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Abstract

The documentation and release of Cultural Heritage represents, mainly in Castile (Spain), a basic tool for the
promotion and development of the historic and cultural traces of our Knowledge Society. The diversity of our Cultural
Legacy together with the difficult access to some emblematic areas, due to geographic dispersion or deficient
communications, produce an initial motivation to emphasize the importance of extending this information from the
general public to different experts.

This paper presents an overview about the performances of TIDOP research group (Information Technologies applied
to Cultural Heritage Recording) in a project for the recording of Santo Tomas Royal Monastery using laser scanner
technology. This project is framed in an international exhibition well known as ‘Las Dos Orillas’, which aims to
commemorate the V centenary of Christopher Columbus death, through a travel into the past that combines artistic,
ethnographic and anthropologic aspects in a meeting of two worlds and two cultures.

Under all this influence of cultures and ways of life, the TIDOP research group contributes in this synergic and
multidisciplinary context, by means of the recording through the technology of laser scanner, in one of the more
important monuments related with the Catholic Kings reign: Santo Tomas Royal Monastery, focusing in the
development of a methodology that allow to integrate laser scanning and digital imaging. Particularly, the work
accomplished at Santo Tomas Royal Monastery, consists in the documentation, modeling and interactive visualization
combining laser scanning and digital imaging of: the main facade of the Monastery, the Chorus, the three emblematic
Cloisters and the Oriental Museum. In this last case, a specific approach based on fish-eye images and panoramas
creation has been developed allowing to recreate a virtual tour of the museum.

This joint event for the exchange and sharing of know-how in the areas of Cultural Heritage and Information
Technology focusing on e-Documentation and Computer Graphics constitutes a great opportunity to describe our
project methodology opening this important vestige of the Renascence to different experts and to the public in general.

Introduction

Thus, visiting its old buildings is like a revival of past ages, of

TIDOP is a research group formed by professors from the
Department of Cartography and Land Engineering at University
of Salamanca with responsibilities in the teaching and
researching on subjects such as Photogrammetry, Remote
Sensing, Surveying and Cartography.

Since we started out our professional link with the university
(almost 15 years ago) two motifs have been accompanying us
and, above all, inspiring our work:

On one side, a fascination for our land’s Cultural Heritage and
the wish to contribute to its preservation and knowledge. As it is
well known, Castile is endowed with a rich variety of
monuments that witness its long and intense history. Not the
least important among them is the University itself. It was
founded in 1218 (the oldest of the existing Spanish universities)
and through its life has counted between its professors and
students with illustrious jurists, scientists, doctors and writers.

our past. We feel honoured to belong to an institution with such
an admirable tradition and this environment has foster most of
the energy necessary to realize our work.

On the other side, an eager preoccupation on the technological
evolution of our disciplines, which have experienced the digital
revolution as so many others in our modern world. This
question has made us maintain a permanent updating of the
devices, methods and products of our disciplines in a
continuous effort to deliver best educational standards.
Geomatic has provided us the framework in which we have kept
ourselves oriented in a -demanding and exciting- ever changing
scene.

In this sense, we would like to emphasize that 30 years ago our
University decided to amplify its humanistic and scientist
traditional scope to cover also the engineering world and to do
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it in the cities (Avila, Zamora, Salamanca) without university
surrounding Salamanca. This wise decision has led to today
synergic situation in which the University has the digital means
to recover adequately and efficiently its past life to offer its
clients and the whole society the resorts to enrich themselves
and to enjoy while doing so.

Through this 15 years we have had the chance to record plenty
of the main monuments of our city and its surroundings and,
while doing so, to experience the transition from Analytical
Photogrammetry to Digital Photogrammetry, from stereoscopic
processing to stereoscopic and oblique processing and more
recently, from the 2D sensor (camera) to the 3D sensor (laser
scanner).

We are witnessing a profound change in which a quantitative
question has brought a qualitative one. The generation speed of
3D point clouds has changed at such a pace (from about 1 point
per second in classical Photogrammetry to several thousands
points per second with the laser scanner) that the whole
discipline (though based on the same Euclidean geometric
principles) has changed and led to the crucial question: is the
new device pushing the old ones towards extinction?.

As usual in such deep transformations, many topics are not clear
enough and years of testing are necessary to clarify the
situation. Among these topics we may highlight the fact that the
fast, massive and automatic capture of 3D metric information
may be ‘too big’. On one hand, we have to deal with huge
amounts of points that demand very competitive processors and
delivering rates. Besides this, information is obtained in a non
selective way in which blunders or irrelevant information is
mixed with the proper information. Points acquired show no
structure at all. Even more, the singular points which express
the object geometry may not be captured at all.

To work with monuments such as the Royal Monastery of Santo
Tomas provides us, beside the satisfaction of offering the
society an accurate and vivid model of one of the most
significant jewels of the city, the opportunity of acquiring
experience and knowing the clues to asses properly this
powerful tool.

2. Anthological exhibition: ‘Las Dos Orillas’

‘Las Dos Orillas’ is an anthological exhibition supported by the
Ayuntamiento de Avila (Town Council) and the Junta de
Castilla y Leon (Regional Government) that takes place from
May until December 2006 at the Royal Monastery of Santo
Tomas situated in Avila (Spain).

The targets of this exhibition are to celebrate the fifth centenary
of Columbus death and the Catholic Kings reign while stimulate
the tourist flux to monuments such as the Monastery of Santo
Tomas regarded as one of jewels of the Renaissance history of
Avila.

The exhibition comprises 150 pieces from Spain and Latin
America, on display in the Cloister of Silence at the monastery.
It is divided into five sections:

1. ‘The dream of Columbus’, devoted to the main characters
of the story. It collects navigational instruments and notes
taken by the adventurers on the difficulties of the journey.

II. ‘The Earth’, with examples of the animals and plants
founded by the europeans on their arrival to America.

III. ‘Men and women’, with dresses, utensils and uses of the
americans of the time.

IV. ‘The house and the kitchen’, describes the native cuisine
and houses.

V. ‘The Gods’, with etchings, paintings, sculptures and
pictures that express the natives and the travellers
religions.

The Royal Monastery of Santo Tomas was founded by the
Catholic Kings as a commemorative monument to the conquest
of Granada from the Moors and constructed between 1453 and
1494 by the Architect Martin Solozano with an isabelline gothic
style. It was often used by the royal families during the
summers and it also housed, until XIX century, the University
of Santo Tomas.

The facade seems to picture Hispania, and it is stamped with the
coat of arms of the Catholic Kings between the raging lions.
The church is made of a whole section in the form of a Latin
cross. The altar is situated at the same height of the Chorus
(formed of 79 log chairs), and the altarpiece’s art formed of five
great scenes depicting the life of Santo Tomas is a masterpiece
of Pedro Berruguete.

Santo Tomas Royal Monastery has three cloisters: one of them,
known as ‘Novitiate Cloister’, is the oldest and smallest but
with a refined style. Another one, ‘Silence Cloister’ is of a
monastic style with isabelline arches from which a flight of
steps leads into the Chorus. On the first floor is a doorway
leading to the high altar, with Berruguete's altarpiece. It houses
the sepulchre of the only male son of the Catholic Kings, the
Prince Don Juan. Finally, the ‘Kings Cloister’, the biggest one,
housed in its north part the rooms of the kings that spent here
the hot central Spanish summers. Nowadays, it houses an
Oriental Museum with a number of documents, books, kimonos,
weapons, sculptures and other objects from the Buddhist and
Sinthoist rites, brought by the Dominicans from their missions
at the Far East.

Since we were asked by the exhibition organizers to participate
in it, we decided to use our laser scanner to recording the 3D
model of the most relevant elements of this monument: the
Main Facade, the Chorus, the three Cloisters and some more
interesting details. We also decided not to record the 3D model
of Oriental Museum since it does not represents a major
architectural feature, but to develop a virtual visit to it through a
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series of spherical panoramas structured upon the horizontal
plan of its several halls.

3. Multi-Sensor description

A medium-range terrestrial laser scanner based on time of flight
principle, Trimble GS200 (Figure 2), which incorporates a
rotating head and two inner mirrors (one concave and fixed and
the other planar and oscillating) was used. Trimble GS200
allows to acquire a scene with a large enough field of view, i.e.
360° H x 60° V, reducing the need of using lots of scan stations.
Nevertheless, in order to overtake vertical range limitation, a
geared head, Manfrotto 400, was adapted to laser scanner
(Figure 2). The sensor accuracy is below 1.5mm at 50m of
distance with a beam diameter of 3mm. Furthermore, the laser
allows to acquire reflected beam intensity and RGB colours.

Figure 2: Trimble GS200 laser scanner (www.trimble.com) and
geared head Manfrotto 400 (red circle).

A high-resolution camera, Nikon D70 (Figure 3), was used,
with a Sigma 14 mm lens to overcome the poor colour
information obtained from terrestrial laser scanner.

Figure 3: Digital camera: Nikon D70 (www.nikon.com).

In addition, a fish-eye Nikon lens with a 10 mm focal length
together with a specific pano head, MrotatorTCPShort, and its
tripod (Figure 4) were used to acquire images from the eight
halls of the Oriental Museum in order to stitch them in a
spherical panorama and create a 360° virtual scene.

Figure 4: 360° panorama equipment: fish-eye lens, pano head
and tripod.

4. Recording Santo Tomas Royal Monastery through
Laser Scanning

During the last years, the need of recording and modeling of
historical places has increased due to the emergence of laser
scanner, providing metric and accurate products which can be
used in a wide avenue of applications offering different levels of
information. The laser scanning technology is the perfect
approach to recording and modeling complex surfaces,
providing quality results in a short time. Nevertheless, several
drawbacks have to be taken into account to laser scanner
recording: from its high cost and disorganized and massive
information to its poor colour resolution. In addition, a hybrid
methodology which combines laser scanning and digital
imaging has been put in practise to record and modelling the
most emblematic parts at Santo Tomas’ Royal Monastery: from
the Main Fagade, the Cloisters and the Chorus to the Oriental
Museum. Nevertheless, in this last case a specific and
independent approach based on fish-eye images and panoramas
creation has been developed allowing to recreate a virtual tour
of the museum.

The next scheme (Figure 5) tries to illustrate the hybrid
methodology sequence.
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Figure 5: Laser Scanning methodology.
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4.1 Planning

As stated above, our target was to record the 3D model of the
Main Facade, the Chorus, the three Cloisters and the most
relevant details of the monument. Besides this, we also wanted
to deliver a virtual tour of the Oriental Museum through a series
of connected spherical panoramas. These panoramas were to be
complemented with hyperlinks leading to significant basic
information of the different issues at the museum and also to
better resolution images of the correspondent details.

Before planning our scanning project we had to solved several
limitations regarding to the environment and the own objects
features. Because of the museum time constraints as well as the
intense presence of tourists, we decided to undertake a full time
data acquisition campaign. The scanning process could only be
done in a sequential fashion but while the scanner would be
working, the high-resolution images and the fish-eye images
could be shut in parallel. With relation to object limitations, the
most critical one was the recording of ceilings with complex
geometries, i.e. the corridors of Silence Cloister, which had to
be solved with an adequate methodology and specific
instruments. In this case, a geared head, Manfrotto 400, was
used to overcome the laser scanner limitation in the vertical
field of view.

Another important factor to take into account in the Laser
Scanning Planning step, is to achieve a balance between the
number of stations and their coverage, avoiding the presence of
holes, occlusions as well as scans with high obliquity, without
forgetting the presence of an overlap between scans around 10%
at least. In fact, this last aspect represents a critical factor in the
fusion between external and internal parts at Cloisters.

Finally, with relation to the recording of the Oriental Museum,
an efficient solution was chosen which overcome efficiently the
limits of conventional way to represent and describe a museum,
due to the limitations of details and occlusions. In addition, a
digital imaging approach based on stitching spherical panoramic
images allowed us to record the museum, providing the
following capabilities: Interactive (zoom and navigation);
Immersive (felling you were really in the place), Informative
(360° field of view, overall idea about the museum) and
Integrative (Text and hyperlinks can be incorporated providing
additional information).

4.2 Data Collection

Following the scheme illustrated before (Figure 5) two types of
dataset were acquired:

Scan data collection

e  Global scans set up with an average grid resolution of 30
mm at 25 meters of distance, with the aim of recording the
Main Fagade, the Chorus and the Cloisters. Particularly,
the interior of the Cloisters were scanned using four
stations placed in each corner in order to provide a good
coverage as well as an overlap around 25%, while the
exterior parts (the corridors) present more difficult,

needing eight stations that guarantee enough regularity in
the point cloud resolution. In this sense, stations were
assumed in the middle as well as in both extremes of them
and a part of the opposite facade of the cloister were also
captured to provide a better adjustment of the inner and
outer data. The geared head was used to acquire data from
ceilings and floors.

e  Detailed scans set up with an average grid resolution of
S5mm at 10 meters of distance, with the aim of recording
with a high accuracy and quality emblematic details such
as: heraldic shields, the bulrush, gothic details and complex
arches.

Image data collection

e High resolution images (using the 14 mm lens with less
radial distortion) with the aim of providing a quality
texture mapping. Although, this image acquisition can be
performed in an independent way with relation to laser
scanning, the separation between both sensors should not
be very big in order to registering both dataset correctly. In
all cases (except for the images inside the Oriental
Museum or at the Chorus), we waited for cloudy days to
guarantee an enough regularity in image illumination.

e  Fish-eye images (using a 10 mm lens) with the aim of
generating spherical panoramas that allow to recreate a
virtual 360° scene at the Oriental Museum. In this case,
seven images were shot for each hall: six of them to cover
the horizon and one more with the camera axe in a vertical
position to cover the ceiling. In this case, a 90° swing
rotation was applied to the camera and a tripod was used to
guarantee a robust enough geometry of the camera and to
support long time exposures.

4.3 Data Processing

It has to do with the most expensive and time-consuming step in
the laser scanning pipeline, specially the mapping textures. In
fact, it usually supposes an increase about three times more with
relation to data collection.

Particularly, in our case two different data processing
approaches were applied. On one hand, a laser scanning
processing step to modeling the most emblematic places at
Santo Tomas Royal Monastery and on the other hand, a digital
imaging processing based on fish-eye images with the aim of
providing a 360° virtual scene and a tour of the Oriental
Museum.

Scans processing

e Scans registration. Those objects that needed several scans
were registered in a common reference system supported
by the transference of homologous points. An overlap
about 25% was maintained to guarantee good quality in the
iterative registration process based on the ICP (Iterative
Closest Point) algorithm.
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Segmentation and filtering. All those points or elements
unnecessary were deleted. Different automatic filters
combined with manual segmentations were applied to
obtain a depurated laser model.

Mapping textures. Since the majority of laser scanners
provide poor colour information an external camera is
necessary to register high resolution images with relation
to laser model. This registration process requires time and
manual interaction to achieve good results. Individual and
mosaic high resolution images were registered with
relation to laser models using a minimum of 8 homologous
points. In some cases, several image pre-processing
algorithms were applied to minimize some shadows and
illumination effects. This step constitutes the most difficult
one, since we are trying to link two different sensors which
exhibit different features. Thus, it would be easier if both
sensors would be closed each other. As a result, a
projection model was computed which allowed us to
connect the 2D image points with the 3D laser points.

Fish-eye images processing

Spherical panorama creation. Each group of seven images
was stitched automatically or manually based on
homologous point’s correspondences. The result was a
360° static image for each hall. For those big halls two
groups of seven images were used.

Adding  additional _information. Basic information
regarding the main issues of the Museum was written.
Then, hyperlinks were added to ‘hot’ points in the 360°
panoramas to lead whether to a larger visualization of an
element or to the correspondent text information.

Virtual Tour. With the aim of providing dynamism a
navigation console was added. Furthermore, a horizontal
plan was developed and used as a guide to follow a virtual
tour.

4.4 Derivate products

Up to now the obtaining of final products by laser scanning is
something that requires time and patience yet. However, several
final products such as: cross-maps, sections, triangular meshes,
surveying measurements and obviously the metric support are
obtained immediately.

In our case, the processing work described above led to the
following products:

A global 3D textured model of the three Cloisters
(Novitiate, Silence and Kings) with an average accuracy of
S mm (Figure 6).

Figure 6: Global laser models at the three main Cloisters:
Novitiate, Silence and Kings.

A global 3D textured model of the Chorus with an average
accuracy of 5 mm. It is important to remark the modeling
of the 79 log chairs of gothic style made of walnut wood.

A detailed 3D textured model of the Main Facade with an
average accuracy of 2 mm. It is important to remark the
complex geometry with the presence of numerous gothic
and isabelline details.

A detailed 3D textured model of the heraldic shields
stamped with the coat of arms of the Catholic Kings.

A detailed 3D intensity model of the cross arches that
constitute the ceiling of the church with an average
accuracy of 2 mm.

Colour orthophotographs and multi-orthophotographs of
detailed scans and cloisters facades respectively. The real



significance of the orthophoto is the removal of relief and
tilt distortions providing an image with the qualities of a
map. For example, horizontal distances between features
can be directly scaled from the orthophoto.

Virtual flies-through that combine different modes of
visualization dynamically: from the intensity points cloud
and wireframe models to the textured models which
superimpose cross-maps (Figure 7).

Figure 7: Virtual fly-through the corridors at Silence Cloister.

A Virtual scene and tour through the Oriental Museum
based on spherical panorama creation (Figure 8).

Oriental Museum 360° Virtual Tour

Figure 8: 360° virtual tour through the Oriental Museum.
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A total of two months were required to accomplish the
recording and modeling of the Royal Monastery of Santo
Tomas through laser scanning, while one month was needed to
reconstruct a virtual visit at the Oriental Museum.

5. Conclusions and future perspectives

In this paper a hybrid methodology for recording the Royal
Monastery of Santo Tomas has been presented. A balance
between laser scanning and digital imaging seems to have been
reached since both approaches complement each other.

The role of laser scanning combined with high resolution image
registration for the digital recording and modeling of the most
emblematic parts of the monastery have provided good results
in a wide range of levels: from the metric support exploited by
experts to the interactive and virtual model with tourist
purposes.

Therefore, there can no doubt that the combination of both
sensors and methodologies represent a basic tool for the integral
recording of the Cultural Heritage. However, from our
professional photogrammetric background the extraction of
final results through laser scanning have required time and
patience. The presence of complex and irregular geometries,
event really common in isabelline gothic style, have provided
that plans or vectorial documents required manual interaction,
being impossible to extract scaled and metric plans from laser
models automatically.

With relation to 360° virtual scenes, the virtual tours supported
on spherical panoramas are a very appealing issue for the non
expert public. Even more, since these users are not aware of the
enormous metric capabilities of the 3D model they are rather
seduced by the higher visualization quality of the former. This
type of product is so, a great complement to the rigorous 3D
models.

As a future perspective, we would like to complement the
scheme illustrated above (Figure 5) trying to develop an
integration between the 2D virtual tour and the 3D laser scanner
models, so a metric support could be incorporated to this 360°
scenes exploiting laser scanning and  single image-based
modelling approaches.
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Abstract

Over the past years, the significance of digital recording of cultural heritage has been realized as a major fac-
tor for preservation and dissemination. Due to a continuous growing interest, a numerous of digital recording
techniques have been devised to meet the requirements of the cultural heritage sector. 3D digitization is one of
the most important aspects in digital recording. Various techniques have been proposed for 3D digitization but
still there is not an all-in-one solution due to limitation in technology. In this paper, we are discussing versatil-
ity as a key factor of a successful handheld 3D laser scanning system that is applicable to the recording of cul-
tural heritage. The proposed system is based on laser triangulation and 3D camera tracking from a sequence of
images. We are considering the case where only minimal information is available to the system prior to its us-

age.

1.4.1 [lmage Processing and Computer Vision|: Digitization and Image Capture

1. Introduction

The significance of digital recording of cultural heritage
has been realized, over the past years, as a major factor for
the preservation and dissemination of culture. Nowadays,
3D digitization has already established its foundations on
archiving cultural heritage as great advances in 3D tech-
nologies offer new opportunities to record every detail of
cultural heritage in high precision, and to present it in a
more attractive ways [TAK*03].

A numerous of digital recording techniques and meth-
odologies have been devised and proposed in order to meet
the requirements of the cultural sector. In fact, three-
dimensional (3D) digitization is considered as one of the
most important aspects in digital recording. It is the first
stage in every digital recording project and is the process
that produces the first version of the digital content. One of
the biggest recognized advantages of digitally archiving
artefacts is the production of un-durable works of art. Al-
though various techniques have been proposed for 3D dig-
itization, there isn’t an all-in-one solution — that is, a solu-
tion that meets the requirements for every digitization pro-
ject — due to limitation in technology. Laser scanning is one
of the most successful techniques that have been developed
during the past years in order to tackle with the problems of
reverse engineering in industry and accurate 3D digitiza-
tion for every possible application, within its technological
limitations.

Present 3D acquisition systems are usually pushed to
their limits when used for the recording of cultural heri-
tage, as challenges uprise due to the physical characteristics
of the artefacts. The raw materials that have been used to
construct them, in combination with the morphologic com-
plexity contribute on producing shadowy texture areas,
subsurface scattering of laser light and major occlusion
problems. On the other hand, the delicate and fragile nature
of such treasures, prohibit their physical contact and their
moving. An immovable artefact is hard to be fully digi-
tized. Thus, we consider versatility of a non-contact scan-
ning system as a key factor for a successful archiving pro-
ject. Nonetheless, it should be able to derive accurate ge-
ometry and texture while being sensitive to the artefact’s
surface. Laser scanning devices have proved to be applica-
ble in such cases as they have the ability to maintain a nar-
row beam over long distances [LPC*00]. An accidental
collision between the scanning device and the artefact is a
non-accepted situation. In fact, there is no silver bullet for
safety issues and on this account laser scanning allows at
least an acceptable standoff from the artefact to avoid un-
desirable situations.

Summarizing, the digitization of cultural heritage ob-
jects, of relatively small size, is a problem that can be suc-
cessfully tackled with laser scanning techniques. As these
techniques evolve and are being applied and used in real
life cases, new requirements become even more evident:



easiness of usage and portability of the scanning system. A
handheld 3D scanning device introduces unique flexibility
at high accuracy levels and it can, thus, be considered as a
highly applicable device on the delicate area of heritage
archiving. Working in this light, we propose a technologi-
cal framework towards a versatile handheld 3D laser scan-
ning system that can be efficiently be used for the digitiza-
tion of cultural heritage artefacts.

2. Handheld 3D Scanning Systems

Many commercial and experimental handheld systems
have already been proposed. Most of them share the idea of
manually sweeping the laser beam over the scene or the
object. This is a great advantage as it allows the complete
scanning of complex geometry from different views with-
out constrains on motion imposed by a mechanical transla-
tion or rotation system. Handheld systems can overcome
the size range limitation of static systems while keeping the
cost in low levels as no mechanical structures are required.
A portable handheld scanner can reduce data collection and
modelling time while providing flexibility, which is a ne-
cessity. Nevertheless, a handheld scanner is not a panacea
[HebO1]. In some cases, depending on the size of the ob-
ject, a handheld sensor can be used as a complementary
device for all those places which is hard to be reached by
other static systems [LPC*00]. Building a handheld scan-
ning device presupposes that the laser light integration time
should be short enough in respect to the displacement of
the sensor. It is only then possible to avoid motion blur
within a single image frame [HebO1]. Laser line scanning
systems are intrinsically faster but finding the correspon-
dence of the points on the line does pose some problems
[BFB*98].

For instance, “Autoscan” [BFB*98] is a portable 3D
scanner that consists of a laser pointer, a pair of video cam-
eras and a real-time processor that detects the circular spots
of the laser in the scene. Its overall weight is 15 kg and the
video cameras angle is at least 60 degrees to guarantee high
accuracy (0.1lmm at a standoff distance of 1.5 m and a
baseline distance of 1m). The scanning time is a drawback
of the system as it uses one laser pointer that corresponds
to approximately 200 triangles per second.

A variant of “Autoscan”, the “ModelCamera”, pro-
posed in [PSBO3], involves the usage of sixteen laser
pointers fixed with respect to an ordinary video camera.
While the user scans the scene, the laser beams produce
blobs in the video frame where they hit the objects’ sur-
faces. Their actual positions in the 3D space are being de-
rived by triangulation in every frame. The registration of
the frames results in an evolving model. The user can vary
the sampling rate by zooming in and out. This system re-
quires an improved blob detection algorithm when complex
surface properties like colour, texture and specularity are
introduced [PSBO3].

Takatsuka et al. [TWV*99] used a fixed calibrated
camera in combination with a handheld laser pointer on
which three green light emitting diodes are always locat-
able along the optical axis of the laser. The positions of
those LEDs in space are computed from their projections
on the image plane and then they are being used to deter-

F. Arnaoutoglou et.al / Towards a versatile handheld 3D Laser Scanner

mine the optical axis of the laser. The 3D point is derived
as the intersection of the viewing direction of the camera
and laser axis.

Hebert [Heb01] presented a handheld system based on
structured light projection that integrates both shape meas-
urements and self-referencing. The configuration proposed
consists of two synchronized cameras and a laser diode
projecting two perpendicular light planes. “HandyScan 3D”
[Han06] is a commercial product which is based on similar
principles. Its weight is almost a 1 kg and its accuracy is
0.25 mm on a distance up to 500 mm. Another good exam-
ple is the “FastSCAN” [Pol06] series by Polhemus. The
“FastSCAN” series is designed to scan non-metallic,
opaque objects using lmw lasers and either a single or
double camera configuration.

Bahmutov et al. [BPMO06] describe an efficient and in-
teractive system for modelling large scale building interi-
ors. The system is based on the structured light technique
following a custom approach of projecting a matrix of 11 x
11 laser spots in the field of view of a digital camera. The
depth is calculated using multiple dense colour and sparse
depth frames which share the same centre of projection. As
a result the resolution of the obtained geometry is not
enough for the description of objects with high complexity.

Marc Pollefeys et al. proposed in [PVV*03] a handheld
3D model acquisition system that at its first step of opera-
tion is quite similar to the system proposed in this paper.
The system initially estimates the motion of the camera and
sparsely approximates the 3D scene. These data are used to
produce a dense estimation of the reconstructed geometry
using a flexible multi-view stereo matching scheme. The
similarity between Pollefeys approach and the one pro-
posed in this paper lies in the camera motion estimation
part. However, Pollefeys’ approach for dense mesh genera-
tion using stereo matching appears to be computational
expensive and inadequate for ill conditioned image se-
quences, like sequences where not enough significant
points to match are available, or sequences where the tran-
sitional motion of the camera does not provide the appro-
priate pixel disparity between a stereo pair.

Rusinkiewicz et al. proposed in [RHLO2] a real-time
handheld 3D model acquisition system that permits the
user to rotate an object by hand and see a continuously-
updated medel as the object is scanned. The advantage of
this system is that the user can find and fill holes in the
model in real time and determine when the object is com-
pletely covered. The disadvantage of this system (as pre-
sented) is that it requires physical contact with the subject
and specific and synchronized hardware.

2.1. The handheld laser scanning system (or Versatility
is the key)

The proposed system is based on simple and well estab-
lished notions in order to deduce the geometry of an object
using a sequence of images taken from a video camera (or
a photographic camera). Since we are considering the un-
calibrated case (only minimal knowledge for the camera is
available and a calibration process is not applied), these
notions involve camera tracking techniques in order to
acquire knowledge of the position and orientation of a
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camera in a 3D space. The principle of triangulation is
employed in order to resolve relative positions of points of
the scanned object in the 31D space. In such a system, the
coordinates of an imaged point of the object at a given time
can be computed by typical matrix multiplications that
reflect both the camera model and the camera position and
orientation:

C=IFEz¢ (H

where ( is the vector of coordinates to be computed, ¢ is
the vector of the point coordinates in the image plain and 7
and F are the intrinsic and extrinsic camera parameters in
the form of matrices. The matrix of the intrinsic parameters
(in an augmented form) is usually defined as:

fe, @xfe, ce, 0 2
=0 Je, ecc, 0
0 0 1 0

where fc,, fx, represent the focal length in units of horizon-
tal and vertical pixels, ¢ is the angle between x and y sensor
axes (typically px fe_=0)and cc,. cc, are the coordinates

of the principal point (ideally the centre of the image sen-
sor).

These parameters are called intrinsic because they are
specific to the type of camera used and are constant for a
given camera. Matrix / is estimated once for every digitiza-
tion project. On the other hand, the extrinsic parameters
refer to the orientation and position of the camera relative
to a reference world coordinate system (the coordinate
system of the scanned object). These parameters’ values
can vary significantly throughout the process of digitiza-
tion. The extrinsic parameters matrix is defined (in an
augmented form) as:

By Ty I, ®)
F=l|"™ Tm Tn z
o Ty Ty I,
0 0 0 1

where the 3x3 upper-left matrix with the #; elements is the
rotation matrix and the 1x3 upper-right vector with the ¢
elements is the translation matrix.

Figure 1 depicts a possible configuration of the pro-
posed system, as well as a graphical representation of the
process of triangulation for a point in space.

In order to keep the cost of the proposed system low, a
common arrangement of both the camera and the laser was
followed. They are positioned in such way that they form
an imaginary triangle with the target point. The baseline
distance between the camera and laser diode is denoted by
d, while ¢ is the angle of the camera and # the angle of the
laser both with the axis vertical to the line that connects
them. In total, the variables that are the known parameters
of this arrangement are:

e The camera field of view (angle, FOV)

e  The camera frame resolution, i.e. the frame width
w and the frame height 4

e  The relative topology of the arrangement, i.e. the
camera and laser angles ¢ and # and the distance
between them (d)

e  The key value of the camera focal length can be
deduced from the known parameters:
FOVY_ r Vw' i )
tan| —— | = — I
2 Jop= fom——0i v
’ FOV
(2r)2 =w’ +h tan Ty

It should be noted here that all these parameters and the
deduced geometries are based on the pinhole camera
model.

Ve

X
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Figure 1: The proposed system and the process of triangu-
lation for a point in space

As stated, one of the two stages of the proposed system
is the triangulation for the estimation of the position of an
unknown point of the scanned object in space. Triangula-
tion 1s based on the law of sines, which states that if the
sides of an arbitrary triangle are a, b and ¢ and the angles
opposite those sides are 4, B and C:

a b c R &)

sind snB sinC

where R 1s the radius of the triangle’s circumcircle.

In our case, (5) becomes:
d P ! (6)

sink: T - T
sinl ——@+d sin| —— 4
[2 ’ (”] [2 ]

In this topology the problem is a typical geometric problem
that can be easily solved, as:
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k+(zfqa+dqaj+(zﬂgJ:2ﬂ:> 0
2 2
T

k:272'7(57(0+dqaj7(%79]:7r+¢)+,9—d¢)

and, as of this, the unknown distance from the camera is:

sin (ﬁ - 9) (®)
g N2 )

sin(ﬂ' +p+9- d(p)

d t
sin k sin(z - 9)
2

=>1t=

The only unknown variable here is the angle dp, which can
easily be estimated trigonometrically:

tan (dqp) = fi =dp= arctan[;J = ©)

c c

Nu? +v? (FOVJ]
tan

Nw?+h? 2

In practice, it is more convenient to estimate the X, ¥, 7
coordinates of the detected point instead of its distance
from the camera ¢. This can be achieved if instead of work-
ing with the distance s we estimate angles in X and Y axis
separately. The notion is depicted graphically in Figure 2,
where the detection angle dp is represented by two angles
that are relative to one axis, i.e. dpy for X and dpy for Y.

dp= arctan[Z

- \/C/ /,/
/ -
X
Z
Fov/2 %
d

Figure 2: A more practical approach to the estimation of
the unknown coordinates of a detected point

The estimation of these angles is equivalent to the es-
timation of dg in (6). The final equations are:

10
deoy = arctan[ﬁ tan(gn (10

r

(%)
deg, = arctan| —tan

r 2

L :Ztan(gj/\jwz 0

cos(arctan(uf 4))sin(ﬂ' - 9)

7 =d

sin((ﬂ' - ,9)+ Qo+ arctan(uf ))
Y =7l
X =7ul.

Another basic stage of the proposed system is the esti-
mation of the camera position and orientation in every
frame of the sequence. This is usually referenced as the
camera tracking problem and is a typical photogrammetric
procedure. Consecutive frames, coming out of a single
camera moving around a 3D object (often referenced as
rigid motion), are processed in a way that emulates the
stereoscopic vision of humans. Further processing using
photogrammetric algorithms and the colinearity and copla-
narity equations may lead to the creation of the 31 shape
(but not the exact size) of the object space. If additional
information of the scale of the 31 objects is also provided,
the exact size of them could be acquired. The main positive
consequences from the determination of the relative orien-
tation of two camera frames are:

e the stereoscopic viewing ability (produced through
the epipolar geometry and usage of special stereo
viewing hardware configuration [Pom99])

e the restriction of the matching algorithms (from
2D to 1D) for the determination of conjugate
points [TSPOO] and the further processing using
space intersection algorithms for the determination
of the imaged points™ 3D coordinates [Gru01]

Several algorithms have been proposed for the deter-
mination of image points’ conjugates of two consecutive
camera frames. We have used and tested two algorithms
for the extraction of points of interest and their matching in
two consecutive camera frames:

e  Kanade-l.ucas-Tomasi (KI.T) tracking [ST94].

e Scale Invariant Feature Transform

[T.ow99].

(STFT)

KI.T is based on the selection of regions of interest and
their tracking in a sequence of images according to a dis-
similarity metric that is used to quantify the change of ap-
pearance of a feature between frames. This dissimilarity
metric is defined as:

£ = .UW [./(/lx + d) - /'(x)]Qw(x)dx (1)

where ./ and ] are two consecutive images, A is a deforma-
tion matrix, d is the translation of the feature window’s
centre, W is a given feature window and w(x) a weighting
function (taken either as 1 or as a gaussian function). Thus
the problem of determining the motion parameters is that of
finding the A and d that minimize the dissimilarity in (11).
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SIFT is similar in notion to KI.T. Tts goal is to select
scale-invariant features by employing a staged filtering
approach that results in multiple SIFT keys. These keys are
used to identify candidate object models. The main advan-
tage of this method is the improvement expected by using
SIFT features that are largely invariant to changes in scale,
illumination and local affine distortions. The SIFT detector
appeared to be the most effective algorithm in this ap-
proach. The implementation of the SIFT detector we used
has been created by Alexandre Jenny [Jen04] and has been
embedded in our implementation in order to extract conju-
gate points between two consecutive camera frames. The
relative orientation algorithm accepts as input the conjugate
image points’ coordinates in two camera frames and pro-
duces the 5 relative orientation parameters:

e By, Pz translation parameters along the Y and 7
axes relative to the translation along X axis and

e Jdwm, dp, i rotation of the camera axes of the sec-
ond image relative to the first.

These estimated parameters are used to determine the
camera position and orientation in order to be used after the
triangulation process so that the relative estimated coordi-
nates can be transformed to the world coordinate system.

Tn order to achieve high accuracy on the determination
of the rotational parameters of the camera a large number

of points should be identified between consecutive image
frames. In order to extract a large number of interest points
from one image to be matched in the next one, the texture
of the images should be high enough while their relative
rotation could either be low or high. The SIFT detector has
the ability to match two camera frames no matter how great
their relative rotation is. In our case the simulated images
have been enriched in texture and the rotation between
camera frames is relatively low. This is why, in most cases,
the algorithm succeeded to provide the correct relative
estimates of the camera frames.

2.2. Experimental results

The proposed system has been tested using synthetic data,
i.e. image sequences of primitive 3D objects exported by
3dStudioMax. The sequences were produced using a simu-
lated 28mm video camera with an active sensor frame size
that corresponds to 640x480 pixels resolution. The pro-
duced sequences correspond to videos of a 25 frames per
second. Thus, the test data correspond to data equivalent to
the PAL system. Several sequences have been produced,
with the camera forced to perform multiple translations and
rotations simultaneously and individually. The laser that
has been simulated was a monochromatic green line pro-
jected on the surface of the scene objects. Figure 3 depicts
a sample sequence of the test data set in gray-scale format.

Figure 3: Six (a to f) consecutive images (with a step of two images) from the test data set. The bright vertical line is the

laser projected on the object.

These preliminary experimental results verified that
such a system is actually feasible. The accuracy as well as
the resolution and productivity (i.e. time per scanning) of
the system are a subject of our further work on this system.
Fxtensive experimentations are also being planned in order
to investigate possible system restrictions at extreme cases.
Figure 4 depicts the results of the digitization process, at
two different time instances as the triangulation algorithm
operates on the data set.

3. Conclusions

In this work we attempt to combine the idea of single cam-
era laser triangulation with the idea of 31D camera tracking
in order to produce an operational friendly and safe 3D
digitization device for both the user and the scanning sub-
ject. The proposed system is applicable to the digitization
of cultural heritage artefacts and is aimed to be extremely
simple and of low cost as well as able to support freeform
handheld 3D scanning with no mechanical constraints
while following a smooth video shooting procedure. The
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main advantage of the system is its simplicity and easiness
of usage. Extensive experimentations are being planned in
order to investigate any possible restrictions and to identify

extreme cases. Additionally, error estimates are going to be
conducted accompanied with accuracy, resolution and pro-
ductivity measurements.

Figure 4: The result of the digitization process (point cloud) at different time instances.
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Abstract

Alternative forms of tourism, like cultural tourism, are constantly gaining appreciation as more and more
people disengage from the standard forms of mass tourism. Cultural tourism focuses, mainly, in the promo-
tion of local and regional cultural heritage and can contribute to its protection and preservation while pro-
viding new means for regional development and for dealing with typical problems of tourism, such as the
shrinking seasons. Modern technologies based on Geographical Information Systems (GIS) can be efficiently
applied in the promotion of cultural tourism due to its strong geographic nature. The combination of cultural
heritage, tourism and GIS is the main idea in this work. The implemented system offers cultural itineraries in
a user-friendly way, aiming to attract people to areas not so popular so far. Region of interest is the region of

Xanthi, located in Thrace (Northeast Greece).

H.2.8 [Database Management|: Database Applications: Spatial databases and GIS

1. Introduction

Culture and Cultural Heritage are of great significance and
interest worldwide. Tourism on the other hand, is a univer-
sal phenomenon based to the human need for pleasure,
escape from the daily routine and often curiosity to meet
new places, people and cultures. The merging of the two —
Culture and tourism — has produced the alternative type of
tourism known as “cultural tourism™ that accepts great
appreciation since the '90s.

Greece, rich in culture and based, on a great extent, fi-
nancially in tourism, can be one of the most attractive cul-
tural destinations. Furthermore, the possibilities offered by
the new technologies can contribute significantly to the
dissemination of the Cultural Heritage attracting conse-
quently a larger number of visitors.

Cultural Heritage, Tourism and GIS are the focus
points of this paper. Cultural itineraries are offered in a
friendly and easily accessible way aiming to familiarize
and attract people to areas not so popular to tourists so far.
Specifically, the region of Xanthi, located in Thrace
(Northeast Greece) is the region of interest in this work.
Rich in culture and art, Xanthi has to offer a number of
different cultural itineraries to a visitor that wishes to ac-
quaint himself with the area. Archaeological sites, monu-
ments, local architecture, museums, folk traditions and
festivals are some of the focal points that indicate the con-
tinuity of the region from antiquity until nowadays. More-
over, an on-growing stream of visitors appears to come to

the region and gradually tourism becomes an issue of a
financial importance. Taking under consideration the
above, the technologies of Geographic Information Sys-
tems (GIS) along with the technologies of dynamic and
interactive publishing through the Internet have been em-
ployed in order to promote the cultural polymorphism of
the region of Xanthi. The result is a system based on a
geographical database, which includes topographic infor-
mation along with data about the present status, architec-
tural and historical evidence, folklore and bibliographic
references. The Internet application that represents the
front-end of this database presents an interface that guides
the users in the cultural content through cultural itineraries.
In order to cover the needs and demands of various types of
visitors, the suggested itineraries are offered in three differ-
ent forms: chronologically, thematically and in the form of
daily excursions.

2. Tourism

Tourism is a global social and economic phenomenon that
originates from our need to escape everyday life, have en-
tertainment, contact with nature and meet new places, peo-
ple and cultures. The industry of tourism is considered one
of the most prominent, worldwide, due to its contribution
to regional growth and development, by building a stable
comparative economic advantage, enhancing the competi-
tiveness of the region and by exploiting the possibilities
and characteristics of the region.
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Mass tourism is the main form of tourism, today, fol-
lowing the model of the sun-sea package. This form of
tourism, though, comes with the significant disadvantages
that it introduces spatial and temporal concentration and
has a very low level of exploitation of the cultural wealth.
It is important today to enrich the tourist product with new
and special forms of tourism (alternative tourism), that will
be friendly to the environment, concentrated in providing
new experiences and adapted to the regional and local
communities.

Alternative tourism, apart from its symbolic signifi-
cance, refers to any special form of tourism, which attracts
tourists with special interests, contributes in the protection
of environment, promotes the cultural heritage and, finally,
offers solutions to the tourist seasons problem. Main char-
acteristics of alternative tourism are the search for authen-
ticity, the contact with nature, the denial for impersonal
tourist offers or even the rejection of packages for secular
beaches [Tan02].

Cultural tourism, a form of alternative tourism, is
based on a mosaic of places, traditions, art forms, celebra-
tions and experiences that portray the diversity and charac-
ter of a nation and its people [Une82]. It refers to visits to
archaeological sites, monuments and museums and to a
need for discovering the way of life of people of the past
and the present [PK04]. One of its main purposes is to
promote the value of monuments and cultural sites, con-
tributing to their protection and preservation. Travellers
who engage in cultural tourism activities visit art galleries,
theatres and museums, historic sites, communities or land-
marks, participate in cultural events, festivals and fairs,
meet ethnic communities and neighbourhoods, architec-
tural and archaeological treasures.

According to studies ([NEAO6], [TCA06]), more and
more travellers include cultural, arts, heritage or historic
activities while on their trips, which, in some cases, leads
to the extension of their trip time. The impact of tourism is
such that many international organizations have already
shown interest in the formation of progressive strategies in
order to promote cultural tourism and protect cultural heri-
tage. Travel trends that will probably dominate the tourism
market in the near future reveal, on one hand, a need for an
adaptation to the interests of the individual consumer (per-
sonalization) and on the other, that arts, heritage and other
cultural activities are becoming one of the top five reasons
for travelling and tourism. These trends empowered by
solutions provided by the technology in the form of the
proliferation of online services and tools, make it easier for
travellers to choose destinations and customize their itiner-
aries based on their interests.

3. New technologies in tourism

Modern technologies may offer, today, access to a signifi-
cant amount of information through user-friendly and intui-
tive virtual environments and interfaces, offering interac-
tivity, multilayered navigation and representation and new
experiences through the reconstruction of old civilizations
by exploiting the capabilities of networking.

This way, modern technologies can attract visitors with
different scientific, social and educational background,

rendering tourist programs and cultural collections signifi-
cantly more accessible, with the result of making cultural
heritage more comprehensive and the experience of dis-
covering it more entertaining.

Specifically, GIS technologies can be used very eftec-
tively in cultural tourism, in order to provide dynamic and
Internet-based user interfaces to a multimedia-rich digital
content, for a better way of tourist product promotion.
Since now, only a few attempts to exploit the capabilities
of this technology for cultural tourism can be traced on the
Internet. Among them, three are presented here as case
studies:

o  PASTMAP — Bringing history to life: PASTMAP
brings together datasets owned by Royal Commission
on the Ancient and Historical Monuments of Scotland
(RCAHMS) and Historic Scotland and allows users to
locate and obtain information on archaeological sites
and historical buildings of Scotland. It also provides
detailed information on those sites and buildings that
are protected by law, which were not available in the
internet. Main objective to this project was to dis-
seminate this information effectively and to improve
the public’s knowledge of historic sites in Scotland
[Pas06].

o Military architecture — Cultural Itineraries: "Cultural
Itineraries on the Internet" is a pilot application which
uses new technologies in order to map the traces of
military architecture networks formed by the Vene-
tians and of the Knights of the Order of St. John, dur-
ing their migrations in the Mediterranean area. More
specifically, the main objective of the project is to
promote cultural heritage as a determining factor of
territorial development as well as to attract alternative
tourism in those areas [HMCO02].

o Atlas of Hellenism: 1t is an attempt to map the Hel-
lenic world during a period of 2500 years, from the
archaic period to the pre-liberation period from the
Turkish occupation. It includes the vital space of Hel-
lenism through the ages and from Gibraltar to River
Indus (Alexander the Great), including part of Africa
(Byzantium) and the Black Sea (Byzantium). This
project aimed at the popularization of the historical in-
formation ([SAKO02], [SAK04]).

4. Cultural itineraries in the region of Xanthi

The project aims at the development of a GIS application
to emphasize and popularize the cultural wealth of the re-
gion and to promote the historical continuity since the ar-
chaic period. The scenario of this application is based on
the construction and presentation of cultural itineraries that
connect sites and places of significant cultural value. These
sites are connected in various ways leading to different
itineraries both thematic and in terms of duration. All the
itineraries are grouped into three major categories:

e  Chronological: in this category, sites are connected to
form itineraries that follow a strict chronological simi-
larity, i.e. sites of cultural value that date back to the
archaic period are grouped together.
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o Thematic: in this category, itineraries are formed
through the connection of sites that share a common
thematic ground, i.e. sites of importance due to the ex-
istence of Byzantine ruins are grouped together

e Daily excursions: various single-day excursions are
proposed that cover both thematic and chronological
categories, providing a representative sample of the
cultural wealth of the region.

The user can, of course, choose and combine any of the
proposed itineraries according to his/her interests and the
available time.

The choice of the cultural content was a significant task
during the designing of the web application and depended
mainly upon the specific application’s objectives. Consid-
ering that the site was designed in order to provide infor-
mation to both general and scientific public, it was decided
that the application would include the most popular tourist
destinations. An important factor taken under consideration
during the selection of the sites was their archaeological
and historical significance and plenitude of documentation.
Moreover, practical issues, like easy access to the sites,
were also important selection criteria. The selected sites of
cultural interest were those that represent, in the best way,
the historical continuity of the region. On the total, 52 sites
were inserted in the database including spatial and descrip-
tive data.

The GIS system that was chosen to become the devel-
opment and deployment platform for the application was a
combination of ESRI’s ArcGIS products [ESRO6]. For the
creation and editing of the Geodatabase the Arclnfo prod-
uct [ESRO4] was used, while for the web deployment the
ArcIMS server [ESRO05a]. Arclnfo is one of the most suc-
cessful platforms for GIS development that provides a high
level of functionalities and easy to use interface. ArcIMS is
a light-weight choice of server software to publish dynamic
GIS content over the Internet. Main advantage of this
package is that it can guarantee high productivity as a re-
sult of its user-friendliness and the inclusion of site tem-
plates and plenty of informative source code for further
development.

4.1. Creation of the Geodatabase

The creation of the Geodatabase (the GIS database) was a
process of three (3) phases. These phases are described in
this section. Figure 1 depicts an overall workflow diagram
of the Geodatabase development phases.

o Phase 1 — sites selection and data collection: a lit-
erature review was carried out in order to select
the necessary infor