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Abstract. Taking care of mankind’s cultural heritage is a well-established
obligation to us and to our future generations. To that end numerous experts are
contributing. Contemporary technological advances, i.e. digital achievements,
have helped a lot to this end. In this paper these technological advances are
briefly presented and explained. It is attempted to show how these advances may
help Cultural heritage if applied correctly and wisely. The argument is not how
they will replace traditional documentation or conservation methods, but how
they will support, enhance and supplement them for achieving the desired result
with sensitivity and knowledge. The available digital documentation techniques
are described along with the contemporary non-destructive techniques for cul-
tural heritage pathology diagnosis and conservation. Their advantages are
investigated along with their implementation actions. These techniques include
image based methodologies for producing three dimensional models of which
traditional two-dimensional products may be extracted, laser scanning tech-
niques to acquire directly three-dimensional information from the object,
Nondestructive techniques in order to diagnose pathology problems etc. In order
to highlight these techniques, several examples are presented. The alternative
uses of the contemporary digital techniques are highlighted through these
examples. Among others the following applications will be presented: The
virtual restoration of a collapsed stone bridge, the virtual restoration of a
monument exposed to the weather conditions and the development of a virtual
museum are presented. Finally, a future outlook is attempted, in order to
envisage the path that the implementation of these technological advances will
lead the worldwide effort to document and preserve our cultural heritage.
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1 Introduction

Cultural Heritage, tangible or intangible is recognized by all civilized countries of the
world as the most important carrier of historic memory for mankind. However, it is not
respected and protected as it should be in all cases. Hence, Cultural heritage is in great
danger as it may be destroyed, lost, altered, forgotten for a number of reasons. The
main sources of danger are natural hazards, violent actions, such as wars, terrorism etc.,
looting, illicit trafficking, vandalism, modern construction activities, globalization,
modern way of life and indifference, urban population growth and many more. In
Fig. 1 some examples of such destructions are depicted.
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The ideal way to protect Cultural Heritage is to constantly take care of it through
certain protective actions. Such actions, as dictated by the numerous International
Conventions adopted by UNESCO, ICOMOS (International Council of Monuments
and Sites) and other bodies are:

• Documentation (Geometric, Architectural, Historic etc.), involving 2D and/or 3D
for archiving, for studies, for planning protective interventions etc.

• Accurate measurements, suitable for restoration actions, reconstructions, struc-
tural studies, protection etc.

• Monitoring of its state, involving recording deformations, state of materials,
assessing pathology etc.

• Proper Management of its data for sustainability, risk management etc.
• Preservation possibilities specially suitd for fragile objects (e.g. libraries etc.)
• Public Outreach, which involves visualization, dissemination, raising awareness of

the public and many more

Consequently, their thorough study, preservation and protection is an obligation of
our era to mankind’s past and future. Respect towards cultural heritage has its roots
already in the era of the Renaissance. During the 19th century archaeological exca-
vations became common practice, while they matured in the 20th century. Over the
recent decades, international bodies and agencies have passed resolutions concerning
the obligation for protection, conservation and restoration of monuments. The Athens
Convention (1931), The Hague Agreement (1954), the Chart of Venice (1964) and the

Fig. 1. Destruction of Cultural Heritage (Natural Hazards, looting and violent actions) (Image
copyrights: http://www.topontiki.gr (top left), Author (top right), UNITAR-CNES (bottom left),
http://www.independent.co.uk (bottom right)
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Granada Agreement (1985) are some of these resolutions in which the need for the full
documentation of the monuments is also stressed, as part of their protection, study and
conservation. Nowadays, all countries of the civilized world are using all their scientific
and technological efforts towards protecting and conserving the monuments within or
even outside their borders assisting other countries. These general tasks include geo-
metric recording, risk assessment, monitoring, restoring, reconstructing and managing
Cultural Heritage. Indeed, it was in the Venice Charter (1964) that the necessity of the
Geometric Documentation of Cultural Heritage was firstly set as a prerequisite. In
Article 16 it is stated “… In all works of preservation, restoration or excavation, there
should always be precise documentation in the form of analytical and critical reports,
illustrated with drawings and photographs…”.

1.1 Interdisciplinary Cooperation

The geometric documentation has been the responsibility of experts concerned with the
care of the Cultural Heritage. Traditionally these mainly belonged to the field of
archaeology and architecture. However, over the past thirty or forty years more and
different specialists developed an interest for the monuments, as they were definitely
able to contribute to their study, maintenance and care. Among them are surveyors,
photogrammetrists and geomatics engineers in general, as the technological advances
have enabled them to produce interesting, alternative and accurate geometric docu-
mentation products. Until the end of the 19th century, architectural heritage had been a
matter of national concern only and most of the laws regarding the protection of
historic buildings, in Europe at least, date back to that period. Countless associations
existed in each country, but their scope never went beyond national borders. Cultural
internationalism, as we know it today, was an outcome of the First World War, with the
creation of the League of Nations, and most of all of the Second World War, with the
creation of the United Nations Organisation and the establishment of the UNESCO.
The Athens Conference (1931) on restoration of historic buildings was organised by
the International Museums Office, and the Athens Charter, drafted by Le Corbusier at
the fourth Assembly of the International congresses on Modern Architecture (1933)
was published anonymously in Paris in 1941 both represent a major step in the evo-
lution of ideas because they reflect a growing consciousness among specialists all over
the world, introducing for the first time in history the concept of international heritage.

Today the mentality is gradually changing and traditionally involved experts, like
Archaeologists and architects, tend to accept and recognize the contribution of other
disciplines to the agenda of Cultural Heritage. Hence it is rapidly becoming an inter-
disciplinary and intercultural issue (Fig. 2).

UNESCO (1946) and the Council of Europe have formed specialized organizations
for taking care of mankind’s cultural heritage. ICOMOS (International Council for
Monuments and Sites) is the most important one, but also CIPA-Heritage Documen-
tation (International Committee for Architectural Photogrammetry, initially: Comité
International de Photogrammétrie Architecturale), ISPRS (International Society for
Photogrammetry & Remote Sensing), ICOM (International Council for Museums),
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ICCROM (International Centre for the Conservation and Restoration of Monuments)
and UIA (International Union of Architects) are all involved in this task (Fig. 3). The
Venice Charter was born from the need to create an association of specialists of
conservation and restoration independent of the already existing associations of
museologists, ICOM. In 1957, in Paris, the First Congress of Architects and Specialists
of Historic Buildings recommended that the countries which still lack a central orga-
nization for the protection of historic buildings provide for the establishment of such an
authority and, in the name of UNESCO, that all member states of UNESCO join the
International Centre for the Study of the Preservation and Restoration of Cultural
Property (ICCROM) based in Rome.

ICCROM is an intergovernmental organization dedicated to the conservation of
cultural heritage. Its members are individual states which have declared their adhesion
to it. It exists to serve the international community as represented by its Member States,
which currently number 133. It is the only institution of its kind with a worldwide
mandate to promote the conservation of all types of cultural heritage, both movable and
immovable. The decision to establish the International Centre for the Study of the
Preservation and Restoration of Cultural Property was made at the 9th UNESCO

Fig. 2. The interdisciplinary contribution to Cultural Heritage (© Author)
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General Conference in New Delhi in 1956, at a time of mounting interest in the
protection and preservation of cultural heritage. It was subsequently established in
Rome in 1959 at the invitation of the Government of Italy. ICCROM aims at improving
the quality of conservation practice as well as raising awareness about the importance
of preserving cultural heritage. The Second Congress of Architects and Specialists of
Historic Buildings, in Venice in 1964, adopted 13 resolutions, the first one being the
International Restoration Charter, better known as Venice Charter, and the second one,
put forward by UNESCO, provided for the creation of the International Council on
Monuments and Sites (ICOMOS).

1.2 CIPA Heritage Documentation

CIPA Heritage Documentation was founded in 1964 as an International Scientific
Committee (ISC) of ICOMOS and ISPRS (International Society for Photogrammetry
and Remote Sensing) and hence is a dynamic international organization that has twin
responsibilities: keeping up with technology and ensuring its usefulness for cultural
heritage conservation, education and dissemination. These two sometimes conflicting
goals are accomplished in a variety of ways, through (cipa.icomos.org):

• Encouraging and promoting the development of principles and good practices for
recording, documentation and information management of cultural heritage;

Fig. 3. International organizations involved in Cultural Heritage (© Author)
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• Leading and participating in international training programs for conservation and
informatics professionals, students and site personnel;

• Advising government bodies, regional authorities, non-profit groups and institutions
on tools, technology and methods for using technology;

• Sponsoring an international network of professionals in both the fields of tech-
nology and cultural heritage for scientific research but also applied practical
experience;

• Providing a platform with the bi-annual International Conference for the exchange
of ideas, best practices as well as scientific research papers.

In the recent past CIPA undertook the RECORDIM initiative, recognizing that
there are critical gaps in the fields of heritage Recording, Documentation and Infor-
mation Management between those who provide information for conservation and
those who use it, i.e. providers and users of contemporary documentation information.
In response, the International Council on Monuments and Sites (ICOMOS), the Getty
Conservation Institute (GCI) and CIPA together created the RecorDIM (for Heritage
Recording, Documentation and Information Management) Initiative partnership. The
purpose of the initiative (started in 2002 and closed on 2007) was to bring information
users and providers together to identify the nature of the gaps between them, to develop
strategies to close the gaps and to recommend a framework for action. The involvement
of contemporary Digital Technologies (ICT) in the domain of Cultural Heritage has
increased the gap between Providers, i.e. those who master these techniques and are
able to apply them and the Users, i.e. those scholars traditionally concerned with the
Cultural Heritage. This gap was caused mainly due to the mistrust of the latter towards
contemporary technologies and lately ICT. However systematic efforts have been
applied, like CIPA’s RecorDIM (http://cipa.icomos.org/index.php?id=43) which have
managed to narrow if not bridge this gap.

This current effort concerned with the 3D virtual reconstruction of monuments is
motivated exactly by this endeavour to bridge this gap. This will only be done through
deep understanding of each other’s needs and through proper exploitation of ICT with
the benefit of Cultural Heritage always in mind. In addition, the notion of virtual
reconstruction is introduced and its use for bringing the reconstructed monuments into
a museum environment is investigated. This interdisciplinary approach to the issue of
Cultural heritage has opened vast new possibilities and led to new alternative products
for the benefit of monuments. These new possibilities include, among others, the
production of 3D models, virtual reconstructions, virtual restorations, monitoring of
constructions and the applications of serious games for educational and dissemination
purposes.

Digital surveying and geometric documentation of cultural heritage requires the
cooperation of several disciplines and expertise in order to produce results that suffi-
ciently satisfy the high demanding environment of conservation, restoration, research
and dissemination. It should not escape our attention that resources are frequently
inadequate while the infrastructure used (equipment, hardware and software) is
expected achieve the maximum possible benefit.
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2 Digitization of Cultural Heritage

Nowadays, the rapid advances of Digital Technology (DT) also referred to as Infor-
mation Communication Technologies (ICT), have provided scientists with new pow-
erful tools. We are now able to acquire, store, process, manage and present any kind of
information in digital form. This may be done faster, more completely and it may
ensure that this information may be easily available for a larger base of interested
individuals. Those digital tools include instrumentation for data acquisition, such as
scanners, digital cameras, digital total stations etc., software for processing and
managing the collected data and -of course- computer hardware, for running the
software, storing the data and presenting them in various forms.

The introduction of digital technologies has already altered the way we perceive
fundamental notions like indigenous, artifact, heritage, 3D space, ecology etc. At the
same time, they tend to transform the traditional work of archaeologists and museums
as they are so far known. In other words, DT redefines the relationship to CH, as they
enable universal access to it and they also connect cultural institutions to new “audi-
ences”. Finally, they appeal to new generations, as the latter are, by default, computer
literate. In this way we experience a “democratization” of cultural information across
geographic, religious, cultural and scientific borders. Cultural Heritage is nowadays, an
international, interdisciplinary and intercultural responsibility.

The introduction of Digital Technologies may contribute to all traditional steps of
Archaeological practice. It goes without saying that the degree of contribution of
Information and Communication Technologies (ICT) is different in the various stages
and in the various cases. Modern technologies of remote sensing and archaeological
prospection assist the touch less and rapid detection of objects of interest. Spectrora-
diometers or ground penetrating radars or even the simple processing of multispectral
satellite images may easily lead to the rapid location of underground or submerged
objects of interest. Contemporary non-contact survey technologies, such as pho-
togrammetry, terrestrial laser scanning and digital imaging, may be used to produce
accurate base maps for further study, or 3D virtual renderings and visualizations. The
collected data may be stored in interactive databases, georeferenced or not, and be
managed according to the needs of the experts. Finally, ICT may assist in the pre-
sentation stage, by producing virtual models, which may be displayed in museums or
be included in an educational gamification, or serve purposes of enabling handicapped
persons to admire the treasures of the World’s cultural heritage.

The use of Digital technologies in preservation and curation in general of cultural
heritage is also mandated by UNESCO. With the Charter on the Preservation of the
Digital Cultural Heritage [32] this global organization proclaims the basic principles of
Digital Cultural Heritage for all civilized countries of the world. At the same time
numerous international efforts are underway with the scope to digitize all aspects of
Cultural heritage, be it large monuments, or tangible artifacts or even intangible articles
of the world’s legacy.

The impact of digital technologies to the domain of Cultural Heritage has increased
speed and automation of the procedures which involve processing of the digital data
and presentation of the results. At the same time accuracy and reliability has been
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substantially enhanced. However, most important is the ability to provide to the users
new and alternative products, which include two dimensional and three-dimensional
products, such as orthophotos and 3D models. 3D modelling, on the other hand, is the
process of virtually constructing the three-dimensional representation of an object. The
use of 3D models is highly increased nowadays in many aspects of everyday life
(cinema, advertisements, games, museums, medicine etc.). All in all, the digitization of
the world’s Cultural Heritage whether it is tangible or intangible is now possible.

3 ICT at the Service of Cultural Heritage

The integrated documentation of monuments includes the acquisition of all possible data
concerning the monument and which may contribute to its safeguarding in the future.
Such data may include historic, archaeological, architectural information, but also
administrative data, past drawings, sketches, photos etc. Moreover, these data also include
metric information which defines the size, the form and the location of the monument in
3D space and which document the monument geometrically. The geometric documen-
tation of a monument, which should be considered as an integral part of the greater action,
the integrated documentation of Cultural Heritage may be defined as [31]:

• The action of acquiring, processing, presenting and recording the necessary data for
the determination of the position and the actual existing form, shape and size of a
monument in the three-dimensional space at a particular given moment in time.

• The geometric documentation records the present of the monuments, as this has
been shaped in the course of time and is the necessary background for the studies of
their past, as well as the care of their future.

The geometric documentation of monuments actually is the orthogonal projection
of a carefully selected set of points on -usually- horizontal or vertical planes (Fig. 4), in
order to record all geometric properties of the monument in the best possible way. The
action of selecting those points implies deep knowledge of the monument and its
structure, as well as mastering of the traditional and contemporary techniques for
determining the position of these points in 3D space. This implies that all determined
points lie in a common reference system in 3D space, which is a great advantage for
further studies. In this process notions as scale of the final documentation product and
accuracy of positioning the points are of utmost importance and are directly related to
the data collection method.

For the geometric recording, several recording methods may be applied, ranging
from the conventional simple topometric methods, for partially or totally uncontrolled
surveys, to the elaborated contemporary surveying and photogrammetric ones, for
completely controlled surveys. The simple topometric methods are applied only when
the small dimensions and simplicity of the monument may allow it, when an uncon-
trolled survey is adequate, or in cases when a small completion of the fully controlled
methods is required. Surveying and photogrammetric methods are based on direct
measurements of lengths and angles, either on the monument or on images thereof.
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They indirectly determine three-dimensional point coordinates in a common reference
system and ensure uniform and specified accuracy. Moreover, they provide adapt-
ability, flexibility, speed, security and efficiency. All in all, they present undisputed
financial merits, in the sense that they are the only methods, which may surely meet any
requirements with the least possible total cost and the biggest total profit. To this
measurement group belong complicated surveying methods with total stations, 3D
image based photogrammetric surveys and terrestrial laser scanners (TLS). All these
methods manage to collect a huge number of points in 3D space, usually called point
cloud, in a very limited time frame [28].

All these techniques can be categorized in different ways. The experience shows
that the most efficient method is to characterize them by the scale at which they can be
used as well as by the number of measurements they can be used during data acqui-
sition. Practically, this means that they are related to the object size as well as to the
complexity of the object. Boehler and Heinz proposed and developed a system to
summarize all existing techniques in terms of scale and object complexity. This is
adapted to include modern technologies and is shown in Fig. 5 [4].

According to this figure, the metric surveying techniques are organized considering
the scale of the outcome which is a function of the object size and the representation
based on the required details. The complexity of the survey can be conveyed by the
number of recorded points. In practice, this ranges from one single point describing the
geographic location of a single cultural heritage object, to some thousands of points

Fig. 4. Vertical and horizontal planes of geometric documentation (© author)
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(e.g. a single CAD drawing of a simple monument) or to a few millions of points (e.g. a
point cloud) for the detailed representation of a cultural heritage site. In Fig. 5 the
methods depicted in blue use images, while the yellow ones do not.

Recording techniques are based on devices and sensors which perform the nec-
essary measurements either directly on the object, or indirectly by recording energy
reflected from the object. In the latter category one may broadly distinguish between
active and passive sensors. Active sensors send their own radiation to the object and
record the reflectance, while passive ones rely on the radiation sent to the object from
some other source. Usually, the latter are image-based sensors, which record the visible
light reflected from the objects of interest.

Terrestrial image-based survey comprises all those methods, techniques and tech-
nologies that are using images in order to extract metric and thematic information from
the object imaged. Within this section the most important image-based digital tech-
nologies supporting the digital surveying and documentation of cultural heritage will be
discussed and presented. The main concern will be given to digital cameras and sen-
sors, especially the new entries, the contribution of the Unmanned Air Vehicle
(UAV) or Remotely Piloted Aircraft Systems (RPAS) or Unmanned Aerial Systems
(UAS), but also the useful role that Image Assisted Total Station (IATS) technologies
are playing in the recording, monitoring and documentation of cultural heritage.

Fig. 5. Three-dimensional survey techniques characterized by scale and object size and
complexity (adapted from [4]) (Color figure online)
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Nowadays, contemporary technologies have integrated traditional and modern
measuring and data acquisition techniques with advanced management and georefer-
ence software. This software is also known as Geographic Information Systems and
enables the storing, managing and correlation of information collected, always referring
it to its geographic location. This combination has led to what today is known as
Geoinformatics or Geomatics (Fig. 6).

4 Selected Examples

In order to illustrate the above, some representative examples of Cultural Heritage
Digitization will be presented. They include (1) the successful attempt to digitize a
collapsed traditional stone bridge for assisting the restoration study, (2) the complete
geometric documentation of a prominent Athens monument based entirely on image
based techniques and (3) the implementation of an HBIM (Historic Building Infor-
mation Modelling) system for cultural Heritage.

4.1 The Restoration of a Collapsed Bridge1

A variety of arched stone bridges exist in the Balkan area, built mainly in the 18th and
19th centuries or even earlier. Just in the Epirus region in north western Greece there are
more than 250 magnificent examples of such historic structures spanning over the

Fig. 6. Geoinformatics as a link between data acquisition and cultural heritage management (©
author)

1 Adapted from [27].
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rivers and streams and bridging them with one to four arches. Such structures were
built for pedestrian and animal passage, as the rivers did not allow easy crossing,
especially during winter [18].

The stone bridge of Plaka over river Arachthos (Fig. 7) was a representative
example of the aforementioned monuments. It was built in 1866 by local Greek
stonemasons in order to facilitate transportation and trade needs (http://www.
petrinagefiria.uoi.gr/). It was the widest stone bridge in the area of Epirus with 40 m
span and the biggest single-arch bridge in the Balkans with a height of 20 m (Fig. 7).
Next to the main arch, there were two smaller ones 6 meters wide, the so-called relief
arches.

Apart from its significant size and age, the stone bridge of Plaka was a renowned
stone bridge in Greece because of its emblematic historic meaning. Firstly, it was the
border between free Greece and the occupied part of Greece by the Ottoman Empire
between 1881 and 1912. During World War II the bridge was bombed by the German

Fig. 7. The Plaka stone bridge Image copyrights: Google Earth (above) and ntua.gr (below)
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army with partial damages. At the same period, representatives of the various armed
groups of Greek Resistance signed the Treaty of Plaka on this very bridge. Unfortu-
nately, in February 2015 the emblematic stone bridge collapsed after severe flooding
and fierce water volumes coming from the mountains (Fig. 8).

Before the implementation of any actions, a thorough geometric documentation is
necessary, as clearly dictated by the Venice Charter (1964). For that purpose, the
Laboratory of Photogrammetry undertook two tasks (a) to produce digital
three-dimensional drawings from a documentation study conducted in 1984 using
traditional surveying techniques [14] and (b) to produce a textured three dimensional
model of the Plaka Stone Bridge in order to geometrically document its shape and size
before the collapse. This 3D model would be produced from existing images taken by
visitors of the bridge over the years. These documentation products will form the basis
for any eventual reconstruction study.

Common image-based 3D modelling of the current state of a monument requires
data acquisition in the field. Surveying, photogrammetry and laser scanning techniques
can be combined to produce a full and accurate 3D model of the object. Such
approaches cannot be applied in cases of sudden loss of cultural heritage objects due to
a number of reasons such as fire, earthquakes, floods, looting, armed conflict, terrorism,
attacks etc.

Modern photogrammetry and computer vision techniques manage to create useful
and accurate 3D models of objects of almost any size and shape, by combining robust
algorithms and powerful computers. Multiple images depicting the object from different
viewpoints are needed and the so-called SfM and MVS procedures are implemented.
These images do not necessarily need to have been captured by calibrated cameras,
though. Compact or even mobile phone cameras can also be used. Moreover, capturing

Fig. 8. The remains of the bridge after destruction (http://epirusgate.blogspot.gr/2015/02/blog-
post_32.html)
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geometry is nowadays flexible, in contrast with the traditional strict stereo-normal case
of the past. A variety of recent studies are examining the creation of 3D models of
cultural heritage objects and sites with the use of SfM algorithms [2, 15, 24, 25]. The
lack of images or other surveying data in lost cultural heritage objects has led to the use
of random, unordered images acquired from the web. However, few projects, many of
them EU funded, make use of data available in the web for such a purpose. Some recent
studies are dealing with the 4D (space-time) virtual reconstruction of Cultural Heritage
objects using web-retrieved images [16, 20, 26]. An approach for diachronic virtual
reconstruction of lost heritage based on historical information integrated with real metric
data of the remains was proposed by Guidi and Russo [12].

For image-based virtual reconstruction many images from different points of view
are required. As already implemented in similar cases in the past, the contribution of
people that have visited the area for tourism or other reasons and have taken pictures
was sought. Crowdsourcing has already been used for applications in the cultural
heritage domain [23]. However, none of the similar actions produced a metric product
like the present one.

The key aspects of a project like the present one, concerning crowdsourcing
information can be summarized as follows:

• The project has a time limit.
• The contribution of the users is of one type of content, i.e. images or video

sequences.
• Special information (metadata) about the viewpoint of the images, the equipment

used or the time taken could be useful.

To provide a suitable framework for the above, a website has been developed using
the Drupal CMS (Fig. 9). Drupal is a Content Management System (CMS) with proper
functions for community websites and has been used for educational and research
crowdsourcing purposes [13, 22]. More specifically, the website developed includes
five sections: (a) a news and announcements page, (b) a general info page, (c) a submit
content (images) page, (d) a submit page for volunteers and (e) a blog page. To collect
the images, the “submit images” page is the only section utilized, since it also provides
the required information to the contributors.

Within the first month of its operation the website has been visited around 2800
times. More than 470 images were uploaded to the platform during these sessions by
more than 130 contributors. Apart from the uploaded content, approximately 200
images and 15 videos were collected through other means, mainly by ordinary mail
delivery, by contacting the contributors.

The majority of the collected images were of high resolution, correctly focused and
without significant perspective or optical distortions. However, we had to cope with some
special challenges in order to exploit as much as possible the rest of the images, which had
many different problems. In addition, the majority of the collected photos were taken
facing upstream and mainly from the east riverside due to landscape inaccessibility. This
causes gaps and difficulties for the algorithm to converge to a stable geometry. After a
thorough and careful sorting, it was established that less than 60 images fulfil the needs of
the project in terms of viewpoint, image resolution, lighting conditions, occlusions etc.,
which corresponds to 10% of the total contributions.
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The selected data have been processed using commercial as well as free software.
VisualSfM is a free GUI application for 3D reconstruction that implements SfM and
PMVS along with other tools [6, 7, 33–35]. In this case study, a dense point cloud was
produced by 51 images (Fig. 10).

Fig. 9. Home page of the crowdsourcing webpage (© author)

Fig. 10. Dense point cloud after PMVS software (VisualSfM) – 51 images (© author)
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In order to improve the results, a masking procedure was applied on the images
while processed in Agisoft PhotoScan. Therefore, background elements that are sub-
jected to temporal changes and obstacles (people, trees, mountains etc.) have been
excluded during photo alignment. This results to less noisy dense point clouds
(Fig. 11). A mesh has also been created, followed by the texturing procedure (Fig. 12).

The experts working for the restoration proposal needed also the documentation of
the current situation. Hence during a campaign some months ago, data was collected
for the creation of the 3D models of the remaining pedestals. They were imaged with a
high resolution DSLR and some Ground Control Points (GCP) were measured. Using
again SfM/MVS software the three-dimensional models were produced (Fig. 13) and
served as a detailed geometric basis for the restoration proposal.

Fig. 11. Dense point cloud produced in Agisoft PhotoScan – 56 images (© author)

Fig. 12. A view of the textured mesh created in Agisoft PhotoScan (© author)
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It should be stressed that the wide promotion of the 3 � 3 Rules proposed by CIPA
[32] and revised in 2013, available at the relevant webpage (www.cipa.icomos.org)
would ensure the existence of more useful images and related metadata for the Plaka
Stone Bridge, as the public would be more aware of the eventual future significance of
their souvenir images. This may be useful in the future for other monuments in similar
situations.

4.2 Geometric Documentation of the Holy Aedicule2

The Church of the Anastassis (Resurrection) or of the Holy Sepulchre, as it is mostly
known to western visitors, lies majestically in the heart of the Old City of Jerusalem,
and has a very long history spanning over seventeen centuries (Fig. 14). The first
church in this site was erected by Saint Helen, the mother of Emperor Constantine the
Great, when she discovered the Holy Cross at the beginning of the fourth century A.D.
Since then, a lot of constructions, modifications, additions, renovations and alterations
took place, the major one being that imposed by the crusaders in the 12th century A.D.
when they conquered the Holy Land. The Church of the Holy Sepulchre in Jerusalem
comprises within its walls, among others, the main large Greek Orthodox church, the
Catholicon, the Holy Rock of Golgotha, the Tomb of Christ and the place where the
Holy Cross was discovered. Adjacent to these main places of worship and pilgrimage
are numerous little chapels, monk cells, store rooms, corridors and staircases, extending
to approximately 8000 m2 in plan area and to about 35 m of height difference. The
main building complex has common borders with the Greek Orthodox Patriarchate, the
Syrian Patriarchate, the Roman Catholic Monastery, the Ethiopian Monastery and a
series of little souvenir stores.

Fig. 13. 3D models of the remaining parts of the bridge (© author)

2 Adapted from [10].
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Today the Church complex is a living monument and it is visited every year by
thousands of pilgrims. All different Christian Communities are represented and active
within its walls. Greek Orthodox, Roman Catholic Franciscan, Armenian and Coptic
priests and monks and others are coexisting in harmony worshipping the same God.

Fig. 14. The Church of the Holy Sepulchre (© author)

Fig. 15. The south façade of the Holy Aedicule in 2015 (© author)

232 A. Georgopoulos



The monument is divided into sections each one “belonging” to a Community. There
are, of course, sections of it common to everybody. All Christian Communities respect
this unique state of ownerships while it is hardly sensed by the visitors. It constitutes
the Status Quo of the Church of the Holy Sepulchre, which has its origins in historical
tradition.

The Tomb of Christ is in the Church of the Holy Sepulchre in Jerusalem. The
original Holy Rock is covered by the Holy Aedicule, a majestic little structure situated
within the large complex of the Church of the Holy Sepulchre in the centre of the
Rotunda, a 25 m tall cylindrical building. The Holy Aedicule is the latest in a series of
constructions and additions to the initial Crusader Aedicule which had occupied the
same site for centuries [3]. Responsible for the design and reconstruction of this latter
one was the architect Komnenos in the early 19th century. The present form of the
Holy Aedicule, which exists without significant alterations since 1810, is a result of
repair and restoration of the earlier building after the catastrophic fire of 1808. It has
approximately a length of 8.3 m, a width of 5.5 m, and a height of 6.7 m plus a dome
of 6.0 m on its roof.

In 1927, this construction was badly damaged by an earthquake which also
weakened the dome over the Rotunda and other parts of the complex. Marble slabs
cover the outside surface of the Aedicule, while it is also surrounded by a metallic
construction (Fig. 15) erected by the British in 1947 which provides support and stops
the collapse of the Holy Aedicule. Timber wedges were inserted between the steel
girders and the load-bearing stone walls of the Holy Aedicule. It appears that this steel
girdle is no longer functional, as lately deformations were observed especially as far as
the Komnenos’ marble slabs are concerned. The inside the Holy Aedicule is a complex
structure with two very confined, highly ornamented rooms.

However, the state of preservation of the Holy Aedicule continued to deteriorate
due to the water and humidity transfer phenomena within, around and below the
Aedicule structure, due to incompatible past interventions and due to the successive
earthquake activity, to the extent that proper conservation, reinforcement and repair
interventions were needed to rehabilitate the Holy Aedicule. The first task of the
interdisciplinary team of NTUA was to perform the geometric documentation of the
Holy Aedicule, as foreseen in the Venice Charter (article 16). This documentation was,
of course, part of a wider range of technical studies of the interdisciplinary team of
NTUA engineering experts.

In the past, several efforts for the geometric documentation of the Church of the
Holy Sepulchre and the Holy Aedicule in it took place. Already since the 60’s the
Franciscan monk Corbo, documented, mainly as an archaeologist, a large part of the
Church using of course the then available technological means [5]. Later [3] a team of
British experts documented in high detail the Holy Aedicule. In the years 1993–1999,
the Laboratories of General Geodesy and of Photogrammetry of NTUA undertook and
executed (Fig. 16) the complete geometric documentation at a scale of 1:50 of the
Church of the Holy Sepulchre for the Greek Orthodox Patriarchate [1, 8, 17]. Finally,
in the years 2007–2009 a team of Italian experts embarked on terrestrial laser scanning
for the complete 3D documentation of the Church [30].
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For the current geometric documentation of the Holy Aedicule before the
restoration works, several campaigns were necessary. The first one took place in May
2015 [21] and the second one in January 2016. Data acquisition included geodetic
measurements, digital image acquisition and terrestrial laser scanning around and
inside the Holy Aedicule.

This present geometric documentation aims at the production of the necessary base
material on which the structural and material prospection studies will be based. For the
needs of this documentation it was decided to produce a high resolution three-
dimensional model and to perform specialized high accurate geodetic measurements for
the production of conventional 2D base material on one hand and for the documen-
tation of the deformations and deviations of the construction today on the other. Due to
the peculiarities of the object of interest, the crowds of pilgrims always present inside
and around the Aedicule, most of the works for the data acquisition took place after the
closure of the Church. The methodology implemented for the production of the above
described products applied the most contemporary geomatics techniques and special-
ized instrumentation. Briefly, an automated 3D imaging methodology based on high
resolution digital images, terrestrial laser scanning and high accuracy geodetic mea-
surements were implemented. These data were georeferenced to an already existing
local plane projection reference system from previous work of NTUA [1].

Specifically, the geometric documentation produced an accurate three-dimensional
(3D) model with the use of photogrammetric and geodetic methods, both for the
interior and the exterior of the Holy Aedicule through images and scanned data col-
lection for the reconstruction of the model in actual scale. This was realized via data
processing (sorting of images, orientation, export 3D cloud points, dense point cloud
processing, creation of surfaces and grouping them), for reconstructing 3D scenes of
increased reliability and high accuracy. From this 3D model, the production of sections
at specific positions was also possible, supported by suitable geodetic measurements.

Fig. 16. Sample of the geometric documentation 1993–1999 (© author)
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For the image based approach, digital image sequences from varying distances
were collected using a calibrated professional Canon EOS-1Ds Mark III full frame
CMOS digital camera with 21MP resolution (5616 � 3744 pixels) and 6.4 lm pixel
size, aiming to reconstruct the 3D scene of the Holy Aedicule through structure from
motion (SfM) and Dense Image Matching (DIM) techniques. These techniques are the
state of the art in reconstructing 3D scenes and offer high reliability and high accuracy
as a cost and time effective alternative to the use of scanners. For this purpose, different
lenses with a varying focal length (16 mm, 50 mm, 135 mm and 300 mm) were used.
The image acquisition took place under low natural lighting conditions and during the
night, exploiting the existing artificial lighting. No additional light sources were used
(flash, studio flash, etc.). Therefore, the use of a photographic tripod was necessary
since in some cases, the exposure time was up to 30 s. 3.757 images in total were
captured requiring up to 59.3 GB of hard drive space. Image acquisition was carefully
planned so that all details of the object were imaged on at least three consecutive
images. Control points were not measured, but were extracted from the drawings of
previous documentation effort [1] However, a selection process was applied in order to
ensure a highly accurate result according to the requirements of the study and the
significance of the object. Finally, distances were accurately measured on the Holy
Aedicule in order to scale the final 3D model. Problems in the acquisition processes
such as lighting conditions and camera-to-object relative positioning as well as diffi-
culties in the alignment step and mesh optimization are also encountered without
reducing the accuracy of the final results. These problems included, among others, the
large distances between the object and the camera, the poor or inadequate lighting, the
continuous population of the area by pilgrims, the smoke from the candles, which
create faded areas on the images or unpredictable optical deformations due to the
refraction effect caused by the temperature difference of the air.

In addition, laser scanning was also employed, in order to cover the areas where
image acquisition was impossible, like e.g. the dark and smoked interiors of the two
domes of the Holy Aedicule and the two staircases leading to the construction’s roof.
The two techniques act complementarily to each other. For this procedure, the ter-
restrial laser scanner FARO 3D X 330 was chosen as it is a lightweight third generation
scanner, which uses the phase shift method for measuring the distance. It has the ability
of collecting one million points per second with an accuracy of 2–3 mm in its space
position. It can record points 360° around the vertical axis and 300° around the hor-
izontal axis. For the complete coverage of the Holy Aedicule special scanning strategy
was designed, in order to avoid gaps in the point clouds on one hand and to record all
necessary details on the other. For that purpose, it was necessary to acquire overlapping
scans from different scan positions. In total 58 scans were needed, of which 13 around
the Holy Aedicule, 8 on top of its roof, 8 in the two staircases, 10 from the Rotunda
Gallery and 19 in the inside. The total number of points collected was 65 million for the
outside and 42 million for the inside. The density of the scans was selected to 1 point
every 5 mm, in order to record all fine details, even those necessary at a later stage. The
time required for each scan varied depending on the distance of the scanner to the
object, a fact which differentiates the total number of points necessary. In any case the
time for each scan was not more than a few minutes.
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The creation of the final accurate three-dimensional model from the digital images
is a complicated procedure requiring large computation cost and human effort. It
includes the already mentioned collection of geometric data in limited space and time,
the selection of the images, the 3D point cloud extraction, the creation of the surface,
the noise filtering and the merging of individual surfaces. It is important to note that in
such cases, the detail of the surface is very important, thus the noise filtering must be a
carefully implemented procedure. The initial data were processed using various soft-
ware packages in order to produce the final accurate 3D model of the Holy Aedicule. In
the diagram of Fig. 17 the flowchart designed and adopted for the initial data pro-
cessing procedure (images and measurements) is presented. After the careful selection
of the necessary images and the creation of thematic folders, the radiometric correction
of the imagery took place aiming at their quality improvement by minimizing the
effects of the shadows and dark areas. Then, the images are imported into the software
that implements SfM and DIM techniques. Subsequently, the dense point cloud is
exported and imported to another software package in order to be subjected to a
time-consuming process for removing outliers.

Finally, the processed point clouds are merged and exported again in order to be
scaled. The SfM technique for the orientation of the images and the 3D point cloud
extraction procedure were realized through the use of Agisoft’s PhotoScan® software,
which has been extensively evaluated for increased accuracy in prior research inter-
nationally but also of the Laboratory of Photogrammetry. For the full coverage of the
Holy Aedicule and the creation of a complete 3D model, images were captured from
many different locations. It is important to note that for every part of the 3D model, the
sparse point clouds consist of 10.000 to 60.000 points. After an inspection of the
alignment results, the generation of the dense point cloud model took place. At this
stage, the Agisoft PhotoScan® algorithms, based on the estimated camera positions
calculate depth information for each camera to be combined into a single dense point
cloud. It is noted that the dense point cloud of each part of the 3D model of the Holy

Fig. 17. Data processing workflow
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Aedicule consists of about 35.000.000 points and the entire model of about
280.000.000 points (Fig. 18). At this stage, colour is attributed to each point based on
the images where it appears. In the outside coloured point cloud of the Holy Aedicule is
presented.

Fig. 18. The coloured point cloud of the Holy Aedicule (© author). (Color figure online)

Fig. 19. The 3D model of the dome textured (left) and non-textured (right) (© author)
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The processing of the Holy Aedicule point cloud was realized within the Geomagic
Studio®, Meshlab® and Cloud Compare® software. Also, to sort out the outliers,
several filtering algorithms are applied using the above mentioned software packages.
In addition, algorithms were applied in order to make the point cloud uniform in terms
of point spacing and reduce its density. Finally, the processed dense point clouds are
wrapped into meshes. Figure 19 presents the part of the 3D model of the dome, which
is one of the more complex parts of the Holy Aedicule. Through the created 3D model,
it is possible to identify vulnerable and destroyed areas of the Holy Aedicule with not
physical access on them.

The laser scanner data were thoroughly examined for their completeness in situ, i.e.
before the departure of the team from Jerusalem. For that purpose, test registrations of
the point clouds were performed in order to establish this possibility on one hand and
their completeness on the other. After these tests, additional scans were required
sometimes from very unconventional scan positions. The final point cloud registration
was performed in the Laboratory of Photogrammetry of NTUA. As the volume of data
was huge it was decided to perform the registration separately for the inside and outside
parts of the Holy Aedicule. For the point cloud registration, at least three points are
required. This role was undertaken by the special targets, whose coordinates in the
common reference system were carefully determined, as ICP (Iterative Closest Point)
algorithm does not provide reliable results in such cases. Hence after registration the
point clouds were also referenced to the common system. The accuracy achieved for
the registrations was of the order of 2–3 mm. In Fig. 20 a sample of the registered point
clouds is shown.

For registering and georeferencing the three-dimensional models of the Holy
Aedicule which were produced with the methods described to the common reference
system, specially targeted points were put in suitable positions on inside and outside of
the Holy Aedicule but also in the surrounding area. In total 38 control points were used.

Fig. 20. Part of the registered point clouds inside the Holy Aedicule (© author)
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Accurate geodetic measurements were performed in order to assess the verticality
of structural elements, like the iron girder set up by the British in 1947 and some of the
pillars of the monument. For that purpose, a local 3D network was established at the
site around of the Holy Aedicule in order to support the creation of the 3D model of
the Holy Aedicule and to determine probable deformations and displacements of the
monument. The above mentioned geodetic network connected with the old geodetic
network which had been established the period 1993–1999, in the framework of the
Geometric an Architectural Documentation of the Church of the Holy Sepulchre in
Jerusalem [1].

For checking the eventual deviations and deformations of the structural elements
several measurements were performed. A longitudinal section of the upper dome of the
structure, four horizontal sections of the same dome at 6.0 m, 8.0 m, 8.8 m and 12.0 m
from the floor, two horizontal sections of the pillars and the marble supports of the
Aedicule at 0.7 m and 4.4 m from the floor. In addition, special accurate measurements
were conducted in order to establish the deviation from the vertical of the steel pillars
of the cage built by the British.

Moreover, the change of the position of each the five basic columns at the north
façade and the counterpart columns at the south façade of the Holy Aedicule, was
determined from the corresponding position that the British as registered in 1947.
These measurements led to the important conclusion that the upper dome of the
structure does not present any significant deformations, as all sections were concentric
circles within 7 mm (Fig. 21). This was also established by examining the longitudinal
section of dome. The horizontal sections of the pillars revealed deviations between 40
and 90 mm. These results were also verified from the 3D model produced.

Fig. 21. The horizontal sections of the upper dome of the Holy Aedicule (© author)
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4.3 Developing Virtual Museums

Developing and displaying a museum in a virtual environment has some advantages
especially concerning the preservation and promotion of cultural heritage but also the
development of tourism and the promotion of the touristic product. Virtual museums
are important to both the visitors and the museums themselves and their curators. The
majority of the museums only exhibit a small part of their collection due to the lack of
space and of course due to the fact that some objects are extremely valuable or fragile
[19]. In a virtual and interactive environment the visitor is able to interact with the
digitised exhibits and learn all the essential, historical information about them.
Moreover, in a virtual environment the visitor can view a virtual reconstruction of
important objects, buildings and archaeological sites that may no longer exist are
damaged or access to them is not permitted. Moreover collections may also be dis-
played made of objects that are spread in various museums around the world.

The digitisation of cultural heritage helps to preserve, store, renew, retrieve and
make it accessible for a wider audience in a more appealing and contemporary way,
especially to people with special abilities or people that may never have the chance to
visit the real museum [29]. The wide use of internet, social media and websites can
make the digitised content of a museum more accessible and transport it to everyone all
around the world. It is important to mention the result of the Colorado’s University
research according to which 70% of a total of 223 million people who visit a museum
website would subsequently be more likely to go and also visit the real museum [11].
This means that the virtual museum functions in a complementary manner to the real
museum. Finally, in virtual museum exhibitions the visitor is able to fully control the
navigation as well as to freely explore, move around, manipulate the exhibits and create
his/her own, unique virtual experience or collection of 3D digital exhibits even from
different museums. It is obvious that every effort and innovation that concerns the
digitisation of cultural heritage and the development of virtual museums and appli-
cations is a complicated, difficult, controversial task with many advantages and can
only benefit and offer both the museums and the visitors. Especially in Greece, 65% of
the tourists make an online search of their destination and 45% of them are interested in
cultural heritage, monuments, museums and archaeological sites.

The Virtual Museum of the Stoa of Attalos is an application where the visitor is
able to make a tour in the museum on his own, explore it, interact with the exhibits,
rotate them and learn all the necessary information about them. The development of
this application took into consideration various aspects such as the requirements’
analysis, the architectural design, the planning of the exhibits’ presentation, the user
interaction, the programming process and the evaluation of the final product [19].

As far as the Virtual Museum of the Stoa of Attalos is concerned, the virtual
environment hosts some of the exhibits which can be found on the ground floor of the
Stoa of Attalos, in the Ancient Agora of Athens. For this project, 16 of the exhibits
were chosen from the south part of the colonnade of the museum and the most
important concern was to produce accurate, realistic and appealing 3D models that can
be used in virtual applications, especially in a short period of time. That is why
photogrammetric methods and 3D surveys were used for the mass production of the
exhibits’ 3D models and the development of the virtual museum. In order to process
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the data and build the accurate, textured 3D models of the exhibits PhotoScan Pro-
fessional® v.1.1 software by Agisoft was used.

The application is available in Greek and English. In the beginning of the virtual
tour the visitor has the chance to read the instructions that are available in order to
freely navigate in the environment and understand the options and opportunities he/she
has in the virtual museum (Fig. 22). The parameters that concern the movement, speed,
rotation, height vision and behaviour of the visitor were extremely important in order to
make the navigation friendly and easy for the visitor, as the majority of them may not
have any previous experience with this kind of applications or even with the use of
computers.

Moreover, the ambience and the depth of field were properly adjusted in order to
have a more clear and realistic view of the exhibits, which is also important to the
visitor and his/her virtual experience in the museum. The visitor has the chance to learn
and find out more information about the exhibits that attract and interest him/her simply
by clicking on them (Fig. 23). Moreover, the visitor is able to rotate the exhibits while
the panel with the information appears on the right part of the screen. In that way the
visitor is able to manipulate, closely examine and observe the details of every exhibit
and at the same time learn not only the available information of the small panel that
exists in the real museum, but also further information about it. The curator of the
museum has the opportunity to choose the information that will be available to visitor
and this is one of the advantages of this kind of applications. Finally, the last element
that was added in the virtual environment was a mini-map to help the visitor move
around and navigate in the environment without feeling disorientated, simply by
offering him/her a view of the virtual museum from the top [9].

Fig. 22. The environment of the virtual museum (© author)
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5 Concluding Remarks

With the presentation of a few characteristic implementation examples, it has been
shown that digital contemporary technologies can contribute decisively to the con-
servation of Cultural Heritage. The final products are 3D models and virtual restora-
tions or reconstructions of monuments that either do not exist today or are at risk.
Consequently, digital technologies and interdisciplinary synergies are of utmost
importance. Equally important are the discussions and suggestions of scientists who
have studied the monuments from an historical and archaeological point of view,
proving once again that such interventions are a multi-disciplinary process.

Virtual reconstructions, virtual restorations, monitoring and 3D models on the other
hand support many other disciplines involved in cultural heritage. They help architects
and structural engineers in their work for monuments especially in cases of restoration,
anastylosis etc. Archaeologists and Conservationists have a very good tool at their
disposal for their studies. Many applications can be generated from a virtual recon-
struction like virtual video tours of the monument for educational and other purposes
for use by schools, museums and other organizations, for incorporation into a geo-
graphical information system (GIS) for archaeological sites, for the design of virtual
museums and the creation of numerous applications for mobile devices (e.g. mobile
phones, tablets etc.).
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