.01) from the reality-based model (SF01b) obtained from
the digital acquisition of the in situ find (SF01). For the virtual column instance (USV106),
the dimensional and shape properties are inferred from different sources. In this case, a
series of Combiner nodes (C.01 and C.02) are required to combine information inferred from
multiple sources (D.01, D.02, D.03, and D.04) through different Extractor nodes (D.01.01,
D.02.01, D.03.01, and D.04.01). Finally, the USMO1 corresponds to the archeological evi-
dence of the retaining wall of the Doric Stoa.
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Figure 13. Extended Matrix visual graph (v.1.4) for the description of the reality-based capital (ma-
genta) and source-based virtual reconstruction of a column (cyan) of the Doric Stoa according to
Hennemeyer [18]. (E.C.G.).

Dimensioning of the Doric Order for columns was based on the “Table of Dimen-
sions’(Tafel 88), (D.01), that indicates the columns’ measurements, ratios, and geometrical
appearance.

The hypothetical reconstruction produced by Hennemeyer [18] (Tafeln 86-87) (D.03,
D.04) considers Doric columns, tapering at the top 1/3 of their height. The column is as-
sumed to have a smooth shaft and a straight section at the bottom of Beilage 7, (D.02).
Above, the shafts appear fluted, as indicated by the column portions and other archaeo-
logical fragments (Tafel 55). As shown in the caption of the ‘Table of Dimensions’ ,the pro-
portioning and sizing of the Order refers to Phase I of the construction of the Stoa. Above
the column, the entablature consists of a plain architrave, a frieze with triglyphs, and a
cornice with a lion’s head-shaped drip molding. The roof, probably in terracotta, was sup-
ported by a truss system.

The final 3D output comprises reality-based and source-based 3D models linked to
the list of references used for their three-dimensional modeling using the EM plug-in in-
side Blender. Since its initial development, it has consisted of a visual graph system that
can be linked to the 3D model. The semantic structure of the 3D model and its compo-
nents, divided into layers, are encoded with the ID of the digital object inside Blender.
They are then associated with the same encoded element in the graph system developed
inside the yEd graph editor software (v. 3.24).
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The graphic visualization of the model considers a clay representation labeled to ob-
tain a more comprehensive representation of each building, superimposing non-textured
reality-based models and source-based ones (Figure 14). This approach differs from the
reliability representation available in the EM tool and could be considered an alternative
for visualizing source-based critical reasoning.

Figure 14. Three-dimensional virtual reconstruction of the Doric Stoa. Superimposition from a real-
ity-based 3D model obtained from the point-cloud and source-based 3D model, according to Hen-
nemeyer [18]. (E.C.G.).

As can be easily understood, the Extended Matrix provides a structured methodol-
ogy for the graphical representation of virtual reconstructions. Its structure, despite being
codified, is constantly evolving. The latest release allows you to create JSON databases by
offering a structured data format that is interchangeable and eventually readable by other
software [56]. Since the EM is not a standard, it can be understood as a ‘conceptual model’
that can be mapped to known standards such as CIDOC-CRM in the future [59].

5.2. Insights on the Theater

As with the Doric Stoa, in this case, the architectural elements were dimensioned ac-
cording to the metric acquisition made using the UAV technology. The point cloud was
then compared with historical documentation and hypothetical reconstructive drawings
produced by Gerkan and proposed again by Dérpfeld [60].

Unlike the case of the Stoa, the fragments of the Theater area were relocated between
1992 and 1998, according to the conservation plan designed by Misiakiewicz. The statues
and monumental fragments, now displaced from their original positions, did not allow
for new considerations. They resemble earlier authors who first studied the Theater and
visited the sites before the ‘modern’ interventions of partial anastylosis.

The most represented configuration of the Theater, also shown in informative panels
along the archaeological area, usually shows the late Hellenistic phase. The reconstructive
representation is aligned with its configuration to provide 3D models accessible in the
archaeological area.

The point cloud was scaled and cleaned to obtain a textured reality-based model, and
Gerkan’s drawings were used as reference sources for missing elements (Figure 15). Dig-
ital technologies and virtual reconstruction allowed for investigating, in this phase, the
three-dimensional modeling of the skené area, adding the first level, superimposing the
archaeological evidence, and mixing reality-based and source-based 3D models (Figure
16). This configuration represents the late Hellenistic Age solution of the Theater and it is
far for defining the upper area of the cavea over diazoma. The model shows only the first
level of stairways or klimakes, the superior klimakes, and the theatron, which follow the slope
of the mountain and are partially recognizable by analyzing the digital acquisition.
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The cavea, as it stands today, probably represents a later configuration than the Hel-
lenistic-era representation chosen in this study. Instead, a proposal for its final configura-
tion is found, for the record, as indicated in Figure 15 (right). As shown by a comparison
between the data acquired during this campaign and previous campaigns, the group did
not have enough data for the upper area to state its configuration. The lack of information
did not allow for digital modeling of that portion of the stairways, opting for a represen-
tation faithful to Gerkan’s hypothesis [25].

o
Seale inMeters

Figure 15. On the left, superimposition between the UAV digital acquisition (2022) and the hypo-
thetical reconstructive drawings by Dorpfeld [60] used as references for the source-based 3D. (E.C.G.
and G.V.) On the right, reconstructive hypothesis from ‘The Ancient Theatre Archive’ [61].

Figure 16. Three-dimensional virtual reconstruction of the Priene Theater. Superimposition from a
reality-based 3D model obtained from the UAV point cloud and source-based 3D model, according
to Dorpfeld [60]. (E.C.G.).

6. Knowledge Representation and Visualization

The 3D models obtained for the virtual reconstruction processes previously ex-
plained are not yet accessible through digital galleries that offer visualization of 3D mod-
els (e.g., Sketchfab). The most suitable platform for publishing the scientific reconstruction
material is still being evaluated. Numerous platforms offer the visualization of 3D models,
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but few are customizable ones that offer the ability to display various objects separately
[62,63]. Indeed, it would be interesting to visualize the reality-based and source-based
parts of both scenes using different colors, showing the uncertainty grade of the 3D ele-
ments that compose the scene [64]. Representing various layers would also allow for aug-
menting the data visualization developed within Blender using the EM tool plug-in and,
eventually, the Extended Matrix Visual Inspector and Querier tool (EMviq) [65] implemented
within the ATON platform [66,67].

Other visualization tools offer the possibility of integrating 3D models using FAIR
principles and Linked Open Data [68-72]. They require a structured 3D data model that
is still being implemented within the Extended Matrix research community group.

Finally, semantic platforms can eventually be implemented with 3D semantic view-
ers. Some possibilities are Arches, an open-source data management platform for the her-
itage field [73], and ResearchSpace, developed by the British Museum for galleries, libraries,
archives, and museums (GLAM institutions) [74].

The use of virtual reconstructions of the ruins of Priene showed the efficient uses of
virtual experience to better understand the relationship between the archaeological re-
mains, the original architectural setup, and the “effect’ that urban space was imposing on
its visitors and inhabitants. The 3D modeled areas of the city are a pretty limited result,
but they add impressions about the quality and complexity that may be enhanced over
time with new studies and integration of details.

Nowadays, part of the research process also involves communicating and enhancing
the object of study. In this panorama, digital technologies such as augmented, virtual, and
immersive reality allow users to experience the visit actively. Again, many applications
and technologies are available, so the group focused on using web-based applications.
Platforms such as Sketchfab.com allow the creation of real digital galleries at low costs.
They are accessible through diverse devices such as desktops, smartphones, and VR head-
sets with a stable Wi-Fi connection.

Unlike other applications, such as Unity, Unreal Engine, Twinmotion, and Enscape,
web-based applications do not need to be installed on devices generally designed to be
cross-platform and accessible from a webpage. One disadvantage, however, is that they
face limitations in uploading 3D models, which must then be retopologized and reduced
in file size and texture definition. These solutions are, therefore, preferable when devel-
oped for the general public and for dissemination purposes rather than toward an aca-
demic and scientific target audience.

Sketchfab allowed the research team to work in parallel on multiple 3D models and
then create a digital asset connecting the various 3D assets (prohedria marble seats), devel-
oped by photogrammetric acquisition, into a single digital collection [23]. The reality-
based model of the Theater, previously used as a reference for the virtual reconstruction
of the Hellenistic phase, was then used to create a digital immersive collection (Figure 17
and Table 2).

The 3D models of the prohedria seats were linked to the Theater 3D scene (Figure 18),
allowing access to a higher-resolution 3D model of the first-order magnificent seats. This
initial configuration can be accessed directly in VR via mobile and desktop through the
Sketchfab Virtual Reality experience. The experience can be considered a virtual exhibi-
tion where the user, through the digital environment (container), can access the 3D mod-
els (collection). This relationship, sometimes impossible to experience in reality —such as
with relocated objects conserved abroad —is made possible through extended reality (ER)
solutions that allow social interactions [75,76].
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Q Seat number four from the theatre in Priene

Figure 18. VR experience with annotations and links to detailed digital assets of prohedria marble
seats. (E.C.G. and G.V.).

Table 2. Three-dimensional data* about the digital assets (Figure 17) developed and stored online

in a digital gallery.
3D model N. Pictures Ge'ometry Vertices Materials N. Textures Textulze Direct Link
(Triangles) Resolution
Seat one 809 shots 6 M 3.1 M 7 7 16,384 x 16,384 https://skfb.ly/owPAH
Seat two 490 shots 8M 4M 3 3 16,384 x 16,384 https://skfb.ly/owODH
Seat three 732 shots 7M 3.5M 2 2 16,384 x 16,384 https://skfb.ly/owOsy
Seat four 416 shots 7M 3.6 M 7 7 16,384 x 16,384 https://skfb.ly/owO8 N
Seat five 732 shots 7M 3.6 M 15 15 16,384 x 16,384 https://skfb.ly/owOoG
Theater 1502 shots 800 k 403.5 k 1 1 16,384 x 16,384 https://skfb.ly/oDNEG

* Post-processed data uploaded into the SketchFab platform. All direct links have been accessed on
13 August 2024. (E.C.G. and G.V.).

For immersive reality within Sketchfab, the access point to the model was set at 120
cm, considering the eye height of a seated individual. This is possible thanks to the VR
setup that allow content creators to configure VR using the preview of the experience
(Figure 19). Sketchfab reduces resolution to ensure a frame rate for a good VR experience
butit is also possible to define custom parameters at the end of the model's URL according
to the VR device specifications. A Meta Quest 3 was used for the immersive visualization
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test. Through the VR device connected online, the observer can access the gallery using
the Meta Quest Browser and thus experience the digital asset as if they were inside the
Theater, either sitting in a main chair or walking through the digital scene (Figure 20). The
main lesson learned in this case is that the virtual visit confirms the authors” ideas and
enhances the understanding of the original scenario, which may lead to valuable insights.

Figure 20. VR visualization with a mobile device of the walkthrough experience. (E.C.G.).

7. Conclusions

This manuscript presents the outcomes of interdisciplinary research on Priene’s an-
cient ruins. The research involved researchers from different fields, including geometric
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and material surveys, historical and structural experts, designers, etc. The present work
aims to provide insights based on advanced digital tools to understand archeological ar-
eas. Regarding the area of Priene, the generation of 3D models allowed for operating anal-
ysis and reasoning on accurate representations of both sites, with a detailed representation
of the shapes, dimensioning, and alterations, which supported well the study and under-
standing of the transformations caused by striking events (like earthquakes and floods),
transformations due to nature reclaiming the sites, transformations, and human interven-
tions for archaeological operations and for moving and storing the fragments for various
reasons.

The interpretation of the structural evidence of the ancient remains took advantage
of different sources. On the one hand, historical information and previous studies on the
development of the Priene were acquired. Hence, this information has been combined
with the outcomes of the integrated survey campaigns and the in situ evidence of dam-
ages, vernacular construction techniques, and building typologies.

The city of Priene represents an important opportunity to deal with different issues,
like understanding the original landscape and urban asset, reconstructing the whole ur-
ban asset and refining the relationship between architectural elements and their details,
and defining possible digital visualization for the conservation and preservation of cul-
tural heritage and archaeological sites. However, the lack of information about the original
appearance of both monuments caused by the historical gap between the current times
and Priene’s era has limited the outcomes of this research. The case study presented herein
isnot the most suitable example to show the new opportunities for integrating such digital
tools in archeological areas.

However, the authors believe that the proposed methodology can set a path for fur-
ther studies in other contexts, providing interesting (and maybe new) perspectives. It is
worth noting that the quality of the gathered information depends on a case-by-case basis,
according to available information, previous knowledge, and past operations on the sites.
Integrating new digital technologies, historical sources, and constructive appraisals can
allow for gaining new insights related to several disciplines, dealing with ancient natural
disasters, past restoration interventions, and managing archaeological ruins.
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