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Abstract. This study describes a process for digitizing 3D documentation with
3d laser scanner tools. The process of capturing 3D data is mainly for as-built
environment in reconstruction and documentation of historical scenes. For retrieving the 3d shape of historical building, the workflow needs to be developed
in terms of 3D data acquisition, 3D modeling, documentation and web-based
representation. For practical demonstration, several cases present the reconstructed results and the application of virtual scene. These practical cases were
applied the technique solution to approach digitizing tasks of preservation for
cultural heritage, which could evoke more heritage preservation issues.
Keywords: 3D Documentation computing, Digital archive, Digital cultural
heritage, 3D Laser scanner, Heritage preservation.

1 Introduction
Digital archiving and 3D digitizing technology apply in several fields, including
manufacturing industry, medical sciences, entertainment industry and, cultural heritage [1], [3], [11]. In application of manufacturing industry, inspection probes and
survey are substituted by non-contact laser scanning equipment that are often used for
aero industry and automotive parts design and testing [17]. Otherwise computer aided
design and manufacture in reverse engineering is employed in a wide range of applications in the field of science and industry, together with animation techniques and
WEB application [9], [12], [15].
Cultural heritage, ancestors’ historical assets, transmits conventional environment
and craftsman’s experience in the civilization and cultural progress [2], [16], [19].
However, owing to the longer process of confirming and the limitation of budget and
timing, the preservation of historical architecture is not efficiently executed preservation. Moreover, natural disaster, such as earthquake, fire and accident collapse, caused
historical architecture disappeared in one moment. For these reasons, we are seeking
an integrating technique to help building preserved works at the limited opportunity.
Traditional methods are slow, time-consuming and present a number of evident
limitations [19]. The way of survey and measuring of historical architecture are using
photographing and manual tape method, then manually transferring these discrete
numbers into engineering drawings in AutoCAD [8], [19]. Although 2-dimensional
drawings and graphics provide some support documents to rebuild historical architecture. They are no way to complete these information but truly 3-dimensional model.
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Cultural heritage needs more advanced techniques to support preservation and conversation in cultural heritage [2].
Digitizing historical cultural architecture is a trend on international preservation.
Traditional tools using survey and probing in manuals couldn’t correspond to preservation procedure in effective and efficient [9], [12] . Therefore, we consider an integrating mechanism in tool and procedure. Laser scanner is using the reflection and
projection of laser beam and probing the difference of time. As the objects scanned by
laser beam, the scanner machine calculates the distant of machine and objects. And by
calibrating the ejection angle of laser beam, the laser scanner records the spatial data
as data of point clouds. This study is employed 3D laser scanner with the high quality
digital camera that can reach more than 1000 meters. And the inaccuracy of survey
result is less than 5mm. Acquiring surface data of building are the first step of the
heritage preservation [8], [14].
In this paper, we concentrate on extracting 3D models of cultural heritage for 3d
document application. Hence, our techniques are considerably procedure in systematic and reasonable than those isolating in machine body or limited to people training.
We start from an investigation of survey technology and reverse engineering which is
more mature field to utilize laser scanning technology. After comparing the techniques of laser scanner and photogrammetry application, we realize laser scanner with
more accurate, efficient, faster and reliable than other documentation techniques.

2 Survey Process
Heritage preservation is a continuous process which are the many data need to integrate, acquire and analysis which mean a lot of construction data to be recorded.
There are a serial of process and operation that include engineering surveying, drafting and design, monitoring for post-construction analysis [3], [17]. Recorded data are
made by discrete manual 2D drawings have limitations in describing the allocation of
geometries in 3D space. 3D data are intuitive, visualizing and continuous representation to simulate space characteristics which will be the best way to manipulate with
architectural and historical senses. As such, we choose the 3D laser scanner of survey
manner to reach our objective directly.
Cultural heritage protection is an important issue in the world. The sustainable concept in public awareness and these kinds of monuments constitute an important part of
our past. Digital 3d documentation presents a process of restore and protection which
integrate the survey technique and building computing between reality and virtual
world.
2.1 Laser Scanner with Operation System
For reconstructing a 3D environment and architecture, we choose Riegl LMS-Z420i
of LiDAR system which offers the most powerful in distant effective to capture the
spatial data with point clouds format acquire clouds data (Fig. 1). The machine scan
the surface of object to receive spatial data about 11,000 points per second with high
precision up to 4 mm. The field of view is 80∘ x 360∘ and the range is up to 1000m.
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For each scanning mission, scanner machine also needs laptop-computer with bundled operation software package “RiSCAN PRO” to operate the scanner for acquiring
high-quality 3D data in the field [10]. By mechanically scanning the surface of object
with the laser set, different sections of the object are sequentially acquired and cloud
data are therefore generated. For the specific parts and detailed objects, they need a
concentrated shot on these specific details with condense scanning of laser points.
The laser scanner can take advantage in the territorial field with reference points to
connect difference station data. However, Target site have some obstacle views to
disable cross scanning. The scanning plan therefore adopts higher view point to solve
these limitations.

Fig. 1. Riegl LMS-Z420i & software RiSCAN PRO

2.2 Survey Planning and Scan Works
Supported by National Science Council, We selected 10 experimental sites for the
experiments, which located at Taipei County. They are with several different types
of archaeological objects and historical buildings. For acquiring the 3D data of real
environments, we have to integrate scan whole archaeological objects from several
different scan stations. The stations with difficult accessing problem, we have developed such device in view of high and wide to overcome and take the 3d data with
scanning machine.
For development of 3D scanner supports 360 degrees field-of-view, the scanner
has to move around archaeological objects to complete exterior scan views with registration targets. The laser scanner is difficult to work at those buildings placed closely
without appropriate station-locations on scanning and registration entire surroundings.
Therefore, we select several higher locations among those buildings nearby. Basically, higher scanning locations are used to avoid obstructions problems and reduce
numbers of scanning station. (Fig. 2)
For those objects to be scanned in a well-controlled environment (for example: indoor space and no obstruction problem), objects can be oriented scan completely
without extra registration targets. However, ranged scanning is often incomplete for
obstructions or lack of controlled-high-view scans at outdoor site. There is no way to
solve such as problems until we build a lift-able car and movable support.
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Fig. 2. Mobile car working with lift-able device

The device provides a carrier of 3D laser scanner with lift-able and stable character. It is not only fixing on the ground but also avoid to vibration. Furthermore, it can
be controlled in height by expert experience for the best survey. The device with platform on the top can fixed scanner on the lift-pole. The each of multi-supported legs
implement dynamic device for lift-up the truck that is for stable survey implementation without shaking by rubber tires. The lift-able device includes scissors-like
instrument and platform, which includes a space for 3d laser scanner instrument and
multi-action kinematics extending the range of survey and reach proper height for
advantage process. Therefore, the creative work includes lift-able and stable character
that is not only stability of scanner and also convenient adjusting height for the best
survey efficiently. (Fig. 3).

Fig.3. Lift-able car and movable support

2.3 Registration and Data Process
The operation software integrates data from different stations with different coordinate systems. Therefore, merging range data into a single coordinate system is necessary for creating a complete 3D model [2], [7], [14]. In the operation procedure, we
analyze at least three overlapping fields of target points for software to calculate the
rough transformation between two different scan world systems [16]. Then the
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Fig. 4. Environmental scanning result: Jing-Tung Train Station

software system will minimize the registration error between the overlapping coordinate system. After all scanned worlds processed, they are merged to an integrated
model. Figure 4 shows the integrated point clouds model of Jing-Tung Train Station.
2.4 Registration and Data Process
The modeling operation starts to capture the feature of object. These features (for
example, points, lines or components) will be extracted from images, enhancing the
spatial characteristics and representing the coherence of geometry with mesh or
solid of computer graphics algorithm [6], [12]. The proposed feature extractors are
adapted to solution softwares that are CATIA and Rapidform XOR2. (Fig. 5) The
softwares are based on the similarity of directional feature vector. For the 3D modeling (shape, surface and volume), there are some other options so called middleware of
Reverse Engineering in order to develop Rapid Prototyping in design application [9],
[13], [14].

Fig. 5. Software Rapidform XOR2 processes the point cloud as mesh modeling

3 The Application of Digital Archiving
3.1 The Procedure of 3D Scanning
For the work flows of 3D data acquisition of cultural heritage, the quantity and density of point cloud control the detail of 3d modelling by reverse engineering. In the
registration of laser scanning, both software and hardware influence the representation

6

H.-M. Cheng et al.

and accurate of point cloud. Therefore, we develop a procedure and method for different size and distant of heritage’s objects. In 3d data acquisition of laser scanning,
we not only process specific machine on manual to acquire 3D data but also attempt
to integrate different machine and software to registration point cloud. For the digital
archiving of cultural heritage, these precious 3d data can provide an original digital
format to reconstruct e physical heritage in future.
On the post operation phase, 3D modeling depends on the software of reverse engineering which is a from the survey technology for production. We manipulate the
software of reverse engineering for modeling the digital building which is a key process of industry utilization in physical form design. The whole processes are through
surface analysis, holes filling, and rebuild the mesh models. The purpose of 3d modeling is building up the same size of physical heritage in digital form that can export as
visualization and virtual reality on the Internet.
For the web representation, we proceed proprietary VR authoring tool is introduced
to demonstrate the reconstructed results. The comprehensive virtual scene is then laid
out in VR tool that is the web-base browser for navigating in 3d virtual world. For
more application of VR, we knew the point file is not replaced in original representation. Therefore we adopt the point cloud into virtual reality for representing point in
3D space. As a result, we can freely walk through the virtual historical site. And,
further rich illustrations are also readily carried out through interactive manipulation
in the Web. (Fig. 6).

Fig. 6. Workflow of digitizing
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3.2 The Result of Works
In this project, we used 3D laser scanner techniques to rebuild the objects of heritage,
which includes an upright stone tablet, pavilion, bridge and historical building. According to our experiments, we found that this integrated approach is efficient and
Table 1. Five Types of digitizing cultural heritages
Interior of Fort San Domingo, Danshui
Real picture
Image of point
clouds

Image of 3d
modeling

Stations and point clouds

(statistics)
Stations: 8
40 Million Points

Lin Family Gardens
Real picture

Image of point
clouds

Image of 3d
modeling

Stations and point clouds

(statistics)
Stations: 9
17 Million Points

Tomb of Dr. Mackay
Real picture

Image of point
clouds

Image of 3d
modeling

Stations and point clouds

(statistics)
Stations: 4
2 Million Points

Shanchia Station
Real picture

Image of point
clouds

Image of 3d
modeling

Stations and point clouds

(statistics)
Stations: 18
168 Million Points

Shanhsia Arch Bridge
Real picture

Image of point
clouds

Image of 3d
modeling

Stations and point clouds
(statistics)
Stations: 7
12 Million Points
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accurate. LiDAR technology could precisely digitize fine details and sculpted surfaces
which are essential for modeling those monuments and historical buildings. We process these raw data which are real picture, image of point clouds, image of 3d modeling and some statistics numbers of stations and points. And we present several types
of heritages which are interior, garden, monuments, building and bridge.

4 Application in Scanning Technology
Digital archiving has been applied on several purposes in heritage preservation recently. We selected two issues for this digitizing project. The first is monitoring of
cultural which is following currently reconstruction work. The second is trying to find
out the data characters for decision supported making
4.1 Documentation and Monitoring of Cultural Heritage
Virtual preservation takes advantage of the expansion and long-term saving. Cultural
heritage needs these data for continuous monitoring. In particular, the heritages in real
environment are irreversibly damaged by environmental disaster or atmospheric damages. Those damages sometime were discovered too late. High accuracy 3D scanning,
at regular times, could detect deformations and cracks. The data for monitoring could
be the fundamental of reconstructing heritage.
The 3D documentation archives the spatial data of cultural heritage. Documentation should be considered as an integral part of a greater action in general documentation of the cultural heritage. Those data includes text, picture, music, and more other
format media. These multi-format media with historical documentation, architectural
documentation store a whole picture of cultural heritage.
On the other hand, cultural heritage protection is a key issue around the world today. Those issues evoke public awareness over recent years which address some important monuments of our past. The documentation and display of ancient artifacts
and antiquities is an essential task in the field of cultural heritage preservation [19].
Digital archive of high quality three-dimensional models would give improvement in
the restoration science field. Digital archives thus can be used as reference for monitoring and restoration of cultural heritages [15]. (Fig. 7)

Fig. 7. 3D Documentation (Jing-Tong Train Station)
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4.2 Multimedia and Data Management as Decision-Support
Multimedia (such as 3D scenes navigation, animation) has developed for two purposes. The first offers in showing the sequence of possibilities image sequences,
where each image represents an option based on a set of parameters. As architects are
interested in specific image, that shows the closest match between model and the
virtual measurement. The 3D navigation also reveals an insight of spatial design
thinking that cannot possibly be revealed through flat and analogue representation.
This project produces heritages in Taipei County establish archive of all the survey
material combined with the work, that are integrated in the digital format for next
application. Heritage materials are combined with historical document, physical situation and contemporary observation. Digitally managing materials have been essential
programs that need to organize comprehensive representation in terms of the web
environment to display accurate information (Fig. 8). On the other hand, text, image
and drawings are importance in design studio for reconstruction issues. Consulted
these data through the digital archives, the design can continuously work. Multimedia
has been used to assemble these data for specific purposes including reconstruction or
VR tour. These could improve design teamwork for design decision making.

Fig. 8. Photo Picture and Texts Present in Webpage and GIS Applying Google Map

5 Discussion
Preserving and representing cultural heritage motivates the new technology for producing complex and heterogeneous data. For managing these data, digitalizing is
essential task for the use and the diffusion of the information gathered on the field.
We discuss these issues in terms of the concepts of digital archiving, 3D documentation and WEB application for the emergence of digitalization in recent years.
5.1 Digital Archiving in Cultural Heritage
The jobs of digital archiving include several phases of the preserving, organizing and
retrieving on the cultural heritage. 3D laser scanning technology evolves in the most
diverse fields, an increasing number of cultural institutions take into consideration the
need to capture 3D datasets of heritage assets. However, the digitizing procedures
with 3d laser scanning are very heterogeneous and complex, including not only the
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economic management and the logistic activities which take place in the offices, but
also on-stage artistic production and craft-made activities in workshops.
The whole process involves the three-dimensional digitization, digital data processing and storage, archival and management, representation and reproduction. In this
paper, we briefly review methods for three-dimensional digitization that are applicable to cultural heritage recording.
5.2 Survey Technologies and Other Applications
With recent developments in computer and information technologies, this well-known
traditional method has been replaced with digital survey and Internet technology.
These new methods offer us new opportunities such as automatic orientation and
measurement procedures, generation of 3D point-clouds data, digital surface modeling and WEB representation in cultural heritage. These methods and equipments
commonly used for digitalizing buildings are: traditional manual surveying methods,
photogrammetric methods, scanning methods and WEB database application. These
methods determine the main data representation, the instruments limitation and the
key points of each cultural heritage.
On the other hand, 3D laser scanning is an essential technology for territory survey
that has become increasingly popular for 3D documentation. These techniques provide very dense 3D points on an object surface with high accuracy. In addition, the
3D model within digital image can be easily generated using generated 3D point
cloud and recorded as vector measured drawing data. These large data must be processed by proper procedures for solving the work flow in order to connect humanmachine interface and operation software.
Current digital archiving has been carried out for the digital preservation and
treatment of Cultural Heritage information. The development of computerized data
management systems to store and make use of archaeological datasets is a significant
task. For such application in the Internet, 3D WEB representation is a broadcasting
platform for highlighting 3D spatial information browsing which should be processed
on the phases of captured, structured, and retrieved in order to transform multimedia
performances in cultural heritage for other application. The whole digital system need
to compliant to every kind of Cultural Heritage site and allows management of heterogeneous data.

6

Conclusion

This project develops three phases to initialize digitizing works. (1) 3D data acquisition: using the 3d laser scanner to rebuild the surfaces of environment which are
several stations of view to registration. (2) 3D modeling: using the reverse engineering software to process those raw data (points of cloud). This phase mainly is data
transformation and 3D geometry rebuild. (3) Web representation and others application: We procedure digitizing process to integrate 3D data and others media format
(i.e. text, picture…) for navigating in World Wide Web. These 3D data are integrating
into 2D graphic drawing and specific derails to present rich culture heritage.
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Concluding current works, we plan a roadmap of digital archiving for proposing 3
possible directions: The first direction considers Web visualization is an essential
communication platform to represent 3D data in the world. These data are easy access
and retrieve by Internet technology which also are unlimited time and place. The
second direction is 3D laser scanners become an essential application from industry
engineering to cultural heritage. The tools and theory are contributed to the heritage
preservation and conservation. We will try to develop strategic application of heritage
preservation. For the last direction is digital archiving, these data are formed a kind of
“3D documentation of digital heritage”. In the wide definition of conservation and
preservation, 3D laser scanners grab the most part of heritage form which include
primitives of geometry, shape, color and texture.
For the future works, the handicap scanning tools of lift-able car and movable support for the 3D laser scanning of historical architecture is a useful way to overcome
many obstacles. We will develop more mechanism in scanning processes and physical
tools. In the process of digital archiving, we manage and preserve the 3D data information system for digital museum in heritage preservation. These raw data with 3D
character of culture heritage become virtual heritage in future.
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Abstract. The paper presents a complete methodology for processing sets of
data registered by the means of a measurement system providing integrated 3D
shape, multispectral color and angular reflectance characteristic. The data comprise of clouds of points representing the shape of the measured object, a set of
intensity responses as a function of wavelength of incident light used for color
calculation and a set of distributions of reflected intensity as a function of
illumination and observation angles. Presented approach allows to create a
complete 3D model of the measured object which preserves the object’s shape,
color and reflectivity properties. It is developed specifically for application in
the digitization of cultural heritage objects for storing and visualization
purposes, as well as duplication by the means of 3D printing technology.
Keywords: cultural heritage digitization, structured light projection, multispectral color, BRDF, cloud of points, triangle mesh, texture, calculation methods.

1 Integrated System for Cultural Heritage Objects Digitization
1.1 Introduction
Recently, different techniques for digitization of many classes of objects have
emerged. They usually require specific data processing methods and vary greatly
because of different technologies involved, different accuracy and applications. A
review of different approaches to shape digitization depending on object’s size, material and complexity was given by Pavlidis et al. [1]. There also exist several studies
involving multispectral color measurements of oil paintings [2]. Different implementations of such devices vary in the number of registered spectral bands and data
processing algorithms depending on specific application [3], [4]. Consequently, there
are different possibilities of registering angular reflectance, either by time consuming
gonio-reflectometry or a kind of simplified bidirectional reflectance distribution function (BRDF) estimation similar to extended photometric stereo [5]. Nevertheless,
combining these kinds of data together to create a more precise representation of the
object usually requires some manual processing to fit the data from different measurement devices into a single, complete model.
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 13–27, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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In this paper we would like to focus on digital measurements of cultural heritage
objects based on the measurement of integrated shape, multispectral color and angular
reflectance characteristic [6]. In this case, directional illumination is used for BRDF
estimation, but with additional knowledge of surface position and its normal vectors.
The main purpose of this research is the registration of object's appearance with good
accuracy for storing in a digital archive, visualization and duplication. We propose a
set of calculation methods which allow to obtain a complete virtual model from raw
data acquired with the 3D scanner.
At the beginning of the paper the measurement system is presented along with the
data format used in calculation methods. It is followed by the description of the concept of data processing methodology and its implementation, after which detailed
descriptions of implemented algorithms are provided along with exemplary results of
their application in experimental measurements.
1.2 Measurement System Description
The system incorporates a 3D scanner, a multispectral camera for color measurement
and a custom designed angular reflectance measurement device. The fact that all the
components use the same detector eliminates the need for manual alignment of the
acquired data, as all the necessary information is provided for every point registered
on the measured surface unambiguously.
The shape measurement system comprises of a digital light projector and a CCD
camera which are calibrated together. Its operation relies on structured light projection
[7] and it allows for registering shape of the investigated surface within a 200 x 300 x
200mm measurement volume with 0.1mm resolution and 0.03mm accuracy (Fig. 1).

Fig. 1. 3D shape measurement system
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The color measurement system [6] uses a multispectral approach based on capturing images of the object in several different spectral bands under specified, known
illumination. The system measures spectral reflectance distribution in every point
registered by the camera. In the described setup a custom built multispectral camera
with 20 spectral bands and flash as a light source was used (Fig. 2)

Fig. 2. Multispectral camera integrated with the 3D shape measurement system

For angular reflection measurement [6] a specially designed setup was used, which
supports controlled directional illumination of the investigated surface from several
known positions relative to the direction of observation. Eleven uniformly distributed
white light emitting diodes with additional diffusers were used as light sources.
1.3 Raw Data from the Measurement
Data registered in the integrated measurement include space coordinates of the surface. Additionally, a set of reflected energy responses in several spectral bands within
the visible spectrum and a set of luminous energy responses from several angles of
illumination are independently acquired for every point. Other data resulting from the
measurement include spectral emission characteristic of a light source, optical setup
attenuation and geometry of angular light sources distribution.
The data are organized in a structure in order to simplify further processing. The basic structure is a cloud of points with normal vectors calculated in every point based on
its local neighbourhood. The rest of the data is assigned to the cloud of points as additional layers in such a way, that each point in the cloud can have a vector of properties
attached. In the case of integrated measurement, the previously described information
containing energy responses from spectral and angular measurements is stored in this
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vector. The whole structure can be extended to make it possible to add other data layers and increase the dimension of the attached vector of properties. The data structure
is stored in several binary files with a single XML interface, which makes it easy to
manage and extend. The scheme of the data structure is shown in Fig. 3.

Fig. 3. Diagram of a basic data structure for storing cloud of points geometrical data with
additional per point information

2. Data Processing Path
2.1 The Concept
Data registered in a single measurement process can be divided into three separate
categories, as mentioned in the previous section. The first category is shape in the
form of cloud of points, the second is spectral reflectance and the third – angular
reflectance (Fig. 4).

Fig. 4. Categories of surface measurement data, which can be processed by various calculation
methods and combined into a 3D model
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We propose three final stages for the processed data depending on their application
– storing in a digital archive, displaying in a virtual scene and duplication by the
means of 3D printing technology. It is therefore necessary to propose different processing paths for each implementation. In order to use intermediate processing stages
efficiently, applied operations are designed in a way which allows them to make use
of results from previous processing stages. A flowchart in Fig. 5 shows relations between the processing stages.

Fig. 5. Diagram of three data processing stages and three main processing paths (one for each
data category). It should be noted that even though the processing paths are not joint, some
calculation methods use a portion of output from the other paths.

In the first stage, data are processed for storing in a digital archive. Clouds of
points are filtered in order to eliminate noise and errors caused by incorrect phase
calculation. Next, the clouds acquired from several different directions are merged
with the use of ICP algorithms [8] in order to create a full model of the measured
object. At this stage the shape data are considered sufficient for storage purposes.
Color measurement data are interpolated over the visible spectrum domain, so that
spectral reflectance for each point in the cloud of points can be estimated. Other calibration data, including emission spectrum characteristic of the light source used in the
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measurement, correction coefficients of the field’s of view uniformity and spectral
filters’ energy compensation factors are necessary for this operation.
Angular reflectance measurement data are used for a BRDF derivation according to
Phong model [9]. Additional calibration data used include black component compensation factors and information about the distribution of light sources in space.
The second stage of operations is used for obtaining a model adequate for display
in a virtual environment. It is based on the data received from the previous stage
rather than on the raw measurement data.
At this moment the complete 3D model represented as a set of dense clouds of
points constitute the input shape measurement data. First it is smoothed to eliminate
noise and improve the quality of clouds’ fit. Next the clouds are simplified in order to
decrease the amount of superfluous data while preserving the curvature of model’s
surfaces. Finally comes the triangulation procedure which produces a triangle mesh,
which then needs to be filtered and smoothed.
Color data processing for visualisation relies on the calculation of color coordinates from estimated spectral reflectance. First the colors are represented in the CIE
XYZ color space for a chosen standard illuminant, and then transformed into the CIE
L*a*b* color space, where the L* coordinate can be exchanged for the intensity value
calculated from Phong parameters based on the angular reflectance measurement.
This allows to include material properties directly in the texture of objects with lambertian angular reflectance characteristic. Afterwards color profile in RGB color space
necessary for the displaying device color is calculated. This data, along with mapping
coordinates assigned to the triangle mesh, create the texture for the model. The Phong
parameters, modelling the BRDF of the surface can be used to determine material
properties for realistic rendering with the use of arbitrary illumination conditions of
the virtual scene.
Consequently, the result of the second stage of data processing is a model represented as a triangle mesh with mapped texture along with material reflectivity characteristic. It can be exported to VRML format for use in a variety of renderings software
to create static or animated renderings for online, as well as offline visualisation.
The purpose of the third stage of processing is the preparation of data for a color
3D printer in order to produce copies of digitized objects. As before, the data from
previous stage (in this case the triangle mesh and L*a*b* color coordinates) are used as
input.
As for the printing technology, 3DP is assumed, which requires application of a
procedure for compensating shape deviation of the model due to shrinkage of material
during the printing process. Therefore an analytical model is applied to the triangle
mesh which enhances its shape in order to get more precise correspondence between
the original object and its copy.
Additionally a color profile for the 3D printer based on local interpolation of a set
of representative reference color samples is applied. This allows to take into account
limited color resolution of the color 3D printer.
2.2 Integration with 3DMADMAC Environment
All mentioned operations are implemented as separate calculation methods which
work within the 3DMADMAC environment [10]. The calculation methods can be
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exchanged easily, as well as combined into more complicated calculation patterns, as
they work as independent plug-ins supplied in DLL libraries. This allows the user to
customize the processing path to meet the needs of a specific application and even
extend the functionality of the system by adding new calculation methods.

3 Implementation
3.1 3D Shape Calculation Methods
Clouds of Points Filtering. Usually a cloud of points registered in a shape measurement has uniform density distribution of points in the middle of the measurement
volume, whereas on borders and in parts with sharp edges points are more sparse and
more prone to noise. Such points need to be filtered out and replaced by data acquired
from other directions. The filtration procedure [11] relies on finding small groups of
points separated from each other farther than the average distance between points in
the cloud multiplied by a predefined constant, which are then deleted from the cloud.
Merging Clouds of Points. The procedure of fitting directional clouds of points [12]
can be divided into two steps. First, a coarse fitting algorithm is applied, which calculates an additional data layer with curvature coefficients of a surface. After that
segmentation is performed on the curvature data layer and similar segments from
adjacent clouds of points are merged together. The second step of clouds’ fitting
incorporates the ICP algorithm [8], which minimizes the root mean square error between corresponding points in roughly fitted clouds by applying small orientation and
translation adjustments to the position of one of the clouds.
Smoothing Clouds of Points. In order to minimize the noise resulting from phase
calculation as well as small imprecision of fitting the clouds a smoothing algorithm
[11] is applied, which fits a plane to a small neighbourhood of every point and
changes its position based on the neighbourhood if the distance to such plane is bigger
than a specified threshold.
Simplification of Clouds of Points. In most cases clouds of points taken directly
from a measurement are too dense to be the source of a triangle mesh, because the
procedure would create unreasonably many triangles, which would be very difficult to
manage with restricted software resources. Clouds of points therefore usually require
simplification – which can be either a uniform process or done using an adaptive
algorithm which varies the number of points left according to local curvature [13].
When the surface’s shape is more complicated i.e. has higher curvature, more points
are left for more precise triangle mesh construction. The parameter which constrains
the simplification procedure describes maximum deviation of mesh compared to the
simplified surface.
Triangulation. Visualisation of a 3D model in an arbitrary virtual scene requires
representing the object as a mesh of triangles which can be textured and rendered.
Among many triangulation algorithms the one chosen for this stage of processing is
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the algorithm developed specifically for creating meshes from clouds of points generated in 3D shape measurements [14]. It generates the mesh in several steps including
sharp edges detection, edges triangulation, creation of seed triangles and triangulation
of the remaining area. It has very good performance in triangulation of noisy and
irregular clouds of points thanks to its optimization in the direction of processing this
kind of data.
3.2 Color Calculation Methods
Before interpolation of the spectral reflectance data over the domain covering the
visible range of wavelengths, a compensation of the optical setup characteristic is
necessary. The proposed system does not distinguish emission spectrum characteristic
from detector’s sensitivity characteristic, but it is able to compensate them together
through calibration using a photographic white reference plate. The reference plate
scatters all wavelengths within the visible spectrum uniformly, so its spectral reflectance can be assumed constant. It is possible to prove this through a measurement
with a spectrophotometer. Knowing intensity responses from the white reference plate
as a function of wavelength, it is possible to perform the compensation. Additionally,
transmission characteristics of the spectral filters used for spectrum sampling are
energetically normalized according to formula (1) and (2):

I ( x, y, z ) =

λi +

I d ( x, y , z )
t
,

Δλ
2

∫ Tλ (λ )dλ

t=

λi −

(1)

Δ
2

(2)

Δλ ⋅100% .

Where Id(x,y,z) is the intensity registered by the detector for a specific point and T(λ)
is the transmission characteristic of a spectral filter as a function of wavelength.
Finally input data for interpolation can be described by the formula (3):

I s (r , λ ) = I ( r , λ )

C
1
,
I max I i (r , λ ) I a ( r , λ )T (λ )

(3)

where r denotes point’s x, y, z coordinates in space, C is a constant corresponding to
the intensity level of white reference plate; Ii is the illumination intensity and Ia is the
attenuation characteristic of the optical setup. Both Ii and Ia are specified using the
calibration data.
Having Is calculated, an interpolation algorithm is introduced. It interpolates data
with Δλ increments of 5nm and relies on fitting a cubic spline to the sparsely sampled
data [15]. This approach is justified by the assumption that the spectral reflectance
characteristic of common surfaces is smooth and has a continuous first derivative
within its domain.
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Color Spaces Calculation. After calculating the spectral reflectance characteristic, it
is possible to derive the color in the CIE XYZ color space, assuming spectral characteristic of specific standard illuminant and color matching functions for chosen standard observer. These procedures are widely known and can be found in [16].
Additionally, color values in the CIE L*a*b* color space are possible to derive [17],
which allows to apply a procedure for equalization of intensity on clouds of points
registered from different directions. One approach takes advantage of normal vectors
orientation on a surface and normalizes L* coordinate for each point in the cloud. The
normalization procedure considers neighbourhood of the investigated point which
includes points from all clouds overlapping in this neighbourhood. It calculates L* as
a weighted average of its values Li from different points from the neighbourhood,
where the weight factor is a dot product between normal vector n in the chosen point
and the observation direction o, which is constant and parallel to the detector’s optical
axis (equation 4).
N

Lnorm ( x, y, z ) =

∑ L ( x, y, z) cos(∠n, o)
i =1

i

(4)

N

∑ cos(∠n, o)
i =1

.

This solution favours parts of the surface which are oriented perpendicularly to the
observation direction and therefore have higher signal to noise ratio. Apart from this,
the influence of specular reflection component on color calculation is diminished. It is
also possible to derive an alternative L* coordinate values from Phong BRDF parameters estimated from angular reflection measurement.
Having calculated the color in CIE XYZ or L*a*b* coordinates allows for further
processing in order to apply a color profile for a specific display device, such as an
LCD monitor or a 3D printer, to reproduce colors faithfully. These operations can be
implemented as separate calculation methods.
The color profile for a color 3D printer is based on a series of 729 predefined samples’ color values spaced uniformly within the printer’s dynamic range, which had

Fig. 6. Local interpolation of color values for a 3D printer color profile
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been measured by a reference spectrophotometer to determine their L*a*b* values. The
profile should enable to transform from arbitrary L*a*b* color values into printer specific RGB coordinates. To achieve this a local interpolation algorithm is proposed
(Fig. 6). For each specific input L*a*b* color coordinates (point P), it searches for the
nearest neighbour R within the reference color samples and it calculates the printer
RGB values as a weighted average of RGB values from direct neighbours of the R
color point with distances between the point P and these neighbours in the L*a*B*
domain as the weights.
3.3 Angular Reflectance Calculation Methods

To estimate the intrinsic angular reflectance [18] properties of the investigated surface, several steps are taken before creating a parameterized BRDF representation.
By the use of a reference plate mentioned above, the illuminating setup is calibrated for inequalities of light source intensities for a given geometrical model of their
spatial distribution. Based on the geometrical relation between reference lambertian
surface, the camera and every light source, compensation coefficients are derived and
saved within the calibration framework.
From every directional illumination frame, a dark frame is subtracted for eliminating background bias. After the intensity of directional illumination frames is compensated, for every point a set of halfway versors is derived. The halfway versor h lies on
the angle bisector between the reflection and viewing directional vectors (r and v,
respectively), and is calculated according to equations (5) and (6).

GG
G
r = m(i ,n ) ,
G G
G
r +v
h = G G
r +v

(5)

(6)
.

To calculate the ratio between luminance and illuminance, the photometric law is
applied. The incident intensity is multiplied by the inverse product of square distance
from the light source and the cosine of incident angle. Both x, y, z coordinates and
normal vector are taken from the previously calculated cloud of points structure. The
halfway angles [19] are calculated as the dot product of every halfway versor in array
and the unit length normal vector at the analysed point. Then the array of reflectance
ratios ordered by ascending halfway angle, referred to as the response array, is used
for BRDF model fitting (Fig. 7).
BRDF Estimation. Two methods were implemented for retrieving Phong components based on such prepared measurement data. First method incorporates the use of
a nonlinear solver, where diffuse, specular and shininess terms are controlled by the
RMS value of the overall BRDF slice fitted to data samples. This method produces
best results, but it is time consuming and inappropriate for processing the whole cloud
of points.
The second method was designed for speed of calculation and takes consecutive
steps in order to calculate the three components. Starting from estimation of the diffusive component, the last term of response array is assumed to have the least contribution
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from specular reflection. This value is then subtracted from all the other higher values.
Then, the specular coefficient is taken from the highest value in the array. The shininess
is estimated based on the highest slope of remaining values.
This method is fast but introduces several limitations. For ill positioned points of
measured surface, the halfway angle is never equal zero, and so the specular parameter is lower than expected. For this purpose a method of further data processing is
introduced, based on the premise, that data merged from several directions introduce
different error of angular reflection estimation.

Fig. 7. Depiction of a response array of ordered reflectance values in a descending fashion

Reflectance Quality Factors. Apart from three data layers of Phong parameters created by the means of single directional measurement calculation, an additional data
layer of quality factors is saved for every directional cloud of points. These quality
factors are inverse values of the lowest halfway angle calculated in the previous
methods. The data layer of quality factors correlates to the systematic error of specular reflection estimation at every point of the surface geometrical model.
BRDF Data Merging. For clouds of points measured from different directions and
fitted using the ICP algorithm, the quality factors of locally corresponding points may
have higher values and manifest better estimation of specular and shininess components. By the means of local averaging of these components, quality factors are used
as weights. This way for every point Pi and a set of neighbouring points Pi within
radius r coming from different directional measurements, specular ks and shininess ke
components are corrected in the following relation (equation 7):
k s ,e ( P1 ) ( new ) =

k s , e ( P1 ) ( old ) ⋅ q ( P1 ) + ∑ k s ,e ( Pi ) ( old ) ⋅ q ( Pi ) ⋅ ( ri − r )
q ( P1 ) + ∑ q ( Pi ) ⋅ ( ri − r )

.

(7)

In this manner points with lower quality values enhance with more probable estimates
of intrinsic reflection properties, allowing to compensate the drawbacks of a time
efficient calculation method.
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The parameters of BRDF describing the specular lobe can be used in computer
generated images of the object illuminated in an arbitrary way. However, the diffusive
component, which relates to the lambertian surface model common in colorimetry,
may also be used at the stage of calculating L*a*b* color space as the value of L* –
simulating a perfectly ambient object illumination.
Virtual 3D Model. For use in 3D visualisation a simplified geometrical surface
model is created. After geometrical data processing and triangulation described in
[14], a material map with spatially varying BRDF parameters is created using adaptive texturing algorithm. Similarly as in the case of diffusive color map, a bitmap of
Phong material patches is created with analogous size and texture mapping coordinates for vertices in the triangle mesh structure.
Such model can be easily imported into several 3D modelling environments and
further processed. The surface can be simplified and segmented into parts of similar
material properties. Finally the object can be recreated in virtual reality in real time
using hardware acceleration of Phong’s illumination model.

4 Exemplary Results
Procedures described above were successfully applied for processing measurement
data from several test measurements. They allowed to create digital models of exemplary objects which are visible in Fig. 8. The first is a result of measurement of a
figure of ancient Greek goddess Kybele, presented as a cloud of points with RGB
texture. It consists of 2,8 million points. The second example is a digital model of a
plaster figure of a dog, represented as a textured triangle mesh with over 40 thousand
triangles.

Fig. 8. Exemplary results of digital reconstruction based on the integrated measurement
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Several referential measurements have been performed to determine the limitations
of described processing algorithms as well as to estimate the overall error of calculated reflectance values. To verify the results, other techniques were used together
with objects of well defined properties.
A spectrophotometer was used for comparison with the multispectral camera. The
reflectance spectrum obtained from both devices was compared directly rather than
L* a* b* coordinates, however both cases were investigated. GretagMakbeth Color
Checker patches were used as a target for calculating spectral reflectance. The same
patches were measured using the multispectral camera and their reflectance spectrum
was independently estimated. After that it was possible to compare every two measured spectra and infer about quality of color measurement system. Example characteristic of the color patches measured by both devices are shown in the Fig. 9.
To verify the angular reflectance characteristics, several samples of surfaces with
distinguishable reflective properties were chosen and measured independently by the
Table 1. RMS error of calculated angular reflectance characteristics compared with
gonioreflectometric data
Material
paper
unruffled cardboard
polished aluminum

Class
diffusive
semi-specular
shiny

RMS error (%)

2,8
7.0
1.8

Fig. 9. Spectral characteristics comparison – filled dots resemble the measurement results from
a spectrofotmeter, hollow dots from a multispectral camera
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measurement system and a gonioreflectometric device. The objects have been
grouped in classes of different BRDF profiles. Table 1 shows a collation of the estimated errors between two methods for exemplary surfaces based on RMS difference
between BRDF slices. While it is still difficult to compare measurement data from
different 3D measurement techniques, the overall error is less than 10% compared to
reference methods, which brings a satisfactory result.

5 Summary
The paper describes data processing procedures which can be used for managing data
from an integrated measurement of 3D shape, multispectral color and angular reflectance characteristic. The algorithms mentioned are divided into three stages depending on the final destination of the results. The first one serves as a digital archive and
is meant to preserve as much information about object’s appearance as is possible
with a given measurement setup. The second stage covers procedures used for displaying purposes and allows for a creation of a digital model in a form of a triangle
mesh with texture which can be exported to an independent visualisation software.
The third stage produces a model which can be sent directly to a 3D printer in order to
produce a faithful copy of the measured object.
The implementation of mentioned calculation methods as independent plug-ins in
the 3DMADMAC calculation environment allows users to modify or exchange these
procedures for custom applications.
Acknowledgements. This work was performed under the grant No. PL0097 financed
by the Norwegian Financial Mechanism and EOG Financial Mechanism (2004-2009).
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Abstract. In this paper, the concept of computational environment for processing of very large datasets (clouds of points with amount up to 1011 measurement
points) obtained from 3D shape measurement systems, is presented. The software design is directed at maximum automation of processing, allows for defining scripts describing complicated calculations which make user interaction and
attendance during operations unnecessary. The following paper describes main
postulates of the environment along with its practical exemplary implementation as the application controlling fully automated 3D shape measurement system, 3DMADMAC AUTO, designed for precise, autonomous digitization of
cultural heritage objects.
Keywords: automated 3D data processing, cultural heritage 3D digitization,
automated view integration.

1 Introduction
With the rapid development of scanning devices [1], 3D digitization of cultural heritages is becoming more and more popular [2], [3], [4], transferring from experimental
operations into normal, standardized documentation techniques. Very important issue
which makes this transition possible is the automation of measurement [5], [6], [7]
which allows for obtaining objective (because no user interaction is needed) and repeatable results, while shortening the time and reducing costs of digitization. Systems
for automatic measurement, beside special mechanical devices (robots, rotational
stages etc) also need specialized software. This software must be designed to cope
with very large datasets, because single directional measurement can easily contain 10
million points amounting to roughly 500 MB of memory (10 000 000 points * [24
bytes of XYZ coordinates, double precision + 24 bytes of NxNyNz normal vector
coordinates, double precision + 3 bytes of color - RGB + 4 bytes of quality, single
precision ] = 524 MB). Resolution of the measurement along with physical dimensions of scanned object determine number of sampled points and therefore size of
obtained dataset.
To allow for automatic processing of data, all calculations and operations have to
be performed without any user intervention (of course setting of some parameters is
allowable at the beginning of measurement).
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 28–41, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Pursuing the need of development of software for automatic digitization of 3D objects, especially cultural heritage ones, authors of this paper formulated the concept of
computational environment attuned to processing very large datasets (clouds of
points) which is presented in the next chapter of this work. Exemplary implementation, in the form of application controlling 3DMADMAC AUTO system [6], [7] is
described in Chapter 3 and 4 along with some processing results. Presented application was already tested and used for processing of datasets containing roughly 1
billion points (109 measurement points). It can be also used without automated measuring system for general cloud of points processing. The software itself does not limit
scanned object physical size or complexity, it can be also used for processing data
obtained from small details scanning as well as entire archeological sites.

2 Software Concept
Like it was said in the Introduction, the main aim of designed environment was its
ability to process very large datasets. Nowadays, the size of data obtained from average multidirectional measurement is greater than memory capacity available in typical
PC-class computers. As it is widely known, computer architecture limits the maximum size of useable operational memory [8]. In 32bit systems theoretically this limit
is set at 4GB, but for single application it shrinks to 2 or 3 GB, depending on operating system used. It is clear than, that with this memory limit one can load only about
four directional measurements (each one about 500MB) into RAM, what is in general
not enough. The 64bit architecture allows for addressing much more memory space
(in AMD64 there are 48 addressing bits which results in 256TB limit), but in reality
the limits are sharper and in typical systems they are about 24GB (desktop systems)
and 192GB (servers), not mentioning the cost of this amount of RAM modules.
Because of this, the designed calculation environment should implement some mechanisms allowing to use other kind of memory (for example hard disks) cooperating
with operational memory. Those mechanisms should be heavily optimized with respect to the nature of the processed data because mass memory (like hard disks) is
much slower in access and read-write performance than RAM.
Present-day trends in evolution of computer hardware determine the need of making
applications able to run in multithreaded mode [9]. Running calculations in parallel
allows for better utilization of computational power shortening processing time but
requires additional programming skills and tools, which should be provided by computing environment (such as thread management mechanisms, synchronization objects etc).
The projected software should be as universal as possible, particularly able to
process clouds of points obtained from measurement of different classes of objects.
This assumption implies modular structure of computing environment, because monolithic designs are suitable only when the input parameters of data are perfectly
defined. In contrast, when the data is varied, some methods usable for one class of
objects are completely useless for the other (initial adjustment of clouds of points
from manual measurements is a good example – for some objects those calculations
can be based on local curvature of object, but for planar-like objects other algorithm
has to be used, for example identifying unique features in texture of measured object).
In monolithic application, any modification is complicated, while in modular one it
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Fig. 1. Script processing path

requires only changing or adding a library with new functionality. Therefore, the
developed software should be based on exo-kernel principle [10], where only basic
functionalities are closed in application core and any other ones – available as plugins (dynamic libraries, loaded when needed).
To obtain maximum automation of data processing, the application should require
no interaction with user during the calculations. It is also very advantageous if it can
be used in the manner similar to batch processing, running selected calculation methods in defined order, especially when they can pass some calculated parameters to
each other and running calculations in conditional loops. This may be achieved by
creating some kind of scripting language which can be later compiled and run by
application. Scripting can also be used to perform calculations one by one on all
measurements in selected directory etc. Generally speaking, the processing path of
application running script should be similar to one presented in Fig. 1.

3 Conceptual Model
The concept of software, presented in previous chapter was realized as an application
for controlling automated measuring system 3DMADMAC AUTO, developed in
cooperation with Museum Palace at Wilanow [6], [7]. This system is built from
measurement head (structured-light scanner) [11], [12] mounted on industrial robot
which is placed on the vertically-moveable column to extend its motion range. Measured object is placed on the rotational stage Fig. 2). All of those devices are used for
automated positioning of scanning head in measurement volume and they are controlled by specialized software which calculates collision-free transition paths of
scanning head between subsequent measurement positions.
Subsequent places, in which scanning head should be placed, are calculated by
specialized module (called NBV from Next Best View) of controlling software which
is used for data processing [7].
The main functions of this application are: receiving the data obtained by scanner
head, along with position and orientation of the scanner head, filtering and removing
erroneous data (for example small groups of points which are result of light reflections on objects in the environment), noise filtering, initial cloud stitching (in the case
of automated measurement this function is realized by applying the transformations
returned by robotized system to received cloud of points), fine clouds stitching,
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mostly by running ICP algorithms [5], [13], global relaxation of clouds (running
global ICP), re-coloring overexposed clouds etc (see Chapter 4).
The following subchapters present internal organization of implemented software,
and briefly describe most important modules.

Fig. 2. Automated 3D shape measurement system

Fig. 3. Internal structure of application
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3.1 Internal Software Architecture
3DMADMAC software was designed and implemented as a package of easily exchangeable modules (Fig. 3), each of which realizes specific function and is connected
with others by mechanism of generalized interfaces [14], which allow to standardize
method of information exchange between modules.
The core of the software is build as static library containing basic functionalities
like memory and thread manager, event log, single and pattern calculations manager,
3D visualization etc. This library is the basis of the whole application, which in reality
is responsible for user interfacing. Additionally, various calculation methods (for
example filtration, simplifying, etc) are attached in runtime as dynamically loaded
libraries (DLLs in Microsoft Windows systems).
Most important modules of core library are presented in consecutive subchapters.
3.1.1 Memory Manager
As stated before, one of the main challenges which the software must cope with, is the
size of processed data. Because of this, the implementation of system core contains a
module for managing memory utilization. Its working principle is simple – the whole
computer memory subsystem (RAM and selected hard disk) is presented to application as unified, continuous memory space. Any module which wants to allocate, deallocate, write or read any memory block uses manager’s functions (AllocateMemory,
DeallocateMemory, ReadBlock, WriteBlock) which govern the rules of using RAM
and hard disk storage space. In general, in operational memory, only currently used
data is held, all other blocks are written to disk (Fig. 4). This technique is similar to
swap files used in operating systems, however its implementation is optimized with
regard to nature of processed data. As a result of existence of memory manager, the
application is theoretically able to process virtually any number of directional measurements, limited only by available hard disk space.
Implemented application was used with measurements greater than 1 billion points
(over 50GB). Of course, the time required to process data with storing part of it on
hard disk is much longer because relatively low data transfer rates and long access
times of disks in comparison with RAM Average access time for RAM memory is
about 10 ns, transfer rate 10667 MB/s for DDR3-1600 memory modules, for magnetic
hard disk 9 ms and 70 MB/s, solid state drive: 10 µs, 200 MB/s respectively.

Fig. 4. Large cloud of points data stored in temporary file no hard disk and currently analyzed
fragments loaded into main memory (RAM)

3.1.1.1 Internal Data Organization. Each point of each cloud is stored in memory as
a group of attributes. The basic ones are its Cartesian coordinates (XYZ), color
(RGB), surface normal vector (NxNyNz) and state flags (F). Additionally, for each
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dataset, any number of attributes can be added in the form of so called data-layers
(DL) which are one-dimensional, floating point typed arrays with one cell bound to
each point in clouds. In those data-layers various parameters can be stored, most often
results of performed calculations (for example value of spherical curvature, deviation
of point from locally fitted plane, etc). Schematic of data organization (with two datalayers) is presented in Fig. 5.
Content of data-layer can be visualized on clouds of points in gray or topographical
scale.

Fig. 5. Data organization

Exemplary cloud of points with pseudocoloring based on data-layer (distance of
vertex to best fitted plane) is shown in Fig. 6.

Fig. 6. Cloud of points pseudocoloring basing on data-layer content
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3.1.2 Threads Manager
Nowadays, almost every modern computer is equipped with multicore processor
which allows to run multiple operations in parallel [9]. This feature can however be
only used when application is optimized for multithreaded operations. The presented
software was designed to support multicore hardware, and the process of running
calculations in multithreaded mode is governed by thread manager. This module is an
overlay on operating system functions allowing to start, stop, terminate thread, get its

Fig. 7. Thread manager functions

Fig. 8. Running calculations by thread manager
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progress and state (Fig. 7). It also provides tools for synchronizing access to shared
data. Typical process of running calculation method with respect to its multithreaded
abilities is presented in Fig. 8.
It is worth mentioning, that while thread manager automatically runs selected calculations in multithreaded mode, software engineer designing calculation library must
be familiar with techniques for creating efficient and error-free parallel applications.
3.1.3 Calculations Manager
The main module of presented software is calculation manager. This module is used
for automatic identification of libraries containing calculation methods, obtaining
information about parameters they require, asking operator about values of those
parameters, entering them into the methods and running calculations. Presented application uses two types of calculations – single and pattern ones.
3.1.3.1 Single Calculations. Single calculations can be defined as atomic, from the
operator’s point of view, operations which are started each time by user (or automatically) after their required parameters are entered. It is important to state, that presented application does not limit any functionality of those methods, they may even
perform some tasks not related to clouds of points (for example list files in directory).
Authors of the presented software adopted an approach that all calculation methods
are build as dynamically loaded libraries (plug-ins) which allow for easy exchange or
add new calculations without the need of any changes in the application.
As previously stated, the calculation methods can be defined as single or multithreaded. Basing on this definition, the application via thread manager runs single or
multiple instances of the method.
Data importers and exporters are designed in the same way as calculation methods
(as dynamically linked libraries) which allows for easy enhancement of supported file
formats. Currently, presented application can import data from 3DMADMAC scanner
as well as text files and can export it after calculations to application’s native format,
VRML and IGES files. This functionality can be widened to any format as long as its
documentation is provided. Furthermore, output data does not need to be stored in
files, it can be sent directly to databases or archiving systems via network.
3.1.3.2 Pattern Calculations. When processing numerous datasets, or even small
ones, but with complicated calculation scheme, the chance of operator’s mistake is
very high. Sometimes results of this mistake are easy to spot, but nevertheless time
consuming and disrupting. Errors in values of entered parameters are quite frequent,
especially when number of operations or number of parameters is high. Above all,
controlling repetitious operations is tiresome and leads to routine which is often a
source of mistakes and errors.
In the concept of software (presented in Chapter 2), authors propose implementation of simple scripting to allow for automated executing of a series of calculation
methods, with ability to transfer parameters between themselves. This scripting language and interpreter should be capable of coping with conditional and looped executions of calculation methods.
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Manager of pattern calculations implemented in presented software has all of
above mentioned functionalities. Scripts are defined via user interface and stored as
xml files. They can contain loops and conditional variables, and the designer can
define which parameters returned by used calculation methods are used as input ones
for the other, either directly or after some mathematical operations (multiplication,
division, min, max, sum or difference). User creates script by selecting available calculation methods, parameters, operations and so on, and the xml definition is created
automatically. After the script is designed it can be run by pattern calculation manager. Upon start of script, operator fills every required parameter and the execution
proceeds autonomously.
Exemplary script realizing automatic integration of directional clouds loaded one
by one from selected directory to global model (which grows larger and larger with
each loaded measurement) is presented in Fig. 9.

Fig. 9. Exemplary script integrating views from selected directory

3.1.4 Next Best View
Among software modules, the one intended to calculate next positions of scanning
head during measurements, is implemented (it is called Next Best View module –
NBV). It is generally used in connection with automated scanner positioning system
(like 3DMADMAC AUTO), but can also be utilized in manual measurements during
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which operator wants to receive suggestions where to place scanning device before
subsequent scans. It is worth noting that NBV is designed to minimize number of
scans required to fully digitize surface of unknown measured object. It works by analyzing already measured part of object and calculating places in which the possibility
of object’s surface presence is largest. This is the first mode of operation – rapid
measurement. In the second one, algorithm searches for discontinuities in obtained
cloud of points and tries to calculate such placement of scanner that ensures successful scanning of those areas [7]. In reality implemented algorithm calculates the required position and orientation of device’s measurement volume, however having the
model of a scanner (i.e. placement of physical device in relation to its measurement
volume), the NBV module can define where to put the scanning head to measure
interesting part of an object.

4

Application of Software

The presented software is used in various projects and tasks performed by authors,
especially during automated measurements of objects, but also for integrating multiple

Fig. 10. Data processing in automated measurement mode

38

R. Sitnik and M. Karaszewski

Fig. 11. Data processing in manual measurement mode

measurements done with manual scanner positioning. Typical data processing paths
of the automatic and manual mode is presented in Fig. 10 and in Fig. 11 respectively.
Exemplary stages of automated measurement are presented in Fig. 12. After the
first measurement is made, the data is filtered and analyzed by NBV module (Fig.
12a). Selected views (scanner positions) are sent to application which calculates the
transitions of positioning devices’ nodes required to place scanning head in desired
point of space. After this, the next measurement is made and the data is also filtered,
initially transformed (by transformation matrix obtained from positioning device) and
then iteratively adjusted to existing measurement by ICP algorithm (Fig. 12b, c). The
process continues until the whole measureable surface of an object is scanned (Fig.
13a). After each scan, the information about obtained points is transferred to collision
detection module of positioning application.
When the whole object is digitized, the resultant cloud of points is saved to hard
disk and then optionally simplified with user defined quality and method (homogenously or adaptively). It can be further used as a eternal copy of object or as a VR
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b)

d)

Fig. 12. Automatic fitting of next measurement into the existing model: a) first measurement,
b) two measured clouds, c) clouds after initial and precise fitting, d) partially digitized object

model for visualization. After simplification the model can be converted to triangle
mesh by triangulation algorithm (Fig. 13b).
The presented object (Roman votive altar, Lower Moesia) was scanned with resolution of 170 points per mm2 (273 mln points) with 42 directional measurements,
which took 5 hours and 30 minutes. Processing time for one directional cloud ofpoints
during measurements is about 7 minutes, while processing the whole model (global
relaxation, re-coloring, saving) took additional 42 minutes. Simplification to homogenous cloud of points with average distance between points about 0.8 mm took 1 minute 20 seconds and the triangulation of resultant cloud (0.5 mln points) – about 10
minutes. The final triangle mesh has 1.2 mln triangles.
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a)

b)

Fig. 13. Digitized object a) cloud of points, b)triangle mesh after simplification)

5 Conclusions and Future Work
The concept of software aimed at automatic processing of very large datasets was
presented in the article. Its implementation allows to perform unrestrictedly complicated calculations on data obtained with 3D measurement systems like structured light
or laser scanners or any other, which generates results in the form of clouds of points.
Those calculations can be run as single or multithreaded, as a part of greater calculation pattern (script), for one or all loaded clouds. There is also a possibility to convert
clouds of points into triangle meshes by means of triangulation algorithms. As for
calculation methods, the greatest emphasis was put on methods used for integration of
multiple measurements of the same object taken from different viewpoints without
any knowledge on those viewpoints’ positions. Those methods allow for automatic
and repeatable stitching of measurements without any user intervention what makes
them dispassionate and impartial. Thanks to presence of module which calculates next
scanner position, the application can be also used for supporting manual scanning
with results of those calculations serving as guidance for operator of the scanner. The
measurement object shown as an example in Chapter 4 is medium sized, however
presented software can be used for objects of any size and shape complexity as long
as they can be measured by available scanners.
Future works will be aimed at distributed calculations (i.e. parallel cloud of points
processing on many computers), as well as further calculation method development,
especially regarding initial clouds of points stitching (for automatic fitting of clouds
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of points obtained in manual measurements). Authors plan to implement new triangulation methods along with some operations on meshes aimed mostly at preparation of
this meshes for printing on 3D printers.
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Abstract. The interest in the generation of 3D façade models is increasing more
and more. TLS data have introduced other visions to deal with this topic. This
paper proposes a new approach to façade modelling using TLS data. Geometric
relevant features of façades are first extracted via a segmentation algorithm.
Then, based on the segmentation results, the automatic extraction of edges has
been carried out. Afterwards, the edges are decomposed into straight segments
and arcs, based on the criterion of the collinearity of points. Then, the intersection points are calculated based on the study of their geometric characteristics,
as well as their topological relationships. These points allow us to construct the
parametric objects that can be correctly sized and completed via an interactive
graphical user interface.
Keywords: Algorithm, Architectural modelling, Laser scanning data,
Parametric models.

1 Introduction
The production of 3D urban models is of high interest in the photogrammetric and
computer vision fields. The recent developments made for terrestrial laser scanners
(TLS), especially in terms of acquisition speed and measurement accuracy, lead to
new research topics like for instance the modelling of 3D building façades. If the TLS
data acquisition is relatively easy, their automatic processing, however, is particularly
difficult and requires many skills.
The point cloud acquired by a TLS is a model in itself, since the set of points
provides a primary description of the façade geometry. However, integration and
management of these raw data in databases is problematic because of the huge
amount of points. That’s why it is necessary to generate another kind of model which
enables us to describe the object in a lighter way. The 3D geometric modelling seems
to be a good solution to this issue. It enables the passage from a model composed of
points to a model composed of a small number of geometric shapes. In this form, the
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 42–55, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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model constitutes a support for other types of information, such as semantic and architectural information. Obviously, the quality of the obtained geometrical models of
façades depends closely on the quality and the completeness of the TLS data.
The aim of this work is to use the geometrical information automatically extracted
from the raw point clouds for creating parametric components. A new method has
therefore been developed. It starts by detecting automatically the façade geometric
features. Then, it transforms them to parametric objects that can be easily controlled
and completed via an interactive GUI (Graphical User Interface). The parametric
objects are constructed based on semantic architectural information. In this context,
this paper contributes to filling the gap between two research fields: lasergrammetry
and architectural 3D modelling of complex environments.
Before going on to describe the new method, we would like to present some works
related to building façades modelling (part 2). Then the automatic edge extraction of
the façade’s relevant components is explained in part 3. Part 4 deals with the automatic classification of the extracted components. Part 5 introduces the automatic
creation of the parametric components. Based on these parameters, an interactive GUI
is developed in order to improve the model (part 6). Finally, we conclude and present
the future work (part 7).

2 Related Work
Considering laser scanning data, façades can be modelled based on meshing techniques and/or geometric primitives recognition. Meshing techniques allow us to pass
from a discontinuous space (point cloud) into a continuous space (surface model).
They are rather used for complex objects modelling such as cultural heritage structures (statues, castles...) that are difficult to be mathematically modelled ([1] and [2]).
Meshing techniques are not sufficient if they are limited to simple triangulations of
raw point clouds. They should also deal, among others, with measurement noise,
holes and occlusions, isolated points, reflection from windows. [3] propose a solution
by applying a set of data processing techniques on building facade meshes. Firstly,
data is divided into easy-to-handle segments which are transformed into depth images. In these depth images, building structures are detected. Then, large holes caused
by occlusions are filled in by planar interpolation and isolated points are removed by
processing the depth image. Main disadvantage of meshing techniques is that they
require a large amount of memory and disk space. For this reason, they are frequently
substituted by models based on geometric primitives.
Modelling techniques based on geometric primitives start by segmenting the cloud
of points into homogeneous subsets of points. Then the reconstruction occurs. Regarding the segmentation of TLS data, many methods have been proposed. Most of
them were originally developed on aerial LiDAR data. Segmentation methods can be
classified in two families: methods based on growing and fusion principles ([4], [5],
[6]) and methods based on geometric primitives detection ([7] and [8]). Only a few
works are published on the reconstruction techniques. For instance, [9] and [10]
propose a modelling approach using linear features detected in TLS data in a semiautomatic way. The reconstruction of the façades in this way is often a difficult task if
it is exclusively based on a point cloud. To overcome these difficulties [11], [12] and
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[13] propose a semi-automatic modelling of facades by combining TLS data and
photographs.
Most of the models obtained through meshing or through primitives extractions do
not take semantic information into account. This is harmful, because the architectural
knowledge on the building façade and of its components is of great interest, especially
in the case of gaps in the point cloud (due to objects hiding the façade).
As far as the architectural domain is concerned, there are many research projects
dealing with 3D modelling, i.e. 3D models for conception goals [14] and 3D models
for patrimonial and archaeological goals [15]. In both cases a parametric modelling
based on semantic knowledge ([15] and [16]) is of great help compared to a non parametric way of modelling, as it is done in modelers such as SketchUp (Google),
Wings 3D (Izware).
Procedural modelling with shape grammars allows either the quick creation of virtual coherent cities or the modelling of existing buildings ([17] and [18]). In [19]
Gothic rose windows are studied in order to generate parametric models. [20] has
conceived a low level interpretive language called Generative Modelling Language
(GML) for the description of procedural shapes. The GML can be used by developers
to create domain-specific modelling tools. After the authors, the goal of the GML
architecture is to facilitate the composition of high level tools for 3D modelling. They
show examples of architectural objects, car components, furniture, but no library of
architectural parametric components exists. There is no software to handle architectural components nor to adjust them to measured data.
The use of architectural 3D parametric components allows a quick and accurate
modelling. However the adjustment of the parameters of the virtual 3D model in order
to fit the real one is tedious. In [21] we explain that we can load existing data (2D
plans, pictures and point clouds) to help the adjustment step. Until now, this latter step
is performed mostly manually. To overcome this defect, parameters provided by relevant elements - automatically extracted from point clouds - are used. The following
parts explain the developed process.

3 Extraction of Facade’s Edges
3.1 Extraction of Planar Clusters
A geometric approach for segmentation and modelling of building façades using terrestrial laser scanner data is proposed. The processing sequence consists of a segmentation step followed by a modelling step. Firstly, by assuming that façades are mainly
composed of planar surfaces, an automatic segmentation proceeds to the decomposition of the point cloud into a set of planar clusters. A “planar cluster” means a set
of points located in a buffer zone around the calculated plane using the RANSAC
algorithm (RANdom SAmple Consensus). Since real façade planes are not always
adjustable by mathematical models, the RANSAC algorithm has been optimized at
several stages.
As explained in [22], the algorithm is applied sequentially and removes the inliers
from the original dataset every time one plane is detected. As shown in [23], the raw
point cloud has a thickness which is usually generated by noise coming from the
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surface roughness, from the object colours, from the TLS resolution capacities and
from the registration operation. Therefore, a tolerance value describing the authorized
thickness around a plane has been set. The planes are thus described by planar clusters
having some specific thickness.
Obviously, the quality of plane detection depends strongly on the tolerance value
applied. On the other hand, the quality of planes is also related to the architectural
complexity of the façade. Fig. 1 shows results obtained for a portion of façade segmented by the algorithm described above. In this case, the tolerance value has been
set to 2cm.

a)

b)

c)

Fig. 1. Results of segmentation: a) façade picture; b) colorized point cloud of the façade; c)
segmentation results. Each colour depicts a planar cluster on the façade.

3.2 Extraction of Edge Points
Once planar clusters are extracted by the developed segmentation approach, the extraction of their contours is carried out. An efficient algorithm based on Delaunay
triangulation has been developed. The main idea is based on the hypothesis stipulating
that edge points belong to the long sides of Delaunay triangles. More explanations can
be found in [22]. Fig. 2 presents edge points extracted from a triangulated planar
cluster. The window belongs to the façade presented in Fig. 1.
3.3 Edge Decomposition
Now it is time to generate a geometric model from the edge points extracted previously. To do this, a method based on the extraction of simple geometric elements is
proposed. The edge points are initially decomposed into straight and curved edges
according the linearity criterion of points. The points representing the straight edges

46

H. Boulaassal, C. Chevrier, and T. Landes

a)

b)

Fig. 2. Edge points detected by the developed algorithm; a) results of segmentation and triangulation; b) extracted edge points

Fig. 3. Edges decomposed into arcs and straight segments

are extracted using the RANSAC algorithm applied to the geometric primitive
"line".The remaining points are classified as curved edges. The segment must contain
a number of points which is higher than a predefined threshold. Fig. 3 shows an example of edge points classified in arcs and straight segments.
3.4 Determination of Intersection Points
Since corners are captured with difficulty by TLS, it is necessary to deduce them
from the existing cloud. In order to identify points of intersection between straight
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edges and / or arcs, the algorithm calculates the intersection of two curves in two
dimensions. Only the intersection points representing nodes must be preserved (Fig. 4).
To do this, topological constraints have been integrated into the algorithm. In this
way, only the intersections between neighbouring segments are kept. These points
constitute nodes and allow the transition from edge points to well connected line segments and arcs.

Fig. 4. Nodes created at the intersection of segments (red circles)

4 Classification of Relevant Elements
4.1 Wall and Openings
Wall of the main façade is considered as a reference for the features describing the
façade (doors, windows, architectural elements). The planar cluster corresponding to
the wall is generally the first cluster extracted in the segmentation step since it is the
best plane in the sense of RANSAC paradigm. The openings are the set of holes lying
on the wall. They are characterised by a lack of points. Fig. 5 illustrates the definition
of openings (here windows) on the wall.
4.2 Components Which Are in Juxtaposition with an Opening
Once the openings have been identified, the relevant geometrical elements extracted
from the point clouds are analyzed and assigned to the opening it belongs to. For this
purpose, a distance criterion is used, i.e. the remoteness of the components to the
opening, whatever the opening size and the distance between the other openings. This
step allows us to affect to each opening the relevant elements which are in juxtaposition with it.
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Wall

Openings

Fig. 5. Openings characterized by a lack of points in the planar cluster describing a wall

The second step consists of categorizing these geometrical elements in four groups:
relevant components belonging to the upper part (Upper) of the opening (lintel, cornices, pediment, key, …), relevant elements belonging to the lower part (Low) of the
opening (support, balcony, ...), relevant components belonging to the right-hand side
(Right) of the opening (jamb, columns, …) and finally relevant components belonging
to the left-hand side (Left) of the opening which are not necessarily identical to the
right-hand side (see Fig. 6).
All relevant elements above the opening (including the overflowing to the sides)
are considered in this step belonging to the upper components. Note that if the upper
shape is an arch, a triangle or another shape, the separation line is created with the
upper shape extended horizontally on both sides. The same is done for the lower part.

Fig. 6. Classification of the opening elements into upper components (in blue), lower components (in red), left-hand components (in black) and right-hand components (in green) of the
opening defined by brown points
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It is then easy to determine the left-hand and the right-hand components among the
rest of elements. The elements that are on the separation line (segments) belong to the
two sets of components.

5 Automatic Creation and Adjustment of the Parametric Objects
5.1 Parametric Adjustment of Wall and Openings
The parameters of a wall are the normal of the plane, the width and the height of the
wall. In order to position the objects easier, the lower left corner of the wall is chosen
as the frame origin. The parameters of an opening are its relative position on the façade defined by the lower left corner of the opening, its width and its height.
To get such parameters, it is important to assign to each opening the segments of
points surrounding it. The process applied is the following: the edge points of the
planar cluster describing the wall plane are firstly extracted. Then, they are classified
regarding their directions and decomposed into vertical, horizontal, tilted straight or
curved edges as explained in part 3. Results are presented in Fig. 7a. Then, edge
points are grouped into segments regarding the distance separating two successive
points. A predefined threshold is introduced for this step (Fig. 7b). Finally, based on
the distance computed between these segments, they are assigned or not to the same
opening regarding the neighbourhood criterion. In the same time, the edges of an
opening are classified into upper, lower, left-hand and right-hand edges. Fig. 7c
shows the result of this assignment.

a)

b)

c)

Fig. 7. Edge points of wall and openings; a) decomposition and classification of edges regarding their directions; b) decomposition of segments into contiguous segments; c) Assignment of
neighbouring edges to compose the openings

Afterwards, the neighbouring edges are regrouped in order to get separately the
wall contour (exterior contour) and the opening contours (inner contours). The width
of an opening is estimated by computing the mean distance between the left-hand and
the right-hand edges of an opening. The height of an opening is the mean distance
computed between the upper and the lower edges.
Architectural components which are juxtaposed with an opening are very various
and can have very complex shapes (see Fig. 8 for examples of openings). Furthermore
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Fig. 8. Various kinds of opening components

each architectural style has its own specificities. Lots of components in ancient styles
are sculpted. In this case, it is impossible firstly to automatically recognize components
in the relevant geometrical elements and secondly to adjust parameters. Note that it is
also impossible to generate parametric models for all existing cases. So we first have
begun our research with simple shapes and we will try to detail as we go along.
5.2 Parametric Objects Creation
At this stage, a 3D model of the wall and its openings is automatically created based
on the parameters delivered by the previous processing step. Fig. 9 shows the result of
the parametric model of the façade presented in Fig. 1.
In a first stage, only boxes are automatically created and dimensioned. For instance, Fig. 10a represents the automatically computed window, already studied in
Fig. 2. Fig. 10b represents the boxes created with the relevant components extracted
from the laser point cloud. Then a manual refinement is performed to create the components surrounding the window.

Fig. 9. 3D model of a wall and its openings. In blue, the parametric model; in red, the automatically extracted relevant elements (straight segments and arcs) and the points of the cloud.
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b)

Fig. 10. Relevant points extracted from the cloud and bounding boxes; a) automatically computed window; b) boxes of the upper, lower, right and left-hand components

Software development for automatic extraction and creation of edges is performed
with Matlab. For the parametric modelling, software development is performed in
C++ and Mel (Maya embedded Language), in order to create some plug-ins and a
graphical user interface for Maya. The parametric model is exported from Matlab in a
file format allowing its import into Maya software [24] for further uses.

6 Manual Refinement and Adding of Other Components
A Maya object is described via a set of attributes displayed in a window (the attribute
editor). When an attribute is modified, the object is regenerated with the new parameters’

Fig. 11. User interface for the handling of the walls
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Fig. 12. User interface for the handling of the openings

values. To each architectural component (for instance an opening or a lintel) corresponds a
Maya object; to each parameter (for instance the height) corresponds a Maya attribute.
When creating automatically the components, the values of some parameters are
specified and others cannot be determined. In the component parameters, we store not
only the corresponding relevant components but also the 3D points of the laser data
that have been used to determine them. These points and components can be visualized in the scene. This is done for two reasons. Firstly it allows the user to check if the

a)

b)

Fig. 13. Relevant points (in black) extracted from the cloud and corresponding architectural
parametric components (in blue); a) for the upper part; b) for the lower part
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Fig. 14. Adjustment of the components according to the relevant points (in green) and 3D
textured model of the window

Fig. 15. The final 3D textured and illuminated model of the façade depicted in Fig. 1
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automatic process has chosen the right kind of component. For example the automatic
detection could have decided the upper shape was a semi-cylinder but in fact it is a
more complicated shape: arches with rounded corners. The user can also check if the
values affected to the parameters are correct. Secondly, the user can use the relevant
components to visually adjust the other parameters or create new components (bricks,
keys, corbels, abutment, etc.), to position and adjust them. Fig. 11 and Fig. 12 represent the user interface for the handling of the walls and the openings.
The user can now examine the results of the automatic process. We first notice that
the height of the window is not right: from the point cloud the line extracted was in
fact the shutter (see Fig. 13). With the help of the other relevant components, we can
adjust the height of the window. We have also created new parametric components
(lintels, key, cornices, profiles…) that are automatically positioned around the window as they are described as belonging to that specific window. Fig. 14 shows the
adjustment step in perspective and the textured 3D model of the window. Fig. 15
shows the final 3D textured and illuminated model of the façade.

7 Conclusion and Future Work
In this paper a new method for the creation of 3D parametric models has been presented. It is based exclusively on laser data. The developed workflow automatically
extracts lines and curves in the point data to create the main architectural components
of the scene (walls and openings). This method uses parametric models allowing easy
further handling of components and further adding of other parametric components
(lintels, balconies…) to the scene.
In the future, the automatic process will be completed and improved. Also the
implementation of semi-automatic creation is forecasted: the user will have the possibility of choosing a component and of selecting relevant elements to automatically
create the component and adjust its parameters. The user will also be able to fix some
predefined values (such as thresholds needed in adjustment) and launch the automatic
adjustment on other parameters.
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Abstract. In the last years the Geomatic Research Group of the Politecnico di
Torino faced some new research topics about new instruments for point cloud
generation (e.g. Time of Flight cameras) and strong integration between multiimage matching techniques and 3D Point Cloud information in order to solve
the ambiguities of the already known matching algorithms. ToF cameras can be
a good low cost alternative to LiDAR instruments for the generation of precise
and accurate point clouds: up to now the application range is still limited but in
a near future they will be able to satisfy the most part of the Cultural Heritage
metric survey requirements. On the other hand multi-image matching techniques with a correct and deep integration of the point cloud information can
give the correct solution for an “intelligent” survey of the geometric object
break-lines, which are the correct starting point for a complete survey. These
two research topics are strictly connected to a modern Cultural Heritage 3D
survey approach. In this paper after a short analysis of the achieved results, an
alternative possible scenario for the development of the metric survey approach
inside the wider topic of Cultural Heritage Documentation is reported.
Keywords: ToF camera, calibration, matching, multi-image, digital photogrammetry, LiDAR.

1 Introduction
The close range metric survey approach has been completely renovated thanks to the
developments of LiDAR and multi-image matching (digital photogrammetry) techniques. While in the past a metric survey was an intelligent, rational, and manual
selection of the points needed to describe the shape of the surveyed object, today the
above mentioned techniques force the surveyors to work with point clouds acquired
without any understanding of the object shape. Starting from this “not-intelligent”
geometry the user has to interpret and describe the searched shapes.
The rapid development of the research studies in the fields of point cloud management and interpretation, by using segmentation and modeling algorithms and/or
by using some of the information extracted from oriented images, has allowed the
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 56–70, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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production of traditional (technical drawings such as plans and sections) and innovative (true orthophoto, solid images, 3D realistic models) representation instruments. In
the last few years, the research group of Geomatics of the Politecnico di Torino has
developed specific research projects considering two different aspects: testing and
calibration of new instruments able to generate 3D point clouds and a full integration
between point clouds and multi-image matching techniques.
The first topic aims to reduce the time needed to acquire dense point clouds and the
costs of the needed instrumentation on the survey budget; the second topic aims to reevaluate digital photogrammetry as the more suitable technique to produce dense and
affordable information if helped by a rough shape model of the surveyed object especially in Cultural Heritage applications.

2 ToF Cameras
Time of Flight (ToF) cameras (also known as 3D cameras or Range cameras) represent a rather new way to obtain 3D point clouds, which are almost comparable with
those of traditional LiDAR acquisitions. Using these cameras, a bundle of distances is
determined simultaneously (at video frame rates) for each pixel of a two-dimensional
sensor array. Although ToF cameras are usually characterized by no more than a few
thousands of tens of pixels, a maximum unambiguous measurement range up to 30 m
can be reached and complete 3D point clouds of the analyzed objects can be quickly
acquired (the sampling rate can reach more than 50 frames/s).
These devices allow to generate point clouds such as in the case of the LiDAR
technique and photogrammetric matching but with the great advantage of real time
acquisition, low cost (approximately 1/10th of the standard price of a LiDAR equipment) and handiness. Unlike photogrammetric techniques, 3D cameras allow a point
cloud to be obtained of the object which has to be surveyed from even only one point
of view, without the need of any particular lighting conditions, since these cameras
are active sensors that work outside of the visible spectrum.
Two main variations of the ToF principle have been implemented above all in 3D
cameras: one measures distances by means of direct measurement of the runtime of a
travelled light pulse using arrays of single-photon avalanche diodes (SPADs) [1] [16];
the other method uses amplitude modulated light and obtains distance information by
measuring the phase difference between a reference signal and the reflected signal [8]
[9]. While complex readout schemes and low frame rates have prevented the use of
SPAD arrays in commercial 3D-imaging products up to now, the second category has
already been implemented successfully in several commercially available 3D camera
systems. More information about pixel structures and performance limitations of these
sensors can be found for instance in [3].
ToF cameras usually deliver a range image and an amplitude image with infrared
modulation intensities: the range image (or depth image) contains for each pixel the
radial measured distance between the considered pixel and its projection on the surveyed object, while the amplitude image contains for each pixel the strength of the
reflected signal. In some cases an intensity image is also delivered, which represents
the mean of the total light incident on the sensor (reflected modulated signal and
background light of the observed scene).
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Each 3D camera is usually equipped with a standard calibration but, as reported in
different works [14][16] and in our previous tests [16] the distance measurements of
ToF cameras are still affected by some residual systematic errors which can have the
same extent of the precision of the instrument.
In Table 1 the main technical specifications of some commercial ToF cameras are
reported.
Table 1. Technical specification of some commercial ToF cameras

Camera
CAM CUBE
2.0
SR-4000
OPTRICAM
DS10K-A
FOTONIC
B70

Sensor
[px x px]

Meas.
range
[m]

Accuracy
[m]

Weight
[kg]

204 x 204

0.3 ÷ 7

± 0.01÷0.03

1.438

176 x 144

0.3 ÷ 10

± 0.015

0.470

120 x 90

0.3 ÷ 10

± 0.03

n.a.

160 x 120

0.1 ÷ 7

± 0.015

1.049

Table 2. SR-4000 camera specifications (http://www.mesa-imaging.ch – accessed 10th June
2010)
Pixel array size [-]
Field of view [°]
Pixel pitch [μm]
Illumination wavelength [nm]
Working range [m]
Maximum frame rate [fps]
Dimensions [mm]
Weight [g]

176 (h) × 144 (v)
43.6 (h) × 34.6 (v)
40
850
0.3 ÷ 5.0
54
65 × 65 × 68
470

In the following sections some of the tests performed by our Research Group on
the SR-4000 camera are summarized.
2.1 ToF Camera Calibration
The more recent 3D cameras are usually provided with a calibration model of the
measured distances in order to correct most of the biases related to their electronic
components. In order to check the measurement accuracy which can be obtained on a
real object, the following test has been performed.
An architectural artifact (a decorated frame) has been surveyed by using a triangulation based scanner (MENSI S10) which guarantees an accuracy of about 0.1 mm at
a taking distance of 2 m (see Fig. 1 left). The obtained 3D point cloud can be considered as the “truth” since the MENSI S10 accuracy is less than 1/10th of the expected
accuracy of the SR-4000 camera. The same object has been surveyed by using the
SR-4000 camera (see Fig. 1 right), acquiring and averaging thirty frames in order to
reduce the measurements noises of the single frame acquisition. Then, the obtained
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3D point cloud has been compared with the previous one. Before the acquisition, the
camera has been used for a continuous acquisition of about 40 minutes (warm up
time) in order to reach a good measurement stability [16].

Fig. 1. The MENSI S10 and SR-4000 camera record the decoration

In order to compare the two point clouds, they have to be defined in a unique coordinate system: therefore, seven control points (the white cubes visible in Fig. 1) have
been positioned inside the acquired scene and used to register the SR-4000 point
cloud in the same coordinate system of the MENSI S10 point cloud. The estimated
discrepancies can be interpreted as a residual variable that, by theory, has a null mean
and a mean square error equal to the measurement precision if the measurements are
accurate and precise. In Fig. 3 (RIGHT top) a representation of the estimated discrepancies on the architectural decoration is reported with an arbitrary color scale. In this
case, a mean value and a standard deviation value of the differences of 0.006 m and
0.011 m have been obtained respectively. Therefore, a residual systematic effect is
still present inside the camera measurements. Its amount is not acceptable since it is
very close to the declared measurement precision of 5 mm: the calibrated 3D camera
is precise but not accurate enough. In order to overcome this problem, an extra selfcalibration model has been developed, which increases the SR-4000 measurement
accuracy.
The model is described by the following equation:
e = λ 0 + λ1 ⋅ d ⋅ sin(λ 2 ⋅ d + λ3 )

(1)

where: d is the pixel measured distance, λ0 is a constant error, λ1 represents a scale
factor which multiplies a “wiggling error” modeled by a sinusoidal function (λ2 =
angular frequency, λ3 = phase shift).
The values of the calibration model parameters have to be estimated by using a reference plain placed at know distances [16]. These parameters can be considered stable
for the camera, however the calibration should be repeated every year in order to
check the stability of the instrument. Coming back to the previously described test,
the 3D point cloud acquired with the SR-4000 camera has been corrected by using the
proposed calibration model and a new estimation of the discrepancies against the 3D
point cloud of the MENSI S10 has been performed.
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v
v = 0.01 m

d=1m

v = -0.01m

d=4m

d

Fig. 2. LEFT: Experimental discrepancies v (green line) and proposed calibration model (blue
line) – RIGHT: Discrepancies between the MENSI S10 point cloud and the SR-4000 point
cloud before (top) and after (bottom) applying the extra calibration model (scale bar in meters)

In this case the mean value of the discrepancies falls down to 0.001 m, while the
standard deviation is the same of the previous one. In Fig. 2 (RIGHT bottom) a representation of the estimated discrepancies on the architectural decoration after applying
the calibration model is reported with an arbitrary color scale.
Considering the theory of the residual variable, it is possible to state that, after the
proposed self-calibration, the SR-4000 camera is able to produce more accurate
measurements with a precision that is close to the declared technical specification (see
Tab. 2).
2.2 A Complete Survey
The SR-4000 camera has been used in a standard survey procedure to generate a realistic 3D model of a window, applying the self-calibration model on the four acquired
point clouds.
A digital image has been acquired by means of a calibrated CANON EOS 5D
MARKII camera: this image has been oriented in the same coordinate system of the
ToF point cloud by using some reference points.

Fig. 3. Point cloud (left), mesh model (centre), textured final model (right)
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The processing of the point cloud necessary to reach the mesh model of the window has been performed by using the Geomagic Studio® software; the model has been
finally coloured by using the radiometric information extracted from the digital image. Fig. 3 shows the obtained results.
2.3 First Conclusions
3D cameras represent an affordable solution to be used instead of the traditional
LiDAR approach to produce point clouds useful to provide the primary data for modeling small and medium sized objects.
The proposed self-calibration model refines the distance measurement accuracy between 0.5 m and 4.0 m of the camera to object distance, therefore only small objects
can be surveyed with a static acquisition.
The high sampling rate of the SR-4000 camera allows to conceive a possible use as
a 3D video-camera in order to record data on larger objects (e.g. a room, a statue,
etc.): in this case a real-time ICP based registration of the video frames could be developed in order to allow an easy and self controlling acquisition.
In any case, the ToF point clouds have to be corrected by using a self-calibration
model whose parameters can be estimated with a suitable calibration procedure like
the one adopted by the authors [16].

3 Lidar/Digital Photogrammetry Integration
When we talk about LiDAR and digital photogrammetry integration we actually
mean the possibility to overcome the limits of LiDAR technology by using some
information coming from digital photogrammetry (e.g. realistic 3D model, manual
understanding of break-lines, etc.) or to extend the photogrammetric procedure thanks
to the information coming from LiDAR data (e.g. true orthophoto generation).
These applications define the lowest level of possible integrations: it can be stated
that digital photogrammetry, especially in Cultural Heritage applications, can provide
useful results (by paying many manual interventions) even without LiDAR integration. On the other hand, LiDAR without any help from digital photogrammetry cannot
give satisfactory solutions to the 3D metric survey.
In addition, LiDAR technology uses a not self-controlled survey strategy: the three
coordinates of a generic point are estimated by using just three independent measurements, therefore, a correct estimation of the achieved accuracy is not possible. On the
contrary, photogrammetry estimates 3D coordinates of a generic point by using at
least four independent measurements (in the case that only two overlapping images
are used). Then, in a modern approach of digital photogrammetry the multi-image
matching allows the estimation of the 3D coordinates of a generic point also by using
three or more overlapping images: this means that the three unknown coordinates are
estimated in a least squares approach with at least six independent equations. Therefore, the redundancy that a multi-image approach allows is equal to the number of the
unknowns and, from a statistical point of view, this is the best condition for a correct
estimation of the precision.
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3.1 Multi-image Matching
The automated extraction of objects from photogrammetric images has been a topic of
research for decades. Nowadays, image-matching techniques allow a great number of
points to be extracted in a quick way. In particular, multi-image techniques allowed
obtaining a point cloud density comparable to the LiDAR one. Then, they allow an
improvement in the geometric precision and the reliability with respect to image pairs,
by extracting points and edges from images and projecting their match in the space
[17]. Actually, this kind of solution requires an approximate DSM in order to “drive”
the solution to the correct match; the more accurate is this model, the more correct
(without blunders) is the solution.
These techniques consider the epipolar geometry between images in order to reduce the search area in adjacent images, and, thus, decreasing the number of blunders
to a great extent. The run along the epipolar line is further reduced by the z-value that
is provided by an approximate 3D model. The needed approximation increases with
the ratio between the depth differences (Z-values) and the taking distance and with the
decreasing of the base/taking distance ratio of the overlapping used images.
Therefore in Cultural Heritage applications, where large values of the Z/takingdistance are present (e.g. façades are usually rough with balconies, columns or decorations that protrude of several meters), these variations are more relevant as they can
be greater than 1/5 of the taking distance. In these conditions, multi-image matching
can have the right help just by using dense and accurate 3D models.
These 3D models can be produced by LiDAR instruments or, as we demonstrated
in the previous sections, by means of the ToF cameras. Therefore, instead of talking
about LiDAR and digital photogrammetry integration, it is possible to generalize the
concept saying that digital photogrammetry needs a closed Point-Cloud integration.
3.2 Point Clouds and Digital Photogrammetry Integration
Fig.4 shows the flow-chart of a standard multi-image matching process integrated
with a correct use of an approximate point cloud in order to overcome the ambiguity
of the standard matching procedure. The point cloud can be produced by using LiDAR or ToF cameras, as mentioned before.
The goal of this approach is to try to satisfy the needs of the final users (photogrammetrists, surveyor, architects, engineers, archaeologists) reducing the time
needed to reach the final products. In particular, façade break-lines are automatically
extracted in the space in order to ease and limit the manual intervention in the post
processing phases.
The images are acquired according to an ad hoc taking configuration (Figure 9):
several images are acquired and the most central one is considered as reference image
during the matching process [17]. The point cloud is acquired from a central position
with respect to the image acquisition in order to have approximately the same occluded areas in the Point Cloud data and in the reference image.
The acquired images are pre-processed according to an auto-adaptive smoothing.
Then, they are enhanced using a Wallis filter; this filter is able to sharpen the radiometric boundaries and to enhance the edges.
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Fig. 4. Multi-Image matching process enhanced by Point Cloud integration (colored boxes) and
suggested image taking strategy

The orientation is performed in a local coordinate system. In this step, the A2SIFT
(Auto-Adaptive Scale Invariant Feature Transform) operator [16] is adopted in the tiepoint extraction and a robust (Least Median Square) relative orientation is then performed in order to eliminate the mismatches [16]. Finally, a bundle block adjustment
is performed.
After that, the edge extraction is performed by the Canny operator on the reference
image. The extracted edges are then approximated, by identifying the pixels where the
edge changes in direction (e.g. knots) and linking these dominant points by straight
edges.
The edges are only extracted in the regions of interest: façade glass is always excluded as it could create mismatches and blunders due to reflection.
The point cloud is registered in the photogrammetric coordinate system. In this
way, the information between the images and the point cloud are shared.
Then, a multi-image matching algorithm is set up: this step can be divided in three
different algorithms. The first algorithm (MIGC3) is similar to the Geometrically
Constrained Cross Correlation (GC3) [17] and it is used to define a pixel accuracy
location of the homologous points.
The images are preliminarily corrected (using the camera inner calibration) in order
to ease them into a central perspective.
Then, the algorithm uses a multi-image approach by considering a reference image
and projecting the image patch of each dominant point of the reference image onto the
point cloud. Using the approximate Z-value achieved by the point cloud interpolation,
it back-projects the image patch onto the other images, giving an approximate position of the homologous points.
The epipolar constraint limits the search space in the images. The length of this
line could be achieved considering the Z-value given by the point cloud; then, in order
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to find the homologous points in all the images, this value is varied into a range (Δz).
This work can be further enforced and improved through the position of the already
matched points: the Z-value of two adjacent dominant points being on the same edge
must be similar. In this way, it is possible to reduce the length of the epipolar line on
the object to few centimeters [14].
Through this algorithm, the dominants points of each edge are matched in all the
images in order to reconstruct the break-line 3D position.
Even if MIGC3 is able to match a high percentage of the extracted dominant points,
some dominant points can have more than one possible match in terms of cross correlation. In order to solve these ambiguous matching and to improve the rate of the
successfully matched points, the relational matching (RM) has been developed. This
algorithm has allowed several ambiguities to be solved during the matching phases by
imposing a smoothness constraint.
Finally, a Multi-Image Least Square Matching (MILSM) [16] has been performed
for each extracted point. The MILSM has been implemented in order to improve the
accuracy up to a sub-pixel dimension.
During the matching process, some blunders can be generated. These blunders are
firstly deleted from the extracted edges using a filter that considers the relative point
positions on the same edge: in particular, the position of a point is predicted considering the neighboring points of the edge and, then, the difference between the predicted
and the real position of the point is evaluated. If the difference value is higher than a
predefined threshold, the point is deleted. This filter is not robust: it will work well if
the blunders are isolated from each other. For this reason, a second filter could be
used to clean the edges when several blunders are present in a narrow space: this
algorithm uses the point cloud information to verify the correctness of each dominant
point: when it is out of a defined threshold from the point cloud, it is deleted.

Fig. 5. Radiometric edges extracted before the point cloud validation (left) and geometrically
validated and smoothed edges (Torino Valentino Castle test site)

Image matching allows radiometric edges to be extracted. Some of these edges are
due to shadows or radiometric changes but they do not have a geometric correspondence. Only geometric boundaries are of interest in the survey for modeling purposes.
For this reason, the position of each dominant point on the extracted edges is considered with respect to the point cloud: it is verified whether a geometric discontinuity
occurs in the 3D model to the projected edge point.
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The edges extracted by the matching algorithm are random noise affected and they
cannot be directly used in the drawing production. For this reason, the noisy edges are
split in basic elements (linear and curved elements), each element is smoothed
and eased, in an automatic way, into lines, and second order curves by means of a
polynomial fitting. Then, the basic elements are recollected in a unique smoothed
edge [17].
Finally, geometric edges are exported in CAD environment in order to give preliminary data for the graphic drawing realization of the survey and for a rough evaluation of the achieved results.
3.3 First Conclusions
Multi-image matching, if correctly integrated by the point cloud data, can give more
affordable information than LiDAR technology for a modern Cultural Heritage 3D
survey.
In the photogrammetric approach, the radiometric content is directly used to extract
the geometric information while in the case of LiDAR techniques the color information is added as external information. In some way, the link between geometric and
radiometric data is more effective in photogrammetry than in Point Cloud generation
techniques such as LiDAR and ToF cameras.
The automation level offered by photogrammetry is higher than the one achievable
by using traditional point cloud segmentation techniques. The manual intervention is
reduced to few steps and the results are more complete and reliable than using only
the point cloud information.

4 ToF Camera Point Clouds and Digital Photogrammetry
Integration
Following the achieved results explained in the previous sections, and the same workflow, a practical test of break-line extraction by using the multi-image matching approach integrated with a ToF camera point cloud has been realized on a decorated
window of the Valentino Castle test site (Torino, Italy).
Considering the technical characteristics of the SR-4000 camera, the test is limited
to an architectural object that can be acquired with a limited number of ToF camera
acquisitions.
The façades are painted and the texture is generally not good enough for the traditional image matching approach to be performed.
4.1 ToF Data Acquisition
After the camera warm-up, the SR-4000 camera was positioned on a photographic
tripod and moved to different positions in order to achieve a complete coverage of the
window to be surveyed (Fig.6).
According to the SR-4000 specifications, since the average distance between the
camera and the window was about 3.5 m, the acquired area dimensions for each range
image were about 3.00 m x 2.50 m.
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Fig. 6. Three views of the surveyed window of the test site and SR-4000 data acquisition

Fig. 7. Complete 3D ToF point cloud

In order to obtain a complete 3D model of the window (3 m large, 5 m high), the
ToF data was acquired from six different positions, with an overlap of about 70%
between the acquired range images.
4.2 ToF Data Processing
The distance of each pixel of the averaged frames was corrected with the distance
error model proposed in [16], using a custom-made Matlab® application.
The obtained point clouds were registered using the ICP algorithm implemented in
the Geomagic Studio® software in order to obtain a unique 3D model of the window.
In this way a dense Point Cloud (168551 points) was generated and then employed
for the multi-image matching approach in order to extract the needed break-lines.
4.3 Image Acquisition
The image acquisition was performed using the CANON EOS-5D MARK II digital
camera equipped with a 24 mm lens. The taking distance was about 6 m. Five images
were acquired according to an ad hoc configuration [17]. In Fig.8 an example of epipolar lines and correlation patches on the five images employed for the multi-image
matching approach is reported.
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Fig. 8. Epipolar geometry of the acquired digital images

According to this particular configuration the epipolar lines run in tilted direction
with respect to the main lines of the façade (horizontal and vertical), and the homologous points can be determined in an unambiguous way. Thanks to the image dimension (5616 x 3744 pixels) and the short taking distance, an excellent image resolution
was reached (less than 2 mm of Ground Sample Distance (GSD)).
4.4 Data Integration and Results
The edge extraction allowed a complete set of lines to be defined from the reference
image: Fig. 9 (left) shows the extracted edges, which are described by 45636 dominant points.
After the matching process, the position in the space of 32566 dominant points was
defined. Only a percentage of 3% of these points was deleted after the blunder detection
process. The resulting data was smoothed in order to ease the edges in lines and curves.

Fig. 9. Extracted and smoothed edges on the reference image
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The result of this work is reported in Fig. 9 (right): it can be noticed that the window geometry is complete and only some parts of the arcs are missing.
The smoothing correctly eased all the elements of the façade. In Fig.9 (right) a
zoom of the final result is shown.
Obviously to produce useful representation drawings and/or 3D models a lot of
works have to be done. Fig. 10 shows a 3D realistic model produced by using a LiDAR and Digital photogrammetry integration and the final drawing of a section.

5 Conclusions
The results of the researches carried out in the last few years by the Geomatics Research Group of the Politecnico di Torino for Cultural Heritage metric survey allow
some final considerations to be outlined.

Fig. 10. From the results of a metric survey to the final drawing

Cultural Heritage metric survey essentially requires a geometric break-line definition. Point clouds of regular surfaces are generally not useful: the point clouds can
give a proper answer to the metric survey requirements only when irregular and
smoothed surfaces have to be described.
In the past the selection of points performed by a human operator using total stations,
distance measurements and photogrammetric plotting forced the user to select the only
necessary information during the acquisition and processing phases: the geometric
points and break-lines which delimitate the surveyed objects were usually selected.
The new trend started with the LiDAR technique (and today with the ToF cameras), which changed the starting point of the process: the acquisition is made without
any logic criteria, collecting millions of points and only the surveyor work allows
useful information to be extracted. Unfortunately, as it is well known, the processing
of point clouds in order to extract break-lines and affordable geometric descriptions
(the true goal of a metric survey!) is not an easy task and a lot of work has to be still
completed.
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Multi-image matching is able to directly extract the geometry of the radiometric
edges of a set of images but it usually finds a lot of troubles when high Z variations
occur. The knowledge of an approximate 3D model of the surveyed object allows this
problem to be overcome. Then, the point cloud (provided by LiDAR or ToF camera)
is a good solution in order to distinguish between radiometric and geometric edges
(the needed break-lines for a complete metric survey).
The ToF cameras represent a good alternative to LiDAR techniques to quickly
produce point clouds with the same accuracy and precision.
Therefore, we can state that in the near future the 3D metric survey of Cultural
Heritage will probably be performed by using multi-image matching and ToF point
clouds: today technology allows this approach to be employed for object surveys
where the taking distance is less than a tens of meters but in the near future the limitations in using these cameras will probably be solved.
Finally, considering the costs of digital and ToF cameras and their on-the-field
easy management, the proposed approach will speed-up and simplify (from an economical point of view) the Cultural Heritage 3D metric survey.
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Abstract. Scientists and conservators, involved in cultural heritage documentation management, have to furnish not only qualitative but also quantitative
description of the assessment of state of conservation that is incomplete without
a realistic estimation of degradation conditions. Scientists and technicians,
involved in analytical analysis, are able to satisfy these needs through stone or
paints sampling analysis, often destructive when approaching a monument. The
paper refers to the application of the Digital Image Processing and non-invasive
damage analysis (ICAW technique) employed to verify in qualitative and quantitative way the decay of stone and rock paintings.
Keywords: Digital Image Processing, Non Destructive Technique, Salt damage, Recovery treatments, Monuments Conservation.

1 Introduction
Non destructive techniques (NDT) were widely applied on cultural heritage. The non
invasive analysis of weathering damages and the non destructive monitoring of degradation evolution, especially in case of recovery treatment, brought to the development of the ICAW technique (Integrated Computer Analysis for Weathering, F. Zezza
1989). This technique, widely applied in several Mediterranean Basin monuments,
covers entirely the most critical aspects of monuments conservation, permitting a non
destructive Digital Image Processing of the weathering conditions, the time monitoring evolution of degradation, and the non invasive monitoring of the efficiency and
the limits of recovery treatments. The methodology was applied to stone building,
sculpture and paints, and permits to lead and to orient the recovery treatments. ICAW
was born for a new cultural heritage documentation approach; it is able to avoid, or at
least to limit, the laboratory invasive sampling, under the awareness that the future
scientific development of monuments quantitative documentation must be related to
the available non invasive technology. The non destructive technique (ICAW) here
presented is an answer to the pressing needs of conservators, nowadays always more
engaged into a wide global sharing knowledge on cultural heritage.

2 Digital Image Processing and Cultural Heritage
An efficient diffusion and multidiscipline exchange of global know-how in the areas of
cultural heritage could be reached through modern information and communication
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 71–84, 2010.
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technology (ICT) focusing on multimedia technologies. Every data diffusion, however,
could not elude from an accurate documentation on the knowledge we need to share
(M.Ioannidis, 2003). The assessment of state of conservation is an essential aspect that
has to precede knowledge diffusion. On the other hand, the state of conservation is
incomplete without a realistic estimation of degradation conditions, obtained through
analytical analysis that suffers several operating limitations when approaching a
monument. Answering this needs implies that scientists and conservators must work
together to focus on the most non invasive technique applicable to the cultural heritage
under investigation, due to the uniqueness of the assets they are treating.
For these reasons non destructive technique (NDT) finds wide applications worldwide to satisfy the analytical assets description essential for conservation and maintenance of the monuments (F.Mallouchou-Tufano, Y.Alexopoulus 2003, C.Borg, 2004,
A. Adriaens, 2004). On-site and remotely sensed data collection are particularly indicated where the collection of samples, also micro-destructive, finalized to laboratory
analysis, could be damaging for the monument, especially in case of architectural
elements or delicate paints. Moreover the punctual results by samples analysis, necessary for a preliminary quantification of the damage, are often non-representative of
the entire asset. Instead, the remotely sensed techniques, especially in the prediffusion cultural assets documentation steps, seems to be more appropriate to obtain
a global and areal evaluation of the monuments characteristics. A fundamental aspects
of every physical evaluation on a monument is also the time monitoring control of the
parameters adopted. These on site remotely sensed techniques, thanks to their relatively easy repeatability, due to the absolute non invasive operations and relatively
low onerous logistic and economical efforts, seems to be preferable for these aims.
Between non destructive on site techniques, Digital Images Processing are widely
applied, and involve techniques that range from laser-scanning to infra-red visualizations or colorimetry. Between images analysis, the ICAW technique was successfully
applied on monuments conservation description. Integrated Computerized Analysis
for Weathering (ICAW, F. Zezza 1989) is a non destructive technique, employable in
situ, which offers the possibility of determining the state of conservation of stone
material exposed to atmospheric agents, both of natural and anthropogenic origin,
and to evaluate the rate of weathering in time, describing quantitatively the decay
distribution on the studied surfaces. ICAW, performed in several monuments of the
Mediterranean basins for his absolute non-invasive applicability to describe the state
of conservation, was progressively implemented considering different environmental
conditions and different building material (e.g. F.Zezza 1996, 1997, 2002), proving to
be particularly useful to monitor the decay distribution in time, both before and especially after recovery treatments, of paints, monuments, architectonical elements,
sculpture and historical buildings. This innovative and unique technique, able to avoid
invasive sampling analysis, or in the worst cases to limit them, is directly useful for
the cultural heritage documentation and knowledge sharing.

3 Methodology
The ICAW analysis (Integrated Computerised Analysis of Weathering, F. Zezza
1989) consists in a digital image processing complemented by NDT techniques. The
basics lie in the level of restitution of light energy from the surfaces exposed: the
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initial analysis of the image is addressed to establish the chromatic characteristic of
the stone depending on colour, structure and state of conservation of the material; in
this way the stone surface corresponds to different levels of returned light.
Illustration, quantitative evaluation of damage and information can be reached
through a methodological approach which gives back in an objective way the scientific rating of stone damage. The ICAW technique, fixing the rate of weathering
through the degree of stone decay considered both as digital images of the weathering
forms and related buried structure, allows detecting the weathering on surface and in
depth.
The process to determine the weathering forms and the thickness of the decayed
layer consists in the transformation of the pictorial images into digital images and in
the employment of ultrasonic pulses (Fig.1).
With reference to the exposed surfaces, the quality of the image must allow to perceive the properties of the object. In digital image processing a black and white image
(pictorial image) may be considered as a continuous dimensional function in two
variable planes x and y able to supply a representative value of the luminosity for
every pair of coordinates. This f(x,y) function is representative of a certain distribution of luminosity in a planar domain internally connected and without singularity.
Each image pixel will contribute through a different level of grey with which it is
associated, to the formation of a digital image, these individual spatial samples (pixels) are represented by a value (Lg) indicating the level of luminosity relative to an
appropriate scale. As regards the tonal range associated to images processed in false
colour, the 256 gradations allowed for each of the three basic colours used (red, blue
and green), practically a limitless number of combinations. As fig 2 shows in schematic form, the grey levels histograms reflect both the restitution of light energy determined by the chromatic variations of the rock (fig.2) and the textural and structural
properties of the stone (exfoliation, lamination, fossils, fissuring, graded bedding
etc.). The stone decay, as degree, is showed in abscissa by the interval of grey levels
which tend towards 0 increasing in width.
Considering the variations of luminosity recorded in a series of images of rock of
different colour and composition as well as different states of conservation, and supplying histograms from freshly quarried rock to severely damaged stone, it is possible
to make the following observations: a) the gradual move towards the start of the
abscissa, or rather towards the dark shades of grey, of the intervals relative to images
of fresh of weathered stone; b) the dispersion of luminosity levels due to the presence
of structures of organic or inorganic origin; c) the increase of the dispersion of these
levels accompanied by a wider interval of the grey levels in which are included those
of severely weathered stone and those of the fresh one.
The ICAW technique can be applied to assess above all the deterioration degree of
buildings materials and paints. In addition the ultrasonic measurements, through the
indirect method, allowed to detect changes in physical conditions of the stone material
and to calculate the depth of decayed layer with their laying and interrelations.
The decay patterns which can be obtained in relation to the distance-time diagrams
represent the buried structures. The surfaces on which the technique is applied are
generally flat. However, during the processing of the time-distance diagrams (homeosurface or indirect method), it is considered that the irregularity of the damaged stone
surface corresponds to different levels of light returned from different parts.
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Fig. 1. ICAW technique: analytical approach to detect the rate of weathering (from F.Zezza
1996)

Therefore, the different grey intervals indicate the stone properties, the weathering
forms and the state of conservation of the material. The intervals of grey levels content, interpreted as above and collected in different block of colour, outline as digital
maps the weathering in an objective way.
Daily, monthly and seasonal data can be elaborated to produce digital images and
maps of different kinds of substrates before and after treatment application, or simply
to monitor the natural decay condition. Also, before and after treatment, the areal
distribution of the decay patterns with the surface change forms can be detected;

Fig. 2. The grey levels histograms allow to identify chromatic variations, textural characteristics and weathering degree of building material (from F.Zezza 1989)
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therefore, in case of recovery treatments, using image analysis, it is possible to obtain
a micro-morphological evaluation of the untreated and treated surfaces.

4 Weathering Damage Analysis
4.1 Assessment of the State of Conservation
In fig.3 is assessed the deterioration degree and the thickness of the weathered layer
of the marble portal (Cathedral of San Nicola, Bari) built in XII century. For the ancient marbles the ultrasonic measurements show the overlap of different weathered
layers as the reproduced example (fig.3), referred to the marble of the Temple of

Fig. 3. Damage assessment determined by ICAW: qualitative and quantitative evaluation of the
weathering (damage categories), from F.Zezza 1996
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Fig. 4. Chromatic coordinates, grey levels histogram and digital image analysis (ICAW) used to
determine the fading of ‘Bisonte’ and ‘Cierva’ paintings, Altamira Cave, Spain, (from F.Zezza
2002)

Eleusis dated between 1900-1600 B.C., indicates. The quantitative evaluation of stone
decay degree depends by the damage indexes that express the rating of the weathering: their calculation is related to ultrasonic velocities which in turn mark the strength
classification and the values of indexes as compactness, porosity and imbibitions of
the building material (F.Zezza, 1996).
Stone decay degree and damage indexes reveal the overall need of preservation
measures for stone monuments or individual stones structures.
The colorimetric measurements performed in the CIELAB system, collected in
selected points of the paintings, can be converted into computerized maps. The technique, applied to determine the conservation state of the Palaeolithic paintings in
Altamira Cave (Spain), refers to the surface extension of weathering. Colour changes
due to chemical processes of dissolution, neoformation salts, biological and anthropogenic processes (F. Zezza, 2002), indicate a significant degree of weathering. Therefore, the determination of the colour parameters and their monitoring in time is
extremely important to assess the state of conservation of the paintings.
The colorimetric determinations provide reproducible mathematical information
that allows the verification, by comparative means, of the effects produced by the
action of the natural and anthropogenic pollution, like the occurrence and the superficial distribution of black crusts. The extrapolation of punctual values into processed
image involves the transformation of chromatic coordinates in the corresponding grey
levels considering the values of the chromatic coordinates as a criterion for the definition of zones of distinct colour (fig.4). This method, which investigates the visible
optical spectrum images, lends itself to detailed examination of the images in the near
infrared spectrum.
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4.2 Weathering Damage Time Monitoring
To be able to document the state of conservation in time is fundamental for monuments conservation practice and for the correlations concerning decay, anthropogenic
interventions and environmental conditions. The assessment of these processes can be
based on NDT techniques. The control of the evolution in time of decay processes or
that of the effectiveness of the treatment is extremely important to define the plan of
maintenance interventions or to improve the environmental conditions.
The ICAW methodology, basing on its non invasive approach and on its logistic
repeatability, allows controlling the evolution in time of the decay processes. The
fig. 5 reproduces, as examples, the results of some comparative analysis regarding the
fading which affects the paintings of the Altamira Cave.

Fig. 5. ‘Cabajo’ painting of Altamira Cave (Spain). Fading monitoring in time by digital images collected on 1974 (bottom) and 1996 (top), from F.Zezza 2002.

The same ICAW methodology can be suitable to evaluate the threshold that indicates the risk to lose a painting due to fading as the fig.6 related to the paintings of the
Grotta dei Cervi (Badisco, Italy) shows. Therefore the computerized analysis of the
damage can be positively employed to plan the maintenance interventions.
4.3 Recovery Treatments Monitoring
Conservative interventions. The comparison of digital images elaborated before and
after treatment application enables the evaluation of the effectiveness in time. For
example, the computerized mapping utilized for the control of the conservative treatments effectiveness carried out for the 'Basilica of San Nicola' in Bari, Italy (fig.7),
highlighted the existence of black crusts before the intervention (areas in blue, fig.7a,
June 1986). The church portal digital image after treatment showed the total removal
of black crusts (fig.7b). After six years the digital image has been able to reveal the
reappearance of new weathering forms (areas in blue and dark green, fig.7c).
In particular, the digital images revealed a worsening of marble properties with the
reappearance of black crusts and the reopening of cemented fractures, as well as the
intercrystallyne decohesion.
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Fig. 6. Fading threshold evaluation for Grotta dei Cervi, (Badisco, Italy), from F.Zezza 2003

Fig. 7. Assessment of treatment by ICAW technique: monitoring in time of the Basilica of Bari,
Italy. State of conservation: before treatment (8a, 1986), after treatment (8b, 1986) and after 6
years from treatment (8c, 1992,) from F.Zezza 1996.
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Laser cleaning control. The analytical techniques currently used to evaluate the laser
cleaning effects are based on stereomicroscopic and polarizing observations, XRD
analysis, FTIR and SEM-EDAX analyses, artificial ageing tests and further colorimetric measurements. For some monuments and particularly for those of great esteem to
control the laser cleaning effects it exists objectively the difficulty to collect the stone
material directly by the exposed surfaces or to have at disposal samples of size suitable to carry out the wide spectrum of the tests which are useful to validity of the
reached results.
To supply the data concerning the structural properties of the stone materials, the
weathering and the micro-morphology of the surfaces and, in the specific case, the
effects of the laser cleaning, the non-destructive computerized analysis can be applied.
To assess the results of the laser cleaning concerning the preliminary application performed on samples of Penthelic marble utilized for the Blocks of the Parthenon West

Fig. 8. Digital image analysis: chromatic variations of a Penthelic marble sample, after removal
of incrustation material, treated with different infrared (IR) and ultraviolet (UV) radiation combination at relatively low energy fluencies
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Frieze, the author has developed, in collaboration with the Department of Surface Conservation of the Monument of YSMA, under the auspices of the Committee for the
Conservation of the Acropolis Monument, some demonstrative applications of the
ICAW technique.
The tests regarded a fragment of a Penthelic marble slab which, within the experimental stage, was also utilized for the quantitative and qualitative tests to evaluate the
effects of the preliminary applications of the cleaning methods above mentioned initially performed on newer marble additions (dating to the 1960’s) from the West
Frieze.
Three cleaned areas (L2, L3, L4, fig.8) have been interested by a simultaneous action of two discrete laser – based removal mechanism, characterized by different
parameters as: i) the infrared (IR) and ultraviolet (UV) radiation combination at relatively low energy fluencies, ii) the number of pulses and iii) energy density (P.Pouli,
V. Zafiropulos, 2003). The digital images analysis regarding the effects of removal of
the incrustations (fig.8) clearly shows that the selected area L3 is located between two
opposite conditions, the former (area L4) characterized by lower removal of crust
with whitening effects, the latter (area L2 ) with higher removal of crust and yellowing effects.
On the other hand, the digital image analysis has been focused on the control performed accordingly to the following criteria selected within the laser cleaning techniques: i) to allow the widest possible preservation of the noble patina which preserves
details of the relief; ii) do not cause direct or indirect damage to the substrata; iii) do
not generate by –products; iiii) to consider the chemical and mineralogical structure of
the marble, the state of decay as well as the stratigraphy of the incrustation.
As Tab.1 shows, different aspects of the laser cleaning method have been considered for the elaboration of the computerized images of the treated surfaces.
Table 1. Laser cleaning effects on treated surfaces

A. Removal of crusts
1) chromatic variations
2) homogeneity of the
treated surface
3) preservation of the
noble patina

B. Evaluation of the aggressiveness
1)
2)
3)
4)
5)
6)
C. Roughness

fissuring
decohesion
loss of crystals
loss of material

cratering
by-products

1) deviation of the profile
by mean line
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The degree and the efficiency of the laser cleaning method (figg.9-10) have been
tested taking into account the cases (E. Papakonstantinou, 2003) evaluating the points
A, B and C outlined in Tab.1:
-

loose deposits (of soot and dirt particles) on the marble substratum
black crusts (homogeneous compact crust and dendritic crust) on the marble
surface
black crusts on the monochromatic surface layer (beige layer)
black crusts on the monochromatic surface layers (orange-brown layer with
beige layer traces)

Fig. 9. Parthenon West Frieze Block – BIII

Fig. 10. Laser cleaning of the West Frieze Block - BVIII
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Fig. 11. Pictorial and digital images of the West Frieze - Block III before and after laser
cleaning treatment

Fig. 12.

Fig. 13. Laser cleaning control: pictorial and digital images showing crystals broken (fig.12,
yellow and beige colour) and cratering (fig.13, yellow and beige colour); in the last case the
micro-morphology of the surface can appear also as consequence of a coalescence of laser spots
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The comparisons of the pictorial and digital images certificate the homogeneity of
the treatment which has preserved the monochromatic surface layers, verifying the
good effectiveness of the cleaning process (fig.11). The black crusts have been removed as well as the loose deposits. The homogeneity of the orange colour indicates
that the block surface has not suffered, in this case, chromatic variations, indicating
the good cleaning result obtained by operators. The presence of the yellow colour is
linked with washed zones during the exposition of the marble to the weathering and
the blue-red colour indicates traces of monochromatic layers or primary and secondary structural characteristics (i.e. veins, cracks) of the Penthelic marble.
Preliminary tests can allow improving the treatment. Further details of digital image analysis areas, enlarged 22x (fig.12) and 8x (fig.13), indicate the possibility to
avoid loss of material induced by crystal broken or cratering. By this point of view,
the digital image analysis constitutes a control on-line of the laser cleaned objects.

5 Conclusion
ICAW image analysis improves the quality and the quantity of cultural heritage
documentation and appears nowadays a new goal to safeguard monuments and to
document the state of conservation.
The technique offers the possibility to avoid invasive sampling, often non representative of the entire monuments surface studied, and the possibility of a constant time
monitoring remotely sensed, low demanding in term of cost and logistic efforts.
ICAW found many application in several EC projects concerning the conservation of
monuments and recovery treatment monitoring, from 1989 up to now, concerning
stone, paints and sculptures, and suggests the best conservation approach for museums pieces.
These kinds of knowledge within an efficient exchange and sharing of know-how
in the areas of cultural heritage, represent one of the next future scientific challenges,
in an integrated collaboration operating system.
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Abstract. In this paper an alternative method for measuring the Classic Marathon Course using photogrammetric methodology is presented and examined.
The course is surveyed in stereoscopic environment and therefore the measurement is performed directly in 3D space. The produced elevation data after the
processing procedure are presented in the section plan at a scale of 1:5.000. The
Digital Surface Model, with a step of 5m, and the orthophotomap at a scale
1:2.000 of a corridor area, with width of 100m on either side of the course
represents an additional product of the photogrammetric method. At the end, in
this thesis the photogrammetric methodology is being assessed and evaluated,
but also it is being compared with the conventional method of the calibrated bicycle and finally are conclusions drawn and proposals are attempted.
Keywords: Orthophotography, Photogrammetric Measurement, GPS, Cultural
Heritage.

1 Introduction
One of the more important events of modern Olympic Games is the Marathon Run,
which is run on a course, usually outside the main stadium, with a total length of
42.195 m. This event was included in the Olympic program since the first modern
Olympics in 1896 in recollection of the heroic achievement of the warrior - messenger
who first announced to the Athenians the victory of the Greeks in the battle of Marathon in 490 B.C. The Classic Marathon Course (Fig. 1) is the route from Marathon,
Attica up to the Panathinaikon stadium (Fig. 2) and it measures 42.195m. This is also
the distance that marathon runners cover in the event of the Marathon Run in all modern Olympic Games, but also in all other national or international Marathon Runs.
Although the marathon run was one of the first modern Olympic Games events its
length was not strictly determined until 1924. In 1896, Spyros Louis, the first Gold
medal winner ran 40.000m (http://www.sport.gr/default.asp?pid=52&aid=51139).
Ten years later, the runners who took part in the marathon run of the “Half” Olympiad) in Athens in 1906, ran 41.860m. In 1908, in the Olympic Games of London the
length changed to 42.195m so that the runners would pass in front of the Royal Palaces. It took another 16 years before the differentiations of the distance of the marathon run stopped. The length was officially decided to be 42.195m in the Olympic
Games of Paris in 1924 (http://www.sport.gr/default.asp?pid=52&aid=17305).
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 85–98, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Fig. 1. The Classic Marathon Course

Fig. 2. The Panathinaikon Satdium (Kallimarmaro) in Athens

For the validation of a record time, the length of a course must be measured with
certain accuracy. This of course is the case not only for Marathon runs, but for all
other events, be it inside or outside the track of a stadium. Over the time widely accepted rules have been developed, in order to ensure the validation both of the organized event and the record times of the winners. As of 1.1.2004 a commonly accepted
regulation for the road race courses out of stadium is in effect, compiled by the IAAF
(World Federation of Track and Field) and the AIMS (World Union of of Street
Runs). This regulation, among other issues, dictates how a street course should be
measured, in order to ensure that the athletes will run at least the predetermined
length.
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Over the years several methods for measuring street course have been proposed,
tested and applied. Topographic methods, using all sorts of measuring techniques
(staves, steel tapes, EDM’s etc) have been used in the Seoul Olympics (Seoul Olympic Organizing Committee, 1988). Other efforts include the application of a DGPS
system (Gordon, 2005), the use of a terrestrial Laser scanner (Tsakiri et al, 2004),
measuring the distance on a map and odometers adapted on cars. However the only
method nowadays recognized as valid by the IAAF/AIMS (IAAF, 2004) for measuring a street course, is that of the calibrated bicycle.
In the present paper an alternative method for measuring the length of the Classic
Marathon Course using photogrammetric methodology is described and assessed. The
basic argument for using photogrammetry in the measurement of a Marathon Course
is based on the fact that the photogrammetric procedure for length measurement can
be as effective as the conventional method of the calibrated bicycle. However, careful
selection of the suitable photogrammetric method should be carried out, in order to
achieve the required result, mainly in terms of accuracy and cost. Photogrammetric
methods are actually non-contact methods and in this way tedious fieldwork may be
minimized.

2 The Method of the Calibrated Bicycle
2.1 Requirements and Specifications of IAAF/AIMS
Every measurement technique proposed for measuring road courses should comply by
the requirements and specifications set by IAAF, independently of the methodology
employed.
These specifications are briefly as follows:
• The distance of the Marathon Course should be between 42.195m and 42.237m,
that is +0.1% overshooting from the usual distance and only additive.
• The distance should be measured with precision better than a part in the 1000
(0.1%). This means that the whole distance should be measures with an ambiguity
of 42 m over the whole length.
• The measured course should follow the ideal path which the athletes will decide to
run or walk.
• If the calibrated bicycle method is to be used, the bicycles should be calibrated
before and after the process of measurement.
• The process of measurement should be applied twice and the results of these two
independent measurements should not differ more than 0.8%. Otherwise a third
measurement should be carried out.
• The shortest possible route is defined as the one which runs 0.30m away from the
curb, or the end of road surface when a curb does not exist. If constructions are
present at the side of the road, such as walls, the shortest possible route should be
considered a path 0.61m away from them.
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2.2 Analysis of the Conventional Method
The basic idea of the conventional method of measurement is to determine the ratio of
the course length covered by a complete revolution of the bicycle wheel and then to
count the number of revolutions necessary to cover the whole course. The calibration
of this system consists of determining the “bicycle constant” by determining the number of wheel revolutions needed to cover a length known with sufficient accuracy.
The method is simple and direct, but a lot of important details are involved and certain steps should be followed so that it results to an acceptable and complete measurement of a course (IAAF, 2004).
For the determination of the length of the Marathon course the line of departure,
the finishing line and the shortest possible route should be first of all established and
fixed. The final product with the results of the described processes is a document
which includes a map of the entire marathon course and all characteristics of the
route.
For the choice and the measurement of the calibration length several considerations
should be taken into account. Firstly a straight and level part of a paved road should
be chosen as the calibration field. It should be approximately 300-500m in length and
it is desired not to have any parked vehicles. Secondly, the length of the calibration
field should be accurately measured using a steel tape with maximum length of 30m,
with practically no change of length at 20°C. The measurement should be executed
twice and if the difference is more than 0.8%, a third measurement is repeated. The
bicycle used for the course measurement is fitted with a special device called Jones
counter (Fig. 3). It actually converts the wheel revolutions to a five or six digit number, which, after careful calibration, provides the bicycle constant. For the calibration
of the bicycle the cyclist should cover the calibration field, four times before and four
times after the measurement, in both directions.
The bicycle constant is the mean of the four values from the four calibration runs,
divided by the calibration distance (in km). The result is the number of units of Jones
-

Fig. 3. Various types of Jones Counters
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Counter per kilometer, which is further multiplied by 1.001, the factor SCPV (short
course prevention value), in order to ensure that the final course measurement result is
definitely not less (by 0.001) than the desired distance. This results to a total distance
for the Marathon course between the values 42.195m 42.237m. In this way, runners
are prevented from covering a distance shorter than 42.195m.
The actual measurement of the road race course is determined by the measurement
of the shortest possible route (SPR). The shortest possible route is theoretically determined with clarity and precision following the IAAF/AIMS specifications. The
determination of road race course in this way ensures that all runners will run at least
the predefined distance of the road race course. The shortest possible route in various
road configurations is presented Fig. 4.
After the actual course length measurement, the bicycle calibration process is repeated. The objective of this re-calibration after the measurement is to make sure that
no change in the bicycle constant has occurred. The re-calibration of the bicycle is
essential to be carried out immediately after the actual measurements.

Fig. 4. The SPR in various cases

To calculate the length of the road race course, the Constant for the Day must be
determined first. This is the average of the two values resulting from the two calibrations. Then the actual course is run by the bicycle, following of course the shortest
possible route, and the total number of counts is recorded. This value is then divided
by the constant for the day. The result obtained is the length of the road race course. If
the measurements last more than one day, the final lengths of each day are added. The
measurement process described above should be applied twice, where the second time
serves for checking. In the event that a few meters are either surplus or missing from
the final result, adequate adaptations are made using simple steel tape measurements,
usually by appropriately shifting the start or finishing line. The whole measurement
process, as described above, and for it to be officially recognized, should be properly
documented (Fig. 5). The documentation of the measurement involves the production
of a map of the course, which contains all necessary details used for the measurement
process.
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Fig. 5. General map of the Classic Marathon Course measurement documentation

The documentation must be sufficient to allow the course to be checked if a remeasurement is for any reason required, e.g. after a world best performance has been
recorded. In the documentation folder all necessary details of the road race course
should be included, which are adequate for the race director to re-establish the course
even after major construction works on the roads.

3 Photogrammetric Methodology
Photogrammetry is the art, science and technique for the acquisition of reliable metric
information on natural objects and the environment, via processes of recording, measuring and interpreting, photographic images, electromagnetic radiation recordings and
other phenomena (McGlone, 2004). The basic idea for the use of photogrammetry in
the measurement of the Marathon course is based on the fact that photogrammetric
measurements could perhaps be as effective as the conventional method of the calibrated bicycle, which is normally used for the measurement of road race courses. It is
proposed that photogrammetric methodology should be used to enhance, and not
necessarily to replace, the existing methods, especially in cases of long distances as a
Marathon Course.
Before the application of any photogrammetric methodology, several considerations are necessary, concerning the data characteristics and the various parameters of
the methods that will be used in order to achieve the required objective. The small
scale of aerial images used by Photogrammetry, enables the measurement of the
whole course, contrary to the conventional surveying methods, i.e. use of total stations or terrestrial scanners, which are unable to cover of whole object at once. Although photogrammetry may be somewhat dependent on topographic measurements,
the length of an object may be determined either stereoscopically, by directly measuring in the 3D model, or monoscopically, by measuring on an orthogonal projection
(i.e. orthophotograph) and indirectly taking into account the elevation via the existing
DTM (Fig. 6). An orthophotograph is a photographic picture that has been reduced
differentially to an orthogonal projection, which has no perspective deformations.

Photogrammetric Measurement of the Classic Marathon Course

91

Its main advantage is the standard scale, similar to a conventional map, it contains
however all qualitative information of a photographic image. For the production of an
orthophotograph it is necessary to have oriented images and a sufficient description of
the relief.

Fig. 6. Monoscopic measurement of course length

Finally the calculation of the length is given by the equation:
D=

ΔX 2 + ΔY 2 + ΔZ 2

(1)

Where X, Y, Z are the three-dimensional coordinates of the vertices.

4 Implementation and Results
The proposed photogrammetric methodology for the measurement of Classic Marathon Course includes five main stages:
Determination, acquisition and preparation of the necessary data: First of all
aerial photographs of suitable scale are required, imaging the whole course. A total of
34 aerial photographs (diapositives) of scale 1:15.000 and taken in 2005 were obtained from the Hellenic Cadastral and Mapping Organization. The aerial camera used
was ZEISS RMK TOP 15 with focal length 153,120mm, format 230x230mm and
eight fiducial marks (Fig. 7). The available scale of aerial photographs was considered
suitable in order to ensure the specified accuracy for the measurement of Classic
Marathon Course. The initial coloured aerial photographs were scanned with Photoscan PS1 by Z/I, a digital photogrammetric scanner of large accuracy, with spatial
resolution, i.e. pixel size, 21μm. In this way the recognition of objects larger than
0,15m on the digital images is possible.
Photogrammetric processing: All necessary photogrammetric processing, such as
interior and exterior orientation, stereoscopic observations and plotting, were carried
out with the digital photogrammetric station PHOTOMOD v.4.4 by Racurs. All 34
images with 60% overlap were imported in the digital photogrammetric workstation
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Fig. 7. One of the coloured aerial photographs

and created a block of twelve strips (ten strips of two images each, one of nine and
one of six images) with 30% side overlap. The parameters of the interior orientation
were given by the calibration report accompanying the aerial photographs.
For the exterior orientation of the images a standard bundle adjustment was applied. For this process control points are essential, as they are necessary to connect the
block of images with the geodetic reference system. Control points materialize the
reference system of the object and contribute to the absolute orientation of models.
The position of the control points influences considerably the course of photogrammetric processing as well as the quality of the final products. The final positions of
the control points were determined with stereoscopic observation of the stereo models
in order to fulfil the following conditions:
•
•
•
•
•
•
•

Uniform distribution of control points, so that control points are situated along
the perimeter of the region of interest and to establish strong geometry of the
system.
Ensure that control points exist at least every five stereo models (approximately 10km),
Control points should be visible and recognizable on the images,
Ensure high contrast between the point and the surrounding environment,
If control points are visible in more than two images, economy is accomplished,
Control points must be in the overlapping part of the images
Control points should be easily visited and ensure open horizon vision, because
it is essential that no obstacles exist (buildings, bridges, trees, antennas etc.)
that would interrupt the reception of the satellite signal during the GPS
measurements.
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The measurement and determination of geodetic coordinates of control points was
executed with the use of GPS measurements. 34 points were measured in total, 17 of
which were used as control points for the bundle adjustment of the triangulation and
the rest were reserved as check points (Fig. 8). Static differential measurements were
used and each base less than 8 km was measured for 20 minutes, in such a way the
accuracy of every measurement was estimated at 0,06m. The block of all images with
the distribution of points, after bundle adjustment, is shown in Figure 9.

Fig. 8. Screenshot of the computation of several measured bases with GPS

Three-dimensional surveying of Classic Marathon Course using stereoscopic
observation: The whole procedure of mapping the course was carried out using the
stereoscopic environment of PHOTOMOD, according to the IAAF/AIMS specifications (IAAF 2004). Utmost attention was paid so that the shortest possible route
was followed by the floating mark. Whenever possible large straight lines were
used (up to 200m), while in cases where circular arcs were needed, the distance
between successive vertices was reduced to approximately 20m. The result of the
above process was a 3D polyline that is composed of individual 3D lines and constitutes the total classic Marathon course, as determined by the operator. Drawing of
the shortest possible route is a difficult process for individuals that come in contact
with this task for the first time and have no experience in this whatsoever. Hence,
the final course mapped was also examined and approved by an IAAF certified race
course measurer.
Measurement of the length directly in 3D space: For measuring the mapped course
the following procedure was applied. The 3D polyline was exported to dxf format for
the measurement to be carried out in a CAD program. The measurement of the total
length of the Classic Marathon Course was carried out within the AutoCAD 3D®
environment. Each individual line was measured using the appropriate CAD tools and
the total length of the course was calculated by simply adding all these lengths together. The three dimensional line ensures that the measured length corresponds to the
real length of the course.
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Fig. 9. The block of images with the distribution of points

Evaluation of methodology and results. The photogrammetric methodology is thoroughly evaluated, through the evaluation of the measurement results and the final
products as far as effectiveness, accuracy, required time and cost are concerned.

Fig. 10. Documented measurements of the 10th kilometer. (Grall, 2008)

For this purpose the length resulting from the photogrammetric method was compared with the length between the characteristic points which correspond to each
kilometre of the course, as documented in the relevant Documentation Folder. The
locations of these points are well known and their exact position is recorded both by
coloured photos and with accurate measurements, which took place at the same time
as the measurement of course with the calibrated bicycle (Fig. 10).
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Table 1. Distance check between certain kilometres
Calibrated Bicycle
Distance from
Distance between
Start (km)
(m)

4
5
8
12
18
25
28
29
30
35
39
42,195 km

4.000,00
1.000,00
3.000,00
4.000,00
6.000,00
7.000,00
3.000,00
1.000,00
1.000,00
5.000,00
4.000,00
3.195,00

Photogrammetric Measurement
Distance between
Distance from
(m)
Start (m)

3.819,83
1.180,43
3.147,70
3.852,11
6.004,02
7.047,24
2.978,14
1.045,56
1.000,90
4.966,95
3.978,39
3.208,43

3.819,83
5.000,27
8.147,96
12.000,07
18.004,09
25.051,33
28.029,46
29.075,02
30.075,92
35.042,87
39.021,27
42.229,69

Difference between the two methods = 34,69 m (0.08%)
Table 1 shows that, for certain parts of the course, the difference between the distance that was measured with the photogrammetric method and the one that results
from the conventional method could be as high as 148m, but the total difference is only
34,69m. This large difference occurs between the 5th and the 8th kilometre, where from
the fifth up to the sixth kilometre the athletes are obliged to follow a circular course
around the Marathon Tomb, commemorating the battle in 460B.C. This is, obviously,
due to the fact that the definition of the shortest possible route (SPR) along an arc demands the use of more points (vertices), while for the large straight lines two points are
enough, thus ensuring smaller discrepancies. Although, the use of large straight parts
ensures more accurate length measurement, part of the elevation information is lost.
However, this does not influence the resulting length for small distances.
The average length from vertex to vertex of the 3D polyline, as mapped within the
digital photogrammetric workstation environment, is approximately 50m. The error
corresponding to the measurement of each part is estimated to 25 mm. Also, the photogrammetric processing propagates errors to each point determined photogrammetrically. For the determination of the standard deviations σx, σy, σz of the measurements
of the coordinates of each vertex of the 3D polyline, with the photogrammetric process, four check points were measured 20 times each in stereoscopic mode. The
average of the residuals of each coordinate from the measured ones with the GPS,
determines the requested standard deviations: σx =± 0,119m, σy=± 0,112m σz=±
0,179m. The mathematical relation which was used for the calculation of the total
error of the measured distance D with vertices of known coordinates (X, Y, Z) in the
reference system (GGRS' 87) and the error of the determination of each coordinate
(σxi, σyi, σzi) with the above method is:
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Where D = ( Δx 2 + Δy 2 + ΔH 2 ) and σxi,= 0,119m, σyi =0,112m, σzi =0,179m.

σ 2 D = Σσ 2 D and σ D = ± σ 2 D
ij

σ D = ±4,69 m

On the whole, the distance was calculated 42.229 m ± 4,69m. This deviation is better
than 0,1% required by the IAAF regulations (42.216m±21m). It is also observed that the
larger error is in the determination of the Z coordinate. This was expected since during
stereoscopic observation the step of the floating point movement along Z axis is approximately 0,15m, consequently each surface was approached with this uncertainty.

5 Conclusions
The recent technological developments have definitely affected all related disciplines.
Especially in the case of digital photogrammetry combined with the contemporary
aerial photography progress, the ideal conditions have been created for the production
of exceptionally highly accurate base maps, or indeed documents, either in vector or
in raster format. With the use of photogrammetric methodology the measurement of
any size of object is possible. In cases of large areas or objects the application of conventional survey measurement methods is considered inefficient. On the contrary with
photogrammetry where the scales of aerial photographs or satellite images are small,
without affecting the final accuracy, raster products with metric attributes may be
easily produced.
It has been shown that digital photogrammetric methodology may be a sound alternative to classical measuring techniques, as far as road race course measurement tasks
is concerned. Firstly in terms of accuracy, the use of relatively small scale (1:15.000)
aerial images with a medium scanning resolution (21μm pixel size) is more than adequate to ensure stereoscopic measurements within the IAAF regulations, both as far as
the absolute accuracy of each measurement is concerned, but also for determining the
Shortest Possible Route. The use of simple GPS measurements for the control points
is fast -only 20 minutes measuring time for each base- accurate -accuracy of a few
centimetres is more than enough for such an application- and, of course, it is simpler
than any conventional survey technique.
Contemporary Digital Photogrammetric Workstations, as indeed the one used in
this project (PHOTOMOD v. 4.4), are generally easy to learn and provide all necessary computational tools for adjusting the photogrammetric networks, thus ensuring
the required accuracy and reliability in the results. The conventional method for the
Classic Marathon Course measurement requires that the length of the course is never
measured less than 42.195m and never greater than 42.237m or otherwise
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42.195m+42m. That could equivalently be expressed as 42.216m±21m and in this
form it may be compared with the result of the photogrammetric process which is
42.229 m ±4,7m. It may be concluded that in terms of accuracy, the result of the photogrammetric methodology, as implemented in this project, presents a small deviation
and the final result is acceptable and within the IAAF regulations.
In terms of time and related cost, photogrammetric methodology is definitely more
demanding. Usually conventional official measurers work voluntarily, hence their
cost is minimal. The full Marathon Race Course measurement procedure lasts for
about two days, including bicycle calibration. On the contrary, aerial photo acquisition, preparation for GCPs measurement, GPS measurements, photogrammetric adjustments and stereo mapping take longer and demand more cost. Hence, as set out at
the beginning, photogrammetry is not proposed to replace conventional methodology
for the task, if the course measurement is needed once.
The benefits, however, are becoming obvious if the course should be measured repeatedly, or if there are slight alterations to the course and a re-measure is desperately
needed. Moreover, it is possible to have a 3D visualization of the course, in order to
use it for any kind of simulations. The results of this research, such as the three dimensional data of the surroundings of the whole course could be used as the background for the development of a three dimensional system, which will be targeted to
athletes and trainers and will provide a 3D tour of the race course and virtual training.
The Classic Marathon Course is considered to be a very difficult course because of
the elevation differences. With this system the runners participating to the race will
have the opportunity to study the course wherever they are. Alternatively, the 3D
visualization of the course could be projected with special monitors in front of exercise treadmills. The runners, during training, will watch in real time the landscape
variations of the Classic Marathon Course.

Acknowledgements
We would like to thank Mr. George Doussis, for the very useful information and data
he provided, the detailed description of the conventional method of measurement of
Marathon courses and the time that he devoted to us. Mr. George Doussis is an active
amateur runner and trainer. He participated in the organisation and measurement of
several courses during the Olympic Games of Athens, among them the Classic
Marathon Course.

References
1. Doussis, G.: The “unmeasured” courses (May 2007),
http://www.runningnews.gr/?id=2821 (accessed April 5, 2007)
2. Free Encyclopedia,
http://el.wikipedia.org/wiki/M•••••••••#.CE.99.CF.83.CF.84.
CE.BF.CF.81.CE.AF.CE.B1 (accessed September 11, 2009)
3. Ioannidis, C.: Photogrammetry II. Lecture Notes. National Technical University of Athens,
Athens (2006) (in Greek)

98

I. Papageorgaki et al.

4. Gordon, S.: Course Measurement (February 2005),
http://www.runscore.com/coursemeasurement/Articles/
Spac%20Meas.pdf (accessed 06/04/2009)
5. Grall, J.-M.: Dossier de Measurage Athens Classic Marathon (November 2008)
6. IAAF (International Association of Athletics Federations) 2004, The Measurement Of
RoadRace Courses, second edition (updated 2008)
7. Kraus, K.: Photogrammetry, Technical Chamber of Greece, 2nd edn., Athens, vol. 1, p.
361 (2003) (in Greek) ISBN 960-7018-90-7
8. Racurs, PhotoMod 4.4 User Manual, Moscow, Russia (2007)
9. Seoul Olympic Organizing Committee, Marathon / Race Walks Courses Study and Measurement, Seoul, p. 231 (1998)
10. The variation of Marathon course (27/04/2008),
http://www.sport.gr/default.asp?pid=52&aid=17305
(accessed 2/11/2009)
11. The distance of Marathon course (04/11/2009),
http://www.sport.gr/default.asp?pid=52&aid=51139
(accessed 05/11/2009)
12. Tsakiri, M., Stathas, D., Arabatzi, O.: Advanced Surveying Techniques for Measuring the
Marathon Course. In: Proc. of FIG Working Week 2004, Athens, Greece, May 22-27
(2004)

Analysis of Lacunae and Retouching Areas
in Panel Paintings Using Landscape Metrics
Frederico Henriques1 and Alexandre Gonçalves2
1
Escola das Artes / CITAR, Universidade Católica Portuguesa, Porto, Portugal
Dep. Civil Eng. & Arch. / ICIST, Inst. Sup. Técnico, Tech. Univ. Lisbon, Lisboa, Portugal
frederico.painting.conservator@gmail.com, alexg@civil.ist.utl.pt
2

Abstract. This paper explores a novel use of Geographic Information Systems
and Landscape Metrics in the characterization of lacunae and retouching areas
on panel paintings. The aim is to understand some spatial properties of original
and non-original areas and contribute to the documentation of conservation and
restoration treatments with valuable information. The study uses an orthophoto
of the analysed artwork in a GIS program to produce polygons with a direct
visual interpretation, corresponding to the major colour zones, the lacunae and
the retouching areas. Over these areas landscape metrics are applied and
interpreted. The result is a useful set of values describing spatial properties and
relations between lacunae, retouching areas and the unaffected zones in the
painting. These quantified parameters extend the traditional qualitative diagnosis reports on the state of conservation of artworks and contribute to support the
evaluation of conservation and restoration projects.
Keywords: Painting, conservation and restoration, lacunae, retouching, GIS,
landscape metrics.

1 Introduction
1.1 General Introduction
The interpretation of the state of conservation of artworks is an issue in conservation
and restoration. Its documentation is generally made by empirical observations, sometimes supported by analytical methods that help to qualify and characterize the major
pathologies [1][2]. It is thus possible to classify and quantify important items in the
diagnosis process, such as tears in linen paintings [3], or the area of lacunae, overpaints, detachments, cracks and other detectable features in the artwork surface.
However, there are other spatial properties in the distribution of pathologies that
might be interesting to evaluate the complexity and feasibility of an intervention in
the artwork. The production of these properties requires the application of spatial
analytical methodologies, such as the evaluation through Landscape Metrics, suggested and described in this work.
Although the method of Landscape Metrics is only used in the characterization of
land-use planning and analysis, and specifically in scenarios of territorial evolution, in
this work a correlation with such spatial analyses of land surface is used to bridge the
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 99–109, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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application of the same concept into the analysis of the pictorial surface. Despite the
evident difference in the metric scale between the two fields of study, we assume that
there is a similarity between land use classes and the elements in the painting surfaces. An explanation of this is related with the pictorial surface, which can be seen as
a fragmented territory where, at a specific location, a value (land use/colour or pathology) might be assigned.
The purpose of this study is to evaluate and interpret the application of Landscape
Metrics as an analytical methodology that helps to clarify some questions arising in
conservation: how extent are significant lacunae/retouching areas in a painting; what
their average size is; how irregular their geometry is; what is the spatial pattern of
their distribution; and if a tendency to locate in specific chromatic areas is noticed.
1.2 GIS, Spatial Analysis Operations and Landscape Metrics
A geographic information system (GIS) is a computer based information system that
enables the capture, modelling, storage, retrieval, sharing, manipulation, analysis and
presentation of geographically referenced data [4]. There are several types of models
associated to information: databases with georeferenced information (such as addresses), raster (such as images) and vector models (points, lines and areas). A raster
image file is a grid of cells, also designated as an array of pixels, structured with columns and lines and with a value associated with each cell [5]. Spatial analysis is a
field of study which concerns the manipulation of spatial information and the extraction of spatial relations and properties. The analysis answers questions about the geographic features, such as distance, adjacency, interaction and neighbourhood-induced
characteristics between events or spatially distributed objects.
Landscape metrics (LM) are a set of spatial analytical measures and indicators
widely applied in territorial analysis. LM has been used to understand the landscape
structures in ecology, landscape architecture and land use planning [6]. Several of
such metrics allow a quantitative description of spatial patterns, helping the decision
makers to define, with respect to the natural environment, agricultural, rural, coastal
and transportation policies. Some examples of its application are the 3D LM methodologies used to support forest structure discrimination, mapping and monitoring of the
National Park Bavarian Forest [7], the spatial analysis of land occupation in Mainland
Portugal [8] and the analysis of vegetation dynamics in Amazon forest [9].
1.3 Case Study
The case study involves the application of GIS-based tools to extract LM values for
the lacunae and retouching areas in a wood painting made by an unknown Master,
probably of 16th century Portuguese origin. The iconographic representation is attributed to St. John the Evangelist because his specific attributes are represented: the
figure wears a red drape, and a winged snake emerging from the chalice is present.
The panel has a Castanea sp. support with 4 cm thickness, tangential cut in a single
ca. 145 cm high by ca. 51 cm wide plank and is painted with the common material
(pigments, dyes and binders) of the production in the 16th century. Photographs of the
painting were taken during the conservation and restoration treatment, after removing
varnish and repaints and before the filling and retouching operations.
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2 Methodology
2.1 Generic Description
The first operation in the methodology was to acquire digital photographs of the artwork. These images are processed with a close-range photogrammetric program
which creates an orthophotograph combining the original imagery. This operation is
followed by the use of a GIS to extract features (corresponding to the visually identified most significant colour patches and pathologies). Then the metrics are applicable.
These steps are described in detail in the following sections.
2.2 Image Capture and Orthophotograph Processing
Photographic records of the painting were made in digital mode with a 5.0 Mpixel
camera, Sony Cybershot F-717™. Digital images in JPEG/EXIF 2.2 image format
were used to create an orthophotograph with close-range photogrammetry software.
This operation can be presented in three stages: a calibration to determine the geometric characteristics of the camera and to set parameters for it; the use of a set of
images from different viewpoints to produce, by bundle adjustment, a digital surface
model (DSM) with four points located at the vertices; and the production of an orthophoto [10]. In all the steps of the exercise Photomodeler 4.0™ software was used.
An orthophoto image is a document that might be produced from perspective photos, in which all perspective-related distortions have been removed. It is similar to
obtain a photograph of a surface where the camera is placed perpendicularly to this
surface at an infinite distance. Because orthophotographs are planimetrically correct,
they can be used as base maps for direct measurements of distances, angles, positions
and areas [11]. Orthophotographs are also used as a base for measuring spatial properties, since the distortion (“barrel effect”) of the photographic lens and the relief of the
represented surface are considered.
Despite the fact that the panel planks present a negligible warp, an orthographic
photo was produced to minimize errors in the measured spatial properties. The orthophoto produced was a TIFF format file with 542 columns by 1519 rows (823,298
pixels), three bands, uncompressed size of 2,26 MB using 8 bits pixel depth.
2.3 Data Processing in GIS
After the orthophotograph production, the image was georeferenced in a GIS program,
ArcGIS™, version 9.3, from ESRI®. In this operation a metric scale is assigned and the
image is subject to a georeferentiation, with local coordinates being applied. The image
layer has a fixed pixel size of 0.095 cm, an empirical value considered to be adequate to
represent with detail the artwork. Following this, polygons were drawn to delimit the
main regions of colours in the painting and the lacunae/retouching areas.
Eight areas were created in a layer to characterize the zones of light red drape,
dark red drape, sky, flesh, winged snake, earth pigments (covering the ground and the
figure’s hair), chalice and water (Fig. 1). Lacunae or retouching areas were edited
manually and represented in a distinct vector layer, but could also be produced by the
application of automatic classification (e.g., via supervised classification). The main
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reason for the manual classification was the ability to interpret by visual inspection
the most adequate of the eight zones for each lacunae/retouching area. Both datasets
of lacunae/retouching areas were then converted to the raster format, producing grids
with the same detailed resolution as the orthophoto (0.095 cm), which facilitates
eventual overlay operations with the original image, within the GIS.
LM analyses could also have been performed with vector data, and the choice of
the data model depends on the intended type of metric indices. If the operator chooses
to analyse raster datasets, the choice of the spatial resolution influences most metrics,
so an adequate value should be selected. After the conversion (lacunae/retouching
area and regions of colours) both raster layers were added to result in a single grid
with a combination of all data. This dataset represents all the various combinations of
pigments and presence or absence of lacunae or retouching, such as “light red drape”
or “lacunae on light red drape”.

Fig. 1. Orthophotograph of the St. John the Evangelist panel painting and the corresponding
thematic map of lacunae, retouching areas and main colours

2.4 Application and Interpretation of Landscape Metrics
LM are available to ESRI® ArcGISTM users as an extension named Patch Analyst
(version 0.9.5) (and also Patch Analyst for Grids) developed for version 9.1 or later
by the Geomatics Services Group, Ontario Ministry of Natural Resources. The use of
the extension is straightforward and requires only the identification of the raster layer
with the classified cells.
To apply the landscape metrics there are six categories of statistics in Patch Analyst: Area Metrics, Patch Density and Size Metrics, Edge Metrics, Shape Metrics,
Diversity & Interspersion Metrics and Core Area Metrics.
Landscape metrics are classified into three types, relating with the level at which they
apply to: patches (individual homogeneous regions), classes (set of all patches with the
same classification), and landscape (all the elements): patch-level metrics are defined
for individual patches, characterizing their spatial properties. In most applications they
are used basically in the calculation of other level metrics, such as the average patch
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area for a class of in the entire landscape; the computed values for each individual patch
may have little interpretive value [12]; class-level metrics describe the geometric properties of all patches assigned to the same type or class. Examples are the average values
of patches for a specific class, such as the average area, perimeter, and number of distinct neighbour classes, among others; and landscape-level metrics describe properties
for the entirety of the tessellation of classes/patches in the landscape, reflecting its geometric and topological quantitative properties.
Not all these metrics share the same importance or significance in the particular
analysis of a painting. For instance, patch-level metrics will only apply if an individualization of the patches makes sense, which is not the case of the patches in the painting, since no individual value is assigned to it. Class-level metrics express for each
colour and type of pathology its geometric and dispersion properties. Landscape-level
metrics provide general quantifications on the distribution of the classes (colours and
pathologies) in the painting.
The following metrics were selected: Class Area (CA), Number of Patches
(NumP), Mean Patch Size (MPS), Patch Size Coefficient of Variance (PSCoV), Patch
Size Standard Deviation (PSSD), Edge Density (ED), Landscape Shape Index (LSI),
Mean Nearest Neighbour Distance (MNN) and Total Core Area (TCA), because they
directly represent properties that might be useful in the characterization and interpretation of the extent and spatial distribution of pathologies.
CA is an area metric, useful to assess the extent of each pathology and defined colour region in the painting, providing valuable information for the diagnosing process.
NumP directly expresses the number of patches in each class. This number is a
measure of the landscape configuration which gives an insight on the level of division
or fragmentation in each class. It is defined by dividing the class area by the total area
of the landscape.
MPS is a measure that informs on the average covered area per class, which gives
an insight on the heterogeneity of size in relation with class. It could also be compared between colours and between areas of the same pathology.
PSSD and PSCoV are the standard deviation and the coefficient of variation of
patch areas, where PSCoV = PSSD/MPS.
ED is the total length of the boundary between patches with different classes divided by the total class area, and gives a measure that expresses the level of fragmentation of each class.
LSI is interesting in expressing, for each class and for the total landscape, the total
value of the boundary lengths of its patches divided by the square root of their total
area. It is a measure of the average irregularity of each class: the higher the value of
LSI, the less circular are the patches. Such measure is useful when applied to patches
representing pathologies, since irregularity may be related with a higher volume of
retouching work in conservation and restoration interventions. This metric expresses
the dissimilarity between the sizes of patches, per class.
ED is the total length of the boundary between patches with different classes divided by the total class area, expressing the level of fragmentation of each class.
MNN is a measure that expresses the isolation of patches, since for each patch the
distance to its nearest neighbour in the same class is calculated. For all patches in the
same class, the average value of this measure is calculated.
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TCA is a shape and core measure. Core areas are comprised of pixels that are entirely surrounded by pixels of the same type. TCA estimates the total area, per class,
occupied by these pixels.
The previously mentioned Landscape Metrics were applied to the classified grid.
Results are presented in Tables 1 and 2. The classes are: dark red drape (DRD); chalice (Ch); earth pigments (EP); flesh (Fl); light red drape (LRD); sky (Sk); water
(Wa); and winged snake (WS). A dagger (†) following a class name is a correlated
area of lacunae.
Table 1. Area Metrics (*) and Patch Density & Size Metrics (**)
CA*
DRD
DRD†
Ch
EP
EP†
Fl
Fl†
LRD
LRD†
Sk
Sk†
Wa
Wa†
WS
WS†

NumP**

241,304
20,537
7,060
125,893
37,537
31,893
959
156,540
8,132
123,931
48,228
12,722
4,481
3,223
699

33
185
2
3
31
5
14
40
93
5
66
1
1
2
16

MPS**

7,312
111
3,530
41,964
1,211
6,379
68
3,914
88
24,786
731
12,722
4,481
1,612
43

PSCoV**

PSSD**

76,231
28,741
6,897
16,269
71,759
8,264
20,073
49,694
25,886
18,267
88,421
0
0
14,438
11,210

36,572
210
1,598
44,791
5,701
3,458
90
12,759
148
29,705
4,240
0
0
1,527
32

Table 2. Edge Metrics (*), Shape Metrics (**), Diversity & Interspersion Metrics (***) and
Core Area Metrics (****)
ED*
DRD
DRD†
Ch
EP
EP†
Fl
Fl†
LRD
LRD†
Sk
Sk†
Wa
Wa†
WS
WS†

3,918
1,516
94
961
730
403
79
3,088
716
1,391
1,432
108
83
128
79

LSI**

834
392
131
291
197
188
128
681
245
370
321
134
123
137
129

MNN***

4,229
11,888
43,417
305,310
28,760
127,010
14,121
2,364
16,782
4,400
8,493
1
1
2,000
4,989

TCA****

221,900
13,551
6,575
120,616
33,088
29,931
621
141,461
4,810
116,486
40,352
12,091
3,943
2,619
337
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The total area of the pictorial surface has 823,740 cells. Using this value as a basis,
the statistical analysis is mainly focused in the lacunae areas. The number of cells is
given by Patch Analyst as the Total Landscape Area (TLA) metric.
The CA metric indicates that the largest areas of the original paint layer are the figure’s drape, namely the dark red and light red. The sky and earth pigment zones also
evidence a significant value. The largest area of lacunae is in the sky and earth pigment regions. To that extension a decisive contribution from the peripheral overpainting, shaped as a frame, in the panel’s outer edge.
In the zones of original painting, specifically in both red-hue drape areas, the value
of the NumP metric is higher. For the lacunae distribution, the highest number of
patches is noticed in the areas over the dark red tints, followed by the presence over
the light red and sky areas. In the earth colour zones of ground and the figure’s hair a
lower number of lacunae patches is observed. In the remaining regions the value is
negligible. NumP is an interesting parameter in the moment of performing a chromatic reintegration as it is directly related with the number of lacunae. In these cases,
the higher the number of lacunae, the largest the quantity of matching colours needed
and most prolonged the operation is. The fact of the highest values show up in specific regions might express an index on the required amount of work. In the case
study, the highest values are noticed in both drape regions and in the sky (Fig. 2). As
such, lower values will translate into less work, and this is verified in the winged
snake and flesh regions.
The MPS metric has higher values in the water, earth pigments and sky. For the lacunae in the St John the Evangelist panel, a high value occurs in the border since there
is a large and continuous area of overpainting (see Fig. 1), significantly raising the
average patch size in some classes. Without this specific area, the highest value of this
metric would occur in the dark red drape and light red drape classes, and the lowest
in the winged snake.

Fig. 2. Detail of lacunae and overpaint regions in the dark red drape and sky zones. The represented areas were defined with manually edited polygons, and later the information was converted to the raster format.
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PSCoV estimates the variance in the region size. As referred, it expresses an
assessment directly proportional to the standard deviation of size and inversely proportional to the average size. As such, it suggests a classification on the level of
asymmetry on lacunae size. In the artwork it is noticeable that the regions of lacunae
over earth pigments have the largest difference and those of red drape (both light and
dark) are very similar.
Interpretations of Area and Patch Density & Size Metrics are only based on the
size of lacunae/retouching areas and not on the many complex shape-related characteristics that might complicate an intervention, such as the proximity and interspertion
between zones. Thus, other indicators, such as the metrics presented in Table 2, are
needed to complement the analysis:
ED analysis documents the extension of the lacunae borders. As listed in Table 2,
the highest values belong to the dark red and light red drape lacunae areas, which
suggest a longer division line between adjacent regions.
The LSI metric is a parameter on the lacunae typology: if it shaped like a circle it has
a high value, and if it is very irregular the opposite occurs. The highest values are in the
dark red drape, sky and light red drape. This analysis also suggest to provide useful
information to the conservator-restorer as in the chromatic reintegration operations,
besides the matching colour operations, the sinuous shape of the lacunae is the most
demanding technical challenge. In practice, it is in these zones that the conservatorrestorer’s skills and capacities are put to the test. In such irregular zones, in mimetictype interventions, it is often necessary to execute small and sensitive brush strokes in
the border areas between lacunae and the original chromatic layer, to dissimulate the
intervention. In the interventions of intentionally non-dissimulate characteristics (ringranatura, tratteggio, selezzione cromatica and astrazione cromatica), there is the need
to thoroughly respect the border lines between the original layer and the lacunae subject
to the chromatic reintegration [13, 14, 15]. The above mentioned ED metric also can be
considered in the analytical considerations on the required level of expertise.
The MNN metric expresses region separation. On one hand it gives a quantification
on the isolation level, and on the other hand indicates a measure on the concentration
of lacunae. The highest densities and proximity of lacunae occurs in the sky and
winged snake classes. The larger the value of the lacunae density, the larger is the
difficulty of an intervention. However, the fact of the lacunae being too close to each
other might translate into an operational added value. This is valid in the sense of the
proportionality between the proximity of lacunae and a lower number of matching
colours required in the intervention. In practice, a colour produced in the palette, with
some small adjustments, can be used sometimes as an homogeneous cover for several
close lacunae.
TCA metric indicates, for each class, which is its core area. In the table, the large
lacunae regions on the border are noticed to have an impact on the high values of this
metric. The interpretation is similar to some of the previous metric indicators, and
expresses the ease of intervention in these regions.
The entirety of lacunae can also be considered as a single entity, without classifications by regions of colours. Table 3 displays the values of some metrics for the
merged lacunae patches. Note that adjacent patches might be combined in a single
continuous patch, and the total number of patches (317) is less than the count of lacunae patches in Table 1 (406).
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Table 3. Landscape metrics (LM) of the lacunae patches without division by colour regions
Metric
CA
NumP
MPS
TCA

Value
120,573
317
380
79,019

CA indicates that lacunae occupy 14.6% (120,573/823,140) of the entire surface of
the panel painting. The number of patches where chromatic reintegration is required is
317, with a mean size of 380 units. Table 3 does not list some LM shown on previous
tables since the set of statistics of a single class of lacunae patches did not suggest to
be capable of providing additional useful information. However, the unused LM
might be considered in the qualitative analysis of collections of artworks by the same
artist, or in a set of pieces with aesthetic or style similarities.

3 Conclusions
This paper presented a novel application of spatial analysis operations, namely Landscape Metrics (LM), to the characterization of surface phenomena in paintings. The
variety and complexity of LM proved to be very helpful in assessing and describing
the shape characteristics of painting detectable features, such as lacunae or overpainting areas, and might be extended to other cases. Such techniques, usually applied in
territorial analysis, can also be applied in very distinct domain of conservation of
paintings, being useful in the quantitative diagnosis needed in the documentation of
artwork conservation status and in the support of the chromatic reintegration phase.
The interpretation of some Landscape Metric parameters, after georeferencing an
image of the artwork, supports the use of this quantitative approach, extending human
perception in the capability of evaluating important elements, such as lacunae/retouching areas and main colour-regions characteristics, and improving the quality of the diagnostic procedures made by the conservator-restorers.
Some LM are easily interpretable and correspond to important measurable characteristics: for instance, CA, NumP, ED and LSI metrics suggest being good indicators
of the skill required in the intervention of chromatic reintegration. Very useful information on the number of lacunae to reintegrate, on the fragmentation level and on the
variety and irregularity on their shapes is expressed by these metrics.
All the presented statistics depend on the initial delimitation process of the lacunae
and/or colour zones over the orthophotograph, which was performed via manual
vectorization and visual inspection. Very small patches were not considered in this
exercise, but all the interpretations and assumptions of the significance of Landscape
Metrics in the characterization and diagnostic of surface phenomena on artworks were
not affected by our generalization. The application of the proposed methodology
could be detailed and further assessed with the use of high resolution digital imagery.
The possible use of the velatura technique, which might be executed in the chromatic
reintegration, was also not considered in the evaluation of the patches detected in the
analysed painting.
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The process of analysis is not fully automatic. It depends on the intrinsic characteristics of the artwork, and on the initial photo-interpretations, to identify on surface the
main patches. The accuracy and quality of the presented methodologies strongly depend on the expertise of the GIS operator in perceiving and modelling phenomena and
transmitting his interpretation of the statistical data produced and expressed by the
Landscape Metrics.
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Abstract. One of the most significant consequences of the introduction of
digital 3D modeling in the Cultural Heritage field is the possibility to use 3D
models as highly effective and intuitive means of communication as well as interface to share and visualize information collected in databases. Due to the
usual complexity of architectural and archaeological artifacts or sites, their digital models need be subdivided in sub-components and organized following semantic definitions in order to facilitate data retrieval. This paper outlines a
methodology to semantically segment complex reality-based 3D models, annotate information and share the results within online open-source tools. The
segmentation stage to subdivide and organize 3D models is based on both automated and manual methods, giving priority to automated procedures that can
ease and speed these steps but not neglecting the user intervention to achieve
accurate results. The segmented 3D models are then visualized in web-based
systems to allow data access to a wider range of users and enlarge knowledge.
The methodology is presented and tested on large and complex reality-based 3D
models of architectural and archaeological heritage structures.
Keywords: 3D modeling, photogrammetry, laser scanning, semantic,
segmentation, web-based visualization.

1 Introduction
During the last years, in the Cultural Heritage field, the availability of digital collections of 3D data acquired and returned in form of 3D reproductions has represented a
fundamental change in our cognitive model and working approach. Indeed the availability of 3D digital replicas, compared to standard 2D photos or video or drawings,
generally communicate in a more effective way information about scenes or objects
that have intrinsic 3D characteristics. Moreover if metric, accuracy and photo-realism
are also taken into consideration, the 3D models are of course a powerful tool in particular for archaeological and architectural applications. Indeed the opportunity given
by the 3D world changes the way we can access and exchange knowledge, leads us to
the recognition of connections and enlarges the possibilities to interpret and analyze
the past. The trend of digitally and faithfully model in three dimensions visual Cultural Heritages helps to simulate reality in a more objective and reliable way and
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 110–124, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Fig. 1. The developed pipeline to (i) create reality-based 3D models, (ii) segment the geometry
according to its sub-elements, (iii) define the hierarchical organization and (iv) visualize the
results with an open-source 3D web-based tool

provides the opportunity to use digital 3D models for different purposes that can
change through time. Recently an interesting opportunity offered by 3D models is to
use them either as visualization container or as highly intuitive interface between
different kinds of information. Given their usual geometric complexity and the possibility to link them to a wide range of data, 3D models can be analyzed in detail, split
in their sub-components and organized following semantic rules in order to ease data
retrieval. For example, following this idea, the Building Information Model (BIM)
and CityGML concept were created to describe building components with respect to
their geometry, topology and semantic information.
The aim of the paper is to show a research pipeline (Fig. 1) developed to allow the
use of reality-based 3D digital models as highly intuitive and effective graphic interface to access, share and communicate different kinds of information related to
Cultural Heritage. The reality-based 3D models are produced with range-based, image-based or CAD modeling techniques. Each 3D model can contains different levels
of geometry and need therefore to be semantically segmented and organized in different ways. As we employ real 3D models of complex scenes, the segmentation is often
user-assisted to better recognize sub-elements and define their hierarchical organization. The semantic models and their components are then visualized in a 3D webbased open-source system to allow geo-referencing, querying and data sharing.
The developed methodology was tested on different digital models (Fig. 2) produced
within previous research projects undertaken for different aims. Results are shown
throughout the article in order to explain recurrent problems and adopted solutions.

2 Reality-Based 3D Modeling
The continuous development of new sensors, data capture methodologies, multiresolution 3D representations and the improvement of existing ones are contributing
significantly to the documentation, conservation and presentation of heritage information and to the growth of research in the Cultural Heritage field. This is also driven by
the increasing requests and needs for digital documentation of heritage sites at different scales and resolutions for successive applications like conservation, restoration,
visualization, education, data sharing, 3D GIS, etc. 3D surveying and modeling of
scenes or objects should be intended as the entire procedure that starts with the data
acquisition, geometric and radiometric data processing, 3D information generation
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Fig. 2. Typical examples of reality-based 3D polygonal models realized for documentation,
conservation and analyses purpose: a) range-based 3D reconstruction of an underground frescoed Etruscan tomb in the UNESCO site of Tarquinia, Italy; b) range-based 3D model of a
corner mask in the UNESCO archaeological area of Copan, Honduras; c) CAD 3D model of the
House of the Surveyors of Claude-Nicolas Ledoux; d) aerial image-based 3D reconstruction of
the Angkor Wat temple, Cambodia; e) image- and range-based 3D model of the law code inscription in Gortyna, Crete; range-based 3D survey of a medieval castle in Trentino, Italy

and digital model visualization. A technique is intended as a scientific procedure (e.g.
image processing) to accomplish a specific task while a methodology is a combination of techniques and activities joined to achieve a particular task in a better way.
Reality-based surveying techniques (e.g. photogrammetry, laser scanning, etc.) [1]
employ hardware and software to metrically survey the reality as it is, documenting in
3D the actual visible situation of a site by means of images [2], range-data [3, 4],
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CAD drawing and maps (5), classical surveying (GPS, total station, etc.) or an integration of the aforementioned techniques [6, 7, 8]. Non-real approaches are instead
based on computer graphics software (3D Studio, Maya, Sketchup, etc.) or procedural
modeling [9, 10] and they allow the generation of 3D data without any metric survey
as input or knowledge of the site.
2.1 Range-Based 3D Reconstruction
Optical range sensors like pulsed (TOF), phase-shift or triangulation-based laser
scanners and stripe projection systems have received in the last years a great attention,
also from non-experts, for 3D documentation and modeling purposes. These active
sensors deliver directly ranges (i.e. distances thus 3D information in form of unstructured point clouds) and are getting quite common in the heritage field, despite their
high costs, weight and the usual lack of good texture. During the surveying, the instrument should be placed in different locations or the object needs to be moved in a
way that the instrument can see it under different viewpoints. Successively, the 3D
raw data needs errors and outliers removal, noise reduction and the registration into a
unique reference system to produce a single point cloud of the surveyed scene or
object. The registration is generally done in two steps: (i) manual or automatic raw
alignment using targets or the data itself and (ii) final global alignment based on Iterative Closest Points (ICP) or Least Squares method procedures. After the global alignment, redundant points should be removed before a surface model is produced and
textured. Generally range-based 3D models are very rich of geometric details and
contain a large number of polygonal elements, producing problems for further (automated) segmentation procedures.
2.2 Image-Based 3D Reconstruction
Image data require a mathematical formulation to transform the two-dimensional
image measurements into three-dimensional information. Generally at least two images are required and 3D data can be derived using perspective or projective geometry
formulations. Image-based modeling techniques (mainly photogrammetry and computer vision) are generally preferred in cases of lost objects, monuments or architectures with regular geometric shapes, small objects with free-form shape, low-budget
project, mapping applications, deformation analyses, etc. Photogrammetry is the primary technique for the processing of image data. Photogrammetry, starting from some
measured image correspondences, is able to deliver at any scale of application metric,
accurate and detailed 3D information with estimates of precision and reliability of the
unknown parameters. The image-based pipeline steps can be performed in an automated or interactive way, according to the user requirements and project specifications. Accurate feature extraction from satellite and aerial images is still a manually
driven procedure while in terrestrial applications more automation is available for
scene 3D reconstruction. Fully automated 3D modeling methods based on a 'structure
from motion' approach [11, 11, ARC 3D Webservice, Microsoft Photosynth, Autodesk Photofly) are getting quite common in the 3D heritage community, although
primarily useful for visualization, object-based navigation, annotation transfer or
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image browsing purposes and not for metric and accurate 3D modeling purposes. The
dense 3D reconstruction step can instead be performed in a fully automated mode
with satisfactory results [13, 14, 15]. But the complete automation in image-based
modeling is still an open research's topic, in particular in case of complex heritage
scenes and man-made objects [16] although the latest researches reported quite promising results [17].
2.2 CAD-Based 3D Reconstruction
This is the traditional approach and remains the most common method in particular
for architectural structures, constituted by simple geometries. These kinds of digital
models are generally created using drawings or predefined primitives with 2D orthogonal projections to interactively build volumes. In addition, each volume can be
either considered as part of adjacent ones or considered separated from the others by
non-visible contact surfaces. Using CAD packages, the information can be arranged
in separate layers, each containing different type of elements, which help the successive segmentation phase. The segmentation, organization and naming of CAD models
and their related sub-components generally require the user’s intervention to define
the geometry and location of subdivision surfaces, as well as to recognize rules derived e.g. from classical orders.

3 3D Model Segmentation
The segmentation of a polygonal model consists in the decomposition of the 3D geometry into sub-elements which have generally uniform properties. The semantic
segmentation should be ideally performed fully automatically to imitate the human
visual perception and the decision intents. But in most of the applications (Cultural
Heritage, 3D city models, etc.) the user intervention is still mandatory to achieve
more accurate results. Following [17], the main reasons that limit the automatic reconstruction of semantic models are related to:
•
•
•
•

the definition of a target model which restricts object configurations to sensible
building structures and their components, but which is still flexible enough to
cover (nearly) all existing buildings in reality;
the geometric and radiometric complexity of the input data and reconstructed
3D models;
data errors and inaccuracies, uncertainty or ambiguities in the automatic interpretation and segmentation;
the reduction of the search space during the interpretation process.

The interpretation and segmentation of a 3D model allow to generate a topologically
and semantically correct model with structured boundary. The 3D geometry and the
related semantic information have to be structured coherently in order to provide a
convenient basis for simulations, urban data analyses and mining, facility management,
thematic inquiries, archaeological analyses, policies planning, etc. The CityGML,
conceived as target data format, fulfills all these requirements and became the standard
approach for 3D city models [18].
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Fig. 3. Example of automated segmentation of complex and detailed polygonal model: a fast
but inaccurate segmentation can be improved with geometric constraints and manual refinements to separate the narrative elements

In the literature, the most effective automated segmentation algorithms are based
on 3D volumetric approaches, primitive fitting or geometric segmentation methods.
While the former two approaches segment meshes by identifying polygons that correspond to relevant feature of the 3D shape, the latter segments the mesh according to
the local geometrical properties of 3D surface. In the field of Cultural Heritage, the
segmentation of digital 3D models is useful for a large number of applications. For
example, segmented models and their sub-elements can be used in searchable databases or can be labeled and used in knowledge ontology contexts [20]. Moreover,
segmentation of restored archaeological finds can suggest different locations of subelements and therefore can help to review facts and interpret history [21]. A comparative study between some segmentation algorithms and related applications have been
presented in [22], where only visual results were presented, without any quantitative
evaluation of the algorithm’s effectiveness. In [23] a more complete and to-date review of mesh segmentation techniques is presented. A fully automatic protocol for the
quantitative evaluation of 3D mesh segmentation algorithms aimed at reaching an
objective evaluation of their effects are shown in [24, 25]. In particular, they provided
3D mesh segmentation benchmark in order to help researchers to develop or improve
automatic mesh segmentation algorithms. But the offered case studies were rather
different and simpler from the wide range of possible cases usually encountered in
Cultural Heritage applications. As automation cannot provide for satisfactory results
in all the possible dataset, [26] developed a methodology which combines different
automatic segmentation algorithms with an interactive interface to adjust and correct
the segmented polygonal models.
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Our methodology follow also these concepts and uses a combination of automated
and interactive segmentation tools according to the 3D model and its complexity
(Fig. 3). The methodology is not aiming at the fully automation as reality-based 3D
models are generally very complex and detailed and there is no automated procedure
able to deal successfully with all these models. Furthermore the segmentation is generally performed according to rules or specifications given by archaeologists or architects and differs for each project. Therefore the user intervention is generally not
neglected in order to derive correct subdivisions of the polygonal models.
The segmentation procedure performs:
•
•
•

an automatic geometric separation of the different mesh portions using surface
geometric information and texture attributes;
a manual intervention to adjust the boundaries of the segmented elements
an assisted annotation of the sub-elements that constitute the segmented 3D
model.

Fig. 4. Segmentation of a stone wall of a castle (Fig.2-f) with small surface irregularities. a)
result derived aggregating the main surface orientations; b) result of the segmentation following
planar adjacent faces.

The geometric segmentation requires recognizing the transition between the different geometric elements of a 3D model. Automatic procedures to select and group
faces of 3D models are available in common modeling packages (Maya, 3DS Max,
Rhino, Meshlab, etc.). Faces can be separated and grouped using constraints such as
inclination of adjacent faces, lighting or shading values. The surface normals are
generally a good indicator to separate different sub-elements , when semi-planar faces
need to be separated from reliefs (Fig. 4 and Fig. 5).
The detection of lighting or texture transitions can be instead eased applying filters
or using edge detector algorithms. This can be quite useful in flat areas with very low
geometric discontinuities where the texture information allow to extract, classify and
segment figures or relevant features for further uses (Fig. 6).
For the correct hierarchical organization and visualization of the segmented subelements, a precise identification of the transition borders in the segmented meshes is
required. For complex geometric models constituted by detailed and dense meshes,
the manual intervention is generally required. Another aspect that has to be considered during the geometric segmentation of complex and fully 3D models is related to
the possibility of subdividing only visible surfaces or to build complete volumes of
sub-element models, modeling also non- visible closure or transition surfaces.
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Fig. 5. a) Image of the law code in Gortyna (Fig.2-e) with symbols of ca 3-4 mm depth; b)
close view of the 3D textured polygonal model; c) automatic identification of the letters using
geometric constraints; d) final segmentation and vectorialization of the letters

Fig. 6. a) The 3D model of an underground frescoed Etruscan tomb (Fig.2-a); b) filters to detect
edges on the texture information of the 3D model; c,d) ease of lighting transitions and final
segmentation of the polygonal model

This is for example the case of architectural buildings where interior rooms need to
be divided from other geometric elements to fully semantically segment the available
3D model.
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The semantic segmentation of a geometric 3D model is followed by the assignation
to each sub-element of characteristics and information which need to be represented,
organized and managed using advanced repository of geometric and appearance components to allow visualization and interaction with the digital models as well as database queries.

4 3D Model Visualization and 3D Web-GIS
3D models can be used as graphical interfaces and containers for different kinds of
information that are usually organized and collected in 2D databases. This is also one
of the most interesting need and requirements of 3D geo-browser where the simple
visualization should be associated to query functionalities and data retrieval. These
would be the typical functions of actual GIS packages which are no more sufficient
when dealing with detailed and complex 3D data. A “3D repository” can be considered an informatic tool able to:
• handle geographical features (e.g. landscapes) as well as data more complex
than a 2.5D surface (e.g. architectural or archaeological 3D models);
• allow queries and spatial data analyses, possibly via web;
• support multi-users access and interaction, multi-resolution data (LOD) and
multi-representation.
In the literature different authors presented possible solutions for 3D data management
and visualization [27, 28, 29, 30, 31, 32, 33]. Despite the great research work, nowadays
almost no powerful, reliable and flexible package with all the aforementioned capabilities is available. In the video-games domain some packages or development tools are
present, adaptable to 3D geo-data and web-based applications (e.g. Unity3D, OSG,
OGRE3D, OpenSG, 3DVIA Virtools, etc.) but with limited capabilities for loading and
displaying large and complex 3D models. In [34] Google Earth has been used as 3D
GIS web-based solution for architectural 3D models while [35] uses the NASA World
Wind to deliver a web-based 3D and OGC compliant solution capable to provide interoperable access to geographical information and geospatial processing services. Nowadays a common information model is also the City Geography Markup Language
(CityGML), a concept for the modeling, visualization and exchange of 3D city and
landscape models that is quickly being adopted on an international level [19]. Unfortunately at the moment CityGML seems to be unable to support high-resolution architectural and archaeological 3D models as the supported geometric entities are still limited
to more simple and standard representations although some Application Domain Extensions (ADE) are available or under development.
The aim of enlarging knowledge and allow access to a wide range of users has
guided our work towards web-based open source tools which represents a cost effective
solution for both servers and clients. Moreover, the possibility to geo-reference digital
models and make them available online in order to increase the coverage on virtual
globes (i.e. using Google Earth) has encouraged our work towards a cooperation system. The developed visualization methodology is based on the O3D technology, a webbased application which allows a completely free interactive exploration of segmented
3D models. The O3D technology is an open-source JavaScript implementation launched
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in 2009 by Google in order to create interactive 3D applications inside a web browser.
O3D is actually evolving as a library that runs on WebGL, a 3D graphics API based on
OpenGL, recently improved thanks to the development of some projects (as, for example, the Angle Project, http://code.google.com/ p/angleproject/) aimed at running
WebGL also on computers without OpenGL drivers installed. The O3D choice was
reinforced by the awareness of the possible developments of Google’s services due to its
widespread and to its efforts towards content sharing. Indeed the development of projects like Google Earth and SketchUp demonstrates the wish to let users create and
interact with 3D contents in a single context (the virtual globe). Using O3D the user has
the possibility to geo-reference 3D models upon the most well-known free geographic
information program (i.e. Google Earth) which is constantly improved and enriched
with 3D contents. O3D provides also a solution to reduce 3D models file size and speed
up the transmission of 3D data. Indeed, when dealing with reality-based 3D models,
geometry and texture are generally very heavy, with large memory consumption. Their
loading via web can therefore constitute a bottleneck during the online visualization.
Despite the fact that O3D is not supporting many 3D file formats, its proprietary format
(o3dtgz) allows a compression rate up to 1/3 of the original file size and so the possibility to interactively display even large and complex textured 3D models via web. The
typical pipeline to import and visualize segmented 3D models is based on the COLLADA format which is then converted into the O3D gzipped tar file (o3dtgz) with a
JSON file describing the scene and the textures. The model is finally loaded inside the
O3D viewer for visualization, interaction and database (DB) queries. Indeed O3D allow
to link the segmented 3D models with any kind of information (like drawings, maps,
images, videos, text, databases, etc.) and query external DB system (PostgreSQL,
ORACLE, etc.).

Fig. 7. A segmented 3D model of the frescoed tomb in Tarquinia (Fig.2-a) and its visualization
in O3D

5 Further Experiments
The idea of choosing a Claude-Nicolas Ledoux’s architecture (Fig. 2-c) as case study
is primary due to the important role of this architecture within the debate upon the use
of classical orders in architectural composition and the consequent possibility of a
semantic organization of these kinds of digital models. Both in Ledoux’s built and
non-built visionary architectures, it is possible to recognise clear proportions and
composition codes derived from the classical orders, so that each architecture is ruled
following a specific hierarchy.
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Fig. 8. CAD model of the House of the Surveyors by C.-N. Ledoux (a). Segmentation derived
from classical orders and architectural information (b). Detail of the segmented level 0 of the
house (c). Main organization of the segmented model with its sub-elements: for each level, the
corresponding rooms with ceiling, floor and walls (d).

The semantic organization of these kinds of buildings can therefore take these rules
into consideration in order to subdivide and name each single sub-element or groups
of elements. The Ledoux’s building model was subdivided both following geolocation rules based upon a local reference system and principles derived from classical architectural orders. The complexity of this model also required the numbering of
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Fig. 9. Visualization of the House of the Surveyors inside a web-browser using the O3D technology. The digital model is accessible through the hierarchical graph that shows the subelements in which the CAD model has been semantically segmented. On the right, 2D drawings
and other information are linked to the model.

sub-elements that corresponds to their orientation related to the reference system
(Fig. 8). Within the O3D web viewer, the segmented model of Ledoux’s building was
linked to text documents and drawings for consultation and fruition (Fig. 9).

Fig. 10. Manual segmentation and naming of portions of the image-based Angkor Wat temple
with its hierarchical graph
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The Angkor Wat temple (Cambodia), was digitally reconstructed using aerial images. The successive semantic classification was performed selecting homologues
areas based upon the naming of single buildings or their functions (Fig. 10). The
model can be then visualized as entire entity or as single sub-elements thanks to the
hierarchical graph that shows its semantic organization. The geo-referenced and segmented 3D model is finally display using O3D, which allow also a link to Google
Earth or Google Maps or to any kind of external database (Fig. 11).

Fig. 11. Visualization and geo-referencing of the Angkor Wat temple inside O3D, Google Earth
and Google Maps, with its related sub-elements and attributes

6 Conclusions
Despite the great development and widespread use of reality-based 3D models, the
heritage community is still missing precious and reliable tools to semantically segment, connect, analyze, visualize and share different kinds of information related and
belonging to 3D heritages.
In this article the semantic organization of 3D information and its access through
an online graphical interface was realized with a collaborative work to realize reliable,
efficient and flexible tool usable by different and non-expert users. Besides the management of information through digital models, this paper showed the possibility to
interact with complex and detailed 3D models, segment them and visualize the results
with an online viewer. The tendency to use automatic procedures in order to subdivide geometric entities is generally not very appropriate when dealing with complex
reality-based 3D models, therefore the user interaction should not be neglected. The
use of O3D, an open-source web API for creating rich and interactive 3D applications
inside browsers, clearly showed the purpose of sharing information with other users
or project partners and to contribute to the building of a whole virtual globe conceived
as a single graphic interface to various databases.
Further developments of our methodology are represented by the insertion of a tool
to query external database (DB) containing scene attributes and visualize the results
through the same interface. Planned to be realized are (i) the implementation of tools
for the metric evaluation of the segmentation procedure, (ii) a GUI for the direct selection of single sub-elements inside the web viewer and (iii) a procedure for the
dynamic visualization of large models using different levels of detail (LOD).
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Abstract. Modern high resolution 3D-measuring techniques are widely used in
quality control and industrial production, because they allow precise and reliable inspection of objects. Their potential to monitor surfaces, however, must
not be restricted to industrial objects. Also in cultural heritage applications a detailed and reliable spatial description of surfaces is often useful and opens up
new possibilities for conservation, analysis or presentation of objects.
In the actual work we have considered Buddhistic stone inscriptions (8th12th centuries) which are important cultural assets of China. They need to be
documented, analyzed, interpreted and visualized archaeologically, arthistorically and text-scientifically. On one hand such buddhistic stone inscriptions have to be conserved for future generations but on the other hand further
possibilities for analyzing the data could be enabled when the inscriptions
would be accessible to a larger community, for instance the understanding of
the historical growth of Buddhism in China.
In this article we show innovative techniques for the documentation and
analysis of stone inscriptions located in the province of Sichuan - south-west of
china. The stone inscriptions have been captured using high precision 3Dmeasuring techniques what produces exact copies of the original inscriptions
serving as base for further processing tasks. Typical processing might be directed towards an improvement of the legibility of characters or may try to
automatically detect individual letters, to automatically identify certain text passages or even to characterize the written elements with respect to a potential
style of the monk or the executing stonemason. All these processing steps will
support the interpretation of the inscriptions by the sinologists involved with the
analysis and evaluation of the texts. The concept and features of the image
processing applied on the captured inscription as well as the aims and the effect
of an interpretation based on algorithms for identifying and analyzing the inscriptions are demonstrated. In order to present the outcome to a large community, the results of the stone inscription reconstruction, the done interpretation
and additional 2D / 3D maps are published within an interactive web platform.
Keywords: 3D scanning, 3D computer graphics, image processing, Sutra,
template matching.

1 Introduction
The development of culture in eastern Asiatic countries, especially china, has been
widely influenced by Buddhism, why knowledge about his dissemination over time
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 125–139, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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and space is an important factor for historical investigations. Unfortunately buddhistic
teachings were originally based on verbal communications and cannot be directly
observed from today’s viewpoint. This changed over time and the monks started to
write down their texts, which are called Sutra. A Sutra is usually concerned with a
certain topic as for example with the perfection of the wisdom, which is brought out
as a central theme in the Diamond Sutra and in the Heart Sutra.
Sutras are already published in the 1st century AD using wood panel printing techniques. For a permanent preservation buddhistic monks began to engrave the Sutras
into stones. These Sutras give an incomparable view into the groves of the Buddhism
[1], why our project “3D-Sutra” tries to document the texts and to present them to the
scientific public. The goal of our research project is the documentation, improvement,
analysis and interpretation of these important Chinese inscriptions on an archaeological, art-historical and text-scientifical base. This project is an interdisciplinary
cooperation of experts from different disciplines like sinology, cartography, geoinformatics and surveying.
Inside this cooperation we have three different parts. The central one is the sinological research dedicated to interpret and evaluate selected buddhistic texts. This
will be supported by modern techniques for data collection, presentation and dissemination. Therefore it is the task of the two other parts to develop, integrate and apply
the technological base to collect and process data captured for the Sutras. Here we
distinguish between the capture of precise and detailed digital 3D copies of texts, their
processing for enhancement and analysis and, as a third part, their integration into a
web based geographical information system, what allows to visualize, disseminate
and present the results to the scientific public.
The main objects can be found in the province Sichuan, where approximate 80 Sutras with more than 600,000 characters are located at six different sites. These Sutras
light up the history of the Buddhism in China from another side and clarify its growth,
thus its adaptation to the Chinese culture and its conflict with the secularized state [2],
but are so far not very well studied by Chinese side.
In order to document the buddhistic stone inscriptions high resolution structured
light 3D scanning will be used. Such scanning data provides precise virtual copies and
makes the texts accessible to computer based treatments. Especially due to the spatial
characteristics, the digital models might be virtually analyzed using 3D computer
graphics based processes as texture, lighting and shading. This allows a close-toreality presentation of the Sutra and individual analysis steps without the need to
access the original, but with quality potential close to a real work in front of the rocks.
The original 3D data needs to be processed in order to optimize the value for the
user. This comprises some preprocessing which is indispensable due to structure and
volume of the data, and also conversions into special products are necessary to support subsequent interactive analysis steps. Also special processing algorithms are
required to improve the legibility of the texts and to allow an acceleration of the text
decoding or to contribute by structural analysis procedures, which might allow an
analysis of certain characteristics of individual characters.
Finally algorithms could support and assist the interpretation of the buddhistic inscriptions by the sinologist. Each Sutra character within the processed 3D data will
then be automatically transformed into machine-encoded character. Additionally the
sutra characters will be analyzed under calligraphic aspects. The calligraphic analyses
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allow the sinologists to distinguish different authors and manufacturers and therefore
to conduce to recent conclusions concerning the buddhistic inscriptions.

2 Precise 3D-Data as Base for the Documentation of Inscriptions
Until now stone inscriptions have been documented by manually prepared copies
(rubbings), which represent an analogue copy of the stones surface and its features,
done on paper [2]. These copies are realized by stitching a paper on the stone and by
use of a carbon pencil which is smoothly moved over it. Like this, the engraved inscriptions are copied onto the sheet of paper. As a result, all parts in contact to the
wall appear in black, while the engraved inscriptions remain white. The disadvantage
of this technique is that the physical impact damages the stone and its inscriptions.
These problems will be avoided by non-contact 3D measuring techniques, like
fringe projection, for example. But the advantages of modern 3D techniques are not
limited to an objective documentation capability. Simple changes of the equipment
may change scale and resolution comparably and allow further documentation approaches. So, precise detailed models might be complemented by local and regional
models permitting further analysis processes and spatial considerations thus extending
the potential for art-historian research.
With respect to the high resolution 3D technique the data collection provides an
exact geometrical copy of the original inscription offering better results in legibility of
each character compared to the traditional rubbing (see Fig. 1). Moreover it gives a

Fig. 1. Comparison of rubbing (left) and processed results of the fringe projection (right)
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more objective base for analysis and has less impact onto the sometimes sensitive and
eroded surfaces. Furthermore the 3D data of the Sutras allows more and other possibilities in processing and gives better preconditions for the interpretation, which
might use the knowledge about the position of individual text passages inside a Sutra
and its geometrical relation to other text parts. Such local analysis steps can simply be
developed based on precise geometrical information to the texts and the signs inside
as provided by a 3D-scanning.
In addition to such narrow and local geometrical and relational investigations the
content of Sutra might also be connected in a more global scale. That is why it is of
general value to use further measuring techniques in the field in order to optimize the
framework for the documentation and analysis of art-historical objects [3].
Local and regional investigations can easily be realized based on terrestrial laser
scanning. In our context it is used to capture the 3D geometry of the environment
around the inscriptions. The resulting 3D point cloud documents the topography so
that the relative position of larger texts can be expressed. Also precise 3D models can
be created (e.g. Fig. 2), which might be used to analyze the spatial relationships of the
sites and allow to visualize the objects in a virtually environment.

Fig. 2. 3D model of the topography - the laying Buddha in Wofoyuan, Sichuan

As best solution for high resolution scans fringe projecting system have to be selected. They allow to capture 3D geometries in sizes of less than 1 m³. It offers a
close-to-detail 3D point cloud of the inscriptions [4] and provides various possibilities
in data processing and supports the interpretation by different methods of 3D visualization [5] as shown in Figure 3.
In our case the stone inscriptions have an extension of up to 3x4 m each, why the
lateral resolution has to be restricted to about 0.25 mm. With respect to the typical
size of characters (~1 cm²) this gives about 1500 to 2500 3D pixel for an individual
letter. A more detailed capture would considerably increase the effort for the field
work and also produce really huge data sets. Nevertheless it is of interest, to monitor
some exemplary parts with higher resolution, to show the improvement of the potential for structural analysis steps dedicated to find individual characteristics correlated
with the monks or stonemason responsible for the gravure.
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Fig. 3. 3D model of the inscription wall with Buddha figures

Beside laser scanning and structured-light 3D scanning other techniques like Polynomial Texture Mapping (PTM), Stereo Photogrammetry and Panoramic Photography
have been used for the documentation of the inscriptions and their environment. They
represent an alternative with different information content and use [6]. These
techniques can be an alternative if an object is not accessible with the high-tech
equipment. In that case Stereo Photogrammetry offers good visual information and a
precise basis for measuring, but needs good contrast for optimal results. This might
not be the case for damaged and eroded characters. Also, the spatial information is
only implicitly included, why it might be necessary to apply manual or automatically
post processing when the spatial information of the character is explicitly needed.
Polynomial Texture Mapping (PTM) mainly provides a plastic visualization which
is used for the manual interpretation [7]. PTM is used for displaying an object under
various lighting direction. The PTM is created by photographing an object multiple
times with various lighting directions. These PTMs provides a deeper look onto each
character which supports the interpretation of the inscription in an additional way.
However, this kind of data is only two-dimensional.
The outcome of the different types of datasets (e.g. terrestrial laser scanning, fringe
projection, etc.) is published within an interactive web application [8]. A large community gain access to the results of the reconstructed stone inscriptions and its interpretations as well as to additional 2D / 3D map.

3 3D – Processing of Digital Sutras
As result from the data capture the digital Sutra will be represented as a really detailed
and fine 3D-mesh of points expressed in a triangulated irregular network (TIN). This
might give some complications for further processing steps. On the one hand the data
format of TIN’s is not very storage efficient as it needs to model the relation between
individual points and thus integrates link data pushing the storage volume upward, on
the other hand algorithms available mainly originate from the field of terrain processing and then focus more on morphological treatments which are not of interest here.
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That is why an effective use of these data needs to integrate an initial processing
which tries to condense the data and to prepare it for further analysis steps. Such a
pre-processing comprises reducing of the data volume, minimizing disturbing influences and emphasizing relevant information. The preparation of the data should offer
a good base for a manual interpretation performed by the sinologist and also serve as
base for an automated interpretation achieved by algorithms like template matching
[9]. On the other hand the data should be prepared for a presentation to a wider community via internet with a good performance.
3.1 Volume Reduction
Due to the high resolution – the texts will be represented by spatial elements of fractions of millimeter in size - areas of some square meter will generate millions of spatial elements, which have to be handled and processed. Thus it is essential to have a
closer look into aspects of data reduction and / or efficient data handling. Therefore
additional processes have been applied allowing reducing the data volume, to minimize interfering influences as well as to enhance the relevant information.
As additional aspect, the size of the data has to be checked with respect to the
needs of a web based publication. A native 3D model of an inscription of 2x2 m² may
result in a data volume of ~4.32 GByte, when a spatial resolution of 0.25 mm will be
used. This amount of data cannot be transferred over the internet in an acceptable
manner. The data volume has to be reduced considerably before it might be transferred to the client in a common rate.
As conventional compression algorithms result in a loss of information, more intelligent strategies are necessary. In this context only the individual letters are important
for us. As the spatial characteristics of the rock itself has many times higher variations
than the texts themselves only special approaches lead to considerable improvements
[10]: The spatial background information has to be eliminated leaving only spatial
variations for each individual element of the inscription. This will be achieved by
planes fitted into the model and the projection of the original 3D points onto this reference plane. In principle, this corresponds to a transformation of the complex 3D
data into a 2½D space. Based on the 2½D data we can apply common image processing tools and generate a raster based model, called Digital Elevation Mode (DEM),
without having a substantial information loss. The possibility to use procedures from
digital image processing furthermore simplifies following steps and avoids the handling of a complex vector based 3D model. Furthermore we are able to reduce the
volume of raster data by a factor 100 (4.3 GByte to 40 MByte) which is impossible to
be achieved by other compression strategies.
3.2 Structural Enhancement
From the prior step mainly the data volume has been considerably reduced, however
the storage of 2.5D DEM image data does not provide an ideal base for the interpretation because the small spatial structures as to be found for the characters will be suppressed by the overall morphological structure inside a Sutra (see Fig. 4). Thus the
characters are represented by less information, why the influence of the walls surface
has to be removed by further processing steps.
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Fig. 5. Processed DEM of the inscription
wall with Buddha figures

Inside this further treatment we distinguish three main image processing steps.
These comprise a) the transformation of the 2½D data into a local height system, b)
the elimination of the surface topography and c) a further compression of the data set.
By the unevenness of the walls and sometimes existing fractures in the walls large
differences in height are present. Most imaging applications are just able to handle
8bit per image channel. This leads in the raster based DEM to the fact that the substantial information of the engraved characters on the walls are not recognizable. For
this reason an image normalization algorithm is accomplished, whereby a smoothed
variant of the raster-based DEM is subtracted from the original.
A very important part of this step is the filtering algorithm used for the smoothing
operation. The intention of the smoothing operation is to get a model of the wall
within all its characteristics but without the engraved character. Thus it separates the
characters from the wall by subtracting the original and smoothed images. The properties of the filtering algorithm are clearly defined. The type of the filter is a low-pass
filter with a small size so that it filters the image in a local way. Furthermore it has to
be applied several times to even all characters the weathered one as well as the wellpreserved one. In different analysis it clarifies that the size and number of appliances
which provides best results is a low-pass filter with size 11x11 pixel and number of
appliance of 6 (cp. Fig. 6 and Fig. 7). The high number of appliances (in our case 6)
can also be replaced by using a large combined filter and applying it once. However
the combined filter is not used because the other proceeding is less complicated to
create and implement. These properties conduce to highly smoothed characters and
less smoothed sites of fracture.
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Fig. 6. 3x3 filter applied two times

Fig. 7. 11x11 filter applied six times

By subtracting both images, the original and the smoothed one, the heights are
transferred on the basis of absolute heights related to the local coordinate system of
the cave into relative heights related to the smoothed raster based DEM. Thus it is
reached that mainly the small differences in height are left which contains the wellpreserved and weathered characters as well as the roughness of the surface. Caused by
the bad handling of boundary pixels in the smoothing operation some large differences in height still exist but without containing any substantial information. As an
intermediate result the improvement of the legibility of the characters can be emphasized, but at this point a huge amount of gray scale values got lost for displaying irrelevant information.
This fact requires the second processing step. With the help of a histogram clamping the engraved characters are extracted as relevant information whereas the difference in height of the wall is limited. This limitation of the height range goes back on
limit values, which are defined by means of statistic values.
Defining the limits of the second processing step influences the appearance of the
image and therefore the legibility of the characters. Thus the tasks are to define the
extent or the placement of the substantial information in the histogram of the images
so that an extraction of the characters is enabled. The analysis of the histogram and
statistics of the images leads to a definition of the limits based on statistic values,
because of adapting best to the properties and characteristics of each image. The standard deviation is an appropriate value to define the limits but it separates a range of
height still being to large. By reducing the standard deviation to a fraction a range of
height can be defined representing only the relevant information. This conduces to an
upper limit accepting a value of plus an eighth of the standard deviation and a lower
limit receiving a value of minus an eighth of the standard deviation.
The application of these defined limit values reduces the complete height differences to a representation of the characters and the surface of the wall. All heights
lower and higher than the limits are replaced by the limits itself so that these areas in
the raster based DEM are flattened. The raster based DEM is limited to a difference in
height from before approx. 100 cm to now approx. 3 cm. Thereby the influences resulted from subtracting the original and smoothed image are minimized and the characters are emphasized, the well received and the weathered ones.
Finally by a histogram stretching it is reached that the extracted height range of the
raster-based DEM is transferred on the grey value range of an 8-bit and/or 16 bit image (see Fig. 5 and cp. Fig. 4). This process step allows a reduction of the data volume
and the color depth.
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The implementation of the histogram stretching is based on the standard function
for transferring grey values. By using the minimal and maximal grey value of the
image all grey value are stretched to the required range of grey values from 0 to 255 /
0 to 65536. This conduces to the fact that differences in height less than 1 mm can be
differentiated and so the characters itself are rich in contrast. The general problem
resulting is that not only the well-preserved and the weathered characters are emphasized but also the roughness of the walls surface. Because of their differences in
height which contain the same range in the weathered characters and the roughness of
the walls surface these characters can barely be differentiated.
However the processing steps provide an enormous increase of the legibility of the
characters and a good base for the manual and automated interpretation and for the
visualization of the data via internet. Because of the data structure and the quality of
data a further processing can be accomplished using simple image processing libraries
for implementing the algorithms for automated interpretation and for realizing the
planned web application.

4 Data Analysis Based on Image Matching Steps
Due to the fact, that the digital Sutra are finally expressed by 2½D raster data the
whole list of algorithms and concepts useful to analyze and automatically evaluate
such image data are accessible for further processing steps. Such steps might be directed towards an automation of manual interactions like character identification or
may serve for an automated interpretation of text passages or even perform an analysis of individual characteristics within written letters, which find their expression in
geometrical or structural features. All these strategies try to simplify or accelerate the
process of interpretation by the user or help to derive information, which cannot be
generated by a visual inspection and therefore enriches or extends the base for an
evaluation of the texts found.
4.1 Automatic Character Recognition
Automatic character recognition is especially of interest, because the manual interpretation of the inscription, which is the main task of the sinologists, produces large
effort. This manual process is divided into reading, translating and extracting the
information of each character like size and position in the documented inscription.
According to the mass of inscriptions (approx. 80 Sutra) and characters (approx.
600,000) this procedure is almost impossible to be solved within reasonable time.
That is why a more automatic interpretation would largely speed up the evaluation of
the texts.
Having in mind, that the raster images of the texts represent 2½D data the selection
of an algorithmic strategy is strait forward. 2½D data which result from a transformation onto the global surface geometry of the walls containing the characters can be
seen as an orthophoto with the engraved structures as object information. This is free
from any kind of geometrical bias, why it is sufficient to find an appropriate algorithm
for the comparison of the engraved structures. Consequently simple template matching can already serve for the processing required.
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One general advantage of template matching is its robustness with respect to radiometric influences leading to a reduction of the uniqueness of individual letters. As
shown in Figure 8 results are satisfying even in case of lower thresholds. In the upper
left an image window is shown which has be manually selected as a representative
template for this letter. Below the graphical representation of this sign as derived from
the Unicode value is shown. These two representations correspond very well, although small structural differences with respect to length and orientation of the
graphical elements forming the sign have to be noted. They express individual characteristics of the hand writing for the person having engraved the signs. These differences may cause difficulties for the matching process as far as they are not as small as
shown in this example. It is therefore better to rely the matching process on real data
selected by an operator prior to the matching step.

Fig. 8. Automatic character extraction using template matching (e.g. for the character

作, “create”)

Other risks for an eventual failure of a template matching arise from potential
losses of structural information inside the windows. This might primarily happen due
to surface degradations caused by erosion of the surface. This occurs easily, when the
walls with the texts are exposed to environmental factors like water or when the stone
itself is composed of soft material (e.g. sandstone). But even then, a template matching helps to find characters, as can be found from figure 9. This graphic shows results
for a search of the sign for Buddha (佛) and gives an impression of the degradation,
which is accepted by the matching. It is clear, that the robustness is correlated with
the number of elements inside a character. The more characteristic is the structural
information, the higher is the tolerance and robustness of matching.
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佛

Fig. 9. Group of extracted characters using template matching for the Buddha ( ) character;
Top: DEM image. Bottom: slope model

4.2 Automatic Extraction of Text Passages
The previous shown recognition process allows to locate individual letters, what already largely helps to reduce manual interaction. Nevertheless there is at least human
interaction necessary, when the reference window has to be selected. In addition, this
step has to be done for each letter within the alphabet represented in the text passage
under treatment. As the number of different letter inside text passages of some hundred letters is limited this might be tolerable.
However, there is an improvement of this process possible, when existing additional information is used. This additional information is located inside a database
called “Taisho”, which contains a digital library of those Sutra texts already having
been found and translated from other sources. As monks in general made use of
common buddhistic knowledge and teaching during their missionary work, they
mainly distributed known texts with their engravings, aiming to communicate these
texts into foreign regions. That is why such libraries serve as a good first base for the
interpretation and many of the texts found on the walls have their correspondence
inside the libraries.
This leads to a second kind of processing, which integrates the information from
“Taisho”. This is done in an iterative mapping of text sequences found onto the libraries. This mapping tries to identify text streams inside the libraries, which have been
found on the wall. It stops, as soon as the subsequent passages from “Taisho” and
wall correspond also, showing that the right text inside the libraries has been selected
for the comparison.
Therefore, the matching process locates in a first step some individual characters and
searches for their counterparts within the reference library. A comparably small number
of connected letters already defines unique text passages, which then can definitely be
found in the reference. The idea of this processing is to merge the power of matching
algorithm applied to well-preserved characters with the knowledge contained in the
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reference library. The matching might be based on natural templates extracted from the
processed data or onto generic templates provided by Unicode characters defined in the
Chinese alphabet (see Fig. 8).
After the right text passage could be identified from “Taisho” the comparison continues in order to find differences between the library and the engraved texts. These
differences are very important for the interpretation process, because they tell about
individual messages integrated by the monk and give a deep view into changes and/or
individual characteristics of buddhistic teaching.
4.3 Computer Based Identification of Individual Text Characteristics
As individual modifications of text passages give spot lights onto the monks and their
teaching, texts may also contain individual optical characteristics just allowing to
group text passages into common areas belonging to different monks or stonemasons.
It is similar to individual styles in hand writings for European cultures.
Such individual characteristics could be found in structural changes of individual letters and therefore will be open for template matching also, as long as the changes are
significant and provide sufficient information for a reliable grouping of different instances of a letter. But as these changes are unknown beforehand, they have to be found
based on a search dividing individual letters into characteristic structural elements.
Such structural elements can be derived from the knowledge about the process of
engraving, which tells, that these sign consists of a limited number of lines with varying length and orientation.
Thus a calligraphic feature space will be constructed which has to be filled with the
information of each letter. This information is generated by a structural analysis. The
construction of the feature space is based on grouping the character strokes under
calligraphic criteria and analysis its properties. The properties of each character can
be for example its centre of gravity or the form, width, length and slope of its different strokes. After extracting all defined properties for best signification character they
can be compared with the properties of this character matched in other data.
The construction of the feature space is based on separated matches of each character type within an inscription. These matches are represented by region images
bounded by the characters dimension. For the derivation of features and its comparison the contour of each character or rather of each stroke must be isolated. Therefore
a binarisation (see Fig. 10) is accomplished separating the character itself from the
background. By means of an edge detection filter, the resulting image still contains
the edge of the strokes which have to be connected to closed lines.
This procedure is necessary due to the fact, that crossing strokes can not be separated. For that reason a minimal bounding box is generated around the individual
parts of the character (see Fig. 11). Inside this minimal bounding box the parts of the
character are polygonized with the analysis of the polygons shape in mind. The shape
of the polygons is inspected whether it is convex or concave. In case it is concave this
part of the character may consist of more than one stroke. In addition, the corners of
the characters are extracted by using the Harris corner detection algorithm [11]. These
corners represent feature points and allow to divide the detected parts of characters in
its separated strokes. Furthermore this subdivision is also supported by general information to each individual letter contained in the Unicode character table, what helps
to formulate appropriate division rules.
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Fig. 10. Binarisation and edge detection applied to the extracted character
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不, “no”

Fig. 11. Minimal bounding boxes (cp Fig. 10)

After the subdivision of all strokes of the character they can be polygonized and
compared with each other. The comparison itself concerns with form, width, length
and slope of the several strokes or the centre of gravity of the whole character.
All determined and extracted properties are placed in a database. The usage of a
database for saving the image information and the segmented matches of each character combined with its feature spaces offers the advantage to analyze the calligraphic
properties of the characters with systematically requests and to derive new possibilities for the interpretation.

5 Conclusion
High precision 3D digitization techniques developed for industrial applications show
also a large potential for archaeological and art-historical questions. It is obvious, that
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the objects have to be accessible for the equipment and have to be co-operative for a
successful and precise 3D data capture. Based on such digital copies various processing
chains can be implemented allowing to analyze and to evaluate the objects collected.
In the present example of buddhistic stone inscriptions we used fringe projection
technique to document the inscriptions. Compared to the traditional rubbing this high
resolution scanning allows us to create a non-destructive virtual copies of the stone
inscriptions and to establish special processing chains.
The processing applied is structured into a pre-processing necessary to reduce the
amount of data, to eliminate the impact of the surface topography, to transform the
data into a 2½D raster description and to improve the appearance of the character and
a following analysis.
Within the final analysis we could show, that already conventional template matching might be useful to automate the process of character identification, what reduces
the manual effort. When a data base containing known Sutra texts is integrated, the
analysis can be extended to a more complete and automated extraction of text passages. Finally image processing allows also to do some calligraphic analysis, which
tries to separate structural elements inside individual representations of a single letter
and might give hints to the monk or the stonemason responsible for the engraving of
the texts.
In total it could be shown, that simple image processing steps linked with high
resolution 3D data give completely new opportunities to support art historical work
on buddhistic Sutra texts.
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Abstract. Digital cultural heritage in interactive form can take different shapes.
It can be either in the form of interactive virtual representations of non-digital
objects like buildings or nature, but also as born digital materials like interactive
art and video games. To preserve these materials for a long term, we need to
perform preservation actions on them. To check the validity of these actions,
the original and the preserved form have to be compared. While static information like images or text documents can be migrated to new formats, especially
digital objects which are interactive have to be preserved using new rendering
environments.
In this paper we show how the results of rendering an object in different environments can be compared. We present a workflow with three stages that supports the execution of digital objects in a rendering environment, the application
of interactive actions in a standardized way to ensure no deviations due to different interactions, and the XCL Layout processor application that extends the
characterized screenshots of the rendering results by adding information about
significant areas in the screenshot allowing us to compare the rendering results.
We present case studies on interactive fiction and a chess program that show
that the approach is valid and that the rendering results can be successfully
compared.
Keywords: Digital Preservation, Rendering, Preservation Planning, Characterization, Emulation, Image Segmentation.

1 Introduction
As more and more representations of our cultural heritage are recreated in digital and
interactive form (e.g. interactive models of buildings [1], nature areas [2] or ancient
cities [3], we have to ensure, that these representations can be accessed in future rendering environments as well. Also born digital materials like interactive art and video
games have to be preserved as part of our digital cultural heritage.
Most recent digital preservation projects concentrated on migration of documents
as a main strategy for preserving images and documents. Automatic evaluation of the
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 140–152, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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results of migration processes, e.g. for evaluating the validity of tools, compares characteristics of the original and the migrated files. Previous work on characterization of
digital objects made clear, that the separation between the properties of digital objects
which reside in their persistently stored form and the properties which are inherent in
the rendering software is not always sufficiently clear. While for some types of objects most of the information about the rendering can be found stored in the object
(e.g. text files, image files) and the rendering software just interprets these properties.
On the other hand e.g. 3D objects stored in the resource files of a computer game
describe the object but are put into context with the game environment, the player
actions, the view-point or lightning only due to the game logic (=the rendering software). In this case it is not possible to deduce the rendering properties from a stored
version of the object. Having the object rendered and comparing the outcome of rendering processes from different environments (e.g. the original and an emulated environment) makes it possible to evaluate, if the interaction properties, i.e. the reaction of
a digital object to interaction, stay intact. Similar principles apply also to all static
objects, as preservation always needs to focus on the intellectual object (the object as
conceived by the observer), rather than the stored representation, which always has to
include the view path, requiring us to compare rendered forms.
In this paper we describe how the XCL Layout Processor [4] as an extension to the
Extensible Characterization Language (XCL) [5] is used to compare different renderings of a digital object. We present a workflow for applying interaction to the same
digital object in different rendering environments and measuring the results of comparing significant states of interactive objects. We describe how interaction can be
applied to digital objects by using a tool that captures and replays input to the different environments and how the outcome can be compared by taking a screenshot at a
certain point in execution time. Using this approach we show how the effects of interaction on a digital object can be measured comparing screenshots of the environment
taken from a target state or different intermediary states of the object. This allows for
automatic comparison of rendering results and thus supports the evaluation of rendering environments.
The paper is structured as follows. First we give an overview on related work on
the subject. In Section 3 we explain how we apply interaction and when we measure
the results. Then Section 4 shows how the screenshots we take as a result of the rendering process are analyzed and mapped in the characterization language. In Section 5
the workflow for comparing different rendering environments is shown and in Section
6 we present a case study on interactive fiction and a chess program. Finally the conclusions are presented and an outlook to future work is given.

2 Related Work
The UNESCO guidelines for the preservation of digital heritage [6] list migration [7]
and emulation [8] [9] as the main strategies for digital preservation. Migration is the
strategy to keep a digital object accessible by converting it to a non-obsolete format,
while emulation refers to the capability of a device or software to replicate the behaviour of a different device or software. With emulation the object is kept accessible in its
original environment. Previous research has concentrated on methods for evaluating the

142

M. Guttenbrunner et al.

effects of migration on documents. A preservation planning workflow is described in
[10] and allows repeatable evaluation of preservation alternatives. An implementation of
this workflow has been done in the preservation planning tool Plato [11], utilizing
automatic characterization of migrated objects with tools like Droid [12] to identify
files. The significant properties of migrated objects can be compared automatically
using the eXtensible Characterisation Language (XCL) [5] to measure the effects of
migration on the object.
While the preservation planning tool can be used to compare rendering environments as shown in a case study in [13], the comparison has to be done manually. In
[14] the information contained within a file is distinguished from the rendering of this
information. Thaller shows that the rendering process can produce different outcomes
for the same file if a different view-path for rendering a digital object is used. This
makes it necessary to not only compare properties of the file but also properties of the
outcome after a rendering process (e.g. output on a screen).
In [15] van Diessen describes the view-path as "a full set of functionality for rendering the information contained in a digital object". The view-path contains the
hardware and all the secondary digital objects needed to render an object along with
their configuration. It is possible to use different view-paths to display the same object. On various hardware-configurations different operating systems (e.g. WinXP,
Linux) can be used to run different applications (e.g. Word, Open Office) to render
the same object (e.g. Word-97 Document).
In [16] the levels on which significant properties can be extracted are described
and it is shown, what continuity has to be considered when extracting properties with
regards to a defined view-path and standardized interaction to expect the same results.
In [4] Wieners describes how the XCL Layout Processor was developed as an extension to the XCL tools to extract significant coordinates of areas in an image such as a
screenshot of a rendered digital object. For the image segmentation the screenshots of
the rendering outcomes are first reduced to monochrome images to facilitate the edge
detection. Otsu's global thresholding method as described in [17] is used for this.
Then these monochrome images are segmented using an image segmentation algorithm described in [18].

3 Identifying Interaction Properties
Previous tests with different interactive digital objects presented in [13] and [16]
made it clear, that some significant properties concerning interaction have to be defined for every interactive digital object. It is necessary to research to what types of
input (e.g. certain keys on a keyboard, mouse pointer movement or mouse clicks,
joystick input) a digital object responds, but also to the timing in which this input has
to occur. While the same interactive response of an action game relies very strong on
the exact same timing of the input, in interactive fiction like text adventures or pointand-click adventures the timing is usually not as critical.
By having a user manually interact with the digital object and recording the user input to the digital object as well as the times relative to the object execution start we are
able to replay the same input automatically. Using a separate tool this can be done independent of the object execution environment (e.g. a video game rendered in different
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emulation environments). This approach allows us the use not only on emulation environments but also on other execution environments (e.g. source ports of a software or
using game engine interpreters like ScummVM1 or Frotz2 for video games). By defining
an “end point” where the user finishes the input actions and the interactive object finishes responding to these actions we can take a screenshot of the rendering at a certain
point of execution both when recording the user action but also after replaying the user
action to a different (or even the same) rendering environment. In the next section we
describe the process of analysing the image and placing the significant properties of
identified segments in the image in the corresponding XCDL of the screenshot.

4 Image Segmentation and Mapping in XCL
The central analysis task of the method described in this chapter is to identify specific
regions in the rendered digital object, which can – in a final step – be compared with
the rendering of the same object, using another rendering environment. Those specific
regions reflect characteristic layout properties: regions with a high frequency of pixels
that could refer to a significant area. To identify and isolate such regions of interest in
the prepared, cut to size and binarized image, the image is segmented by the Efficient
Graph-Based Image Segmentation Algorithm as presented in (Felzenszwalb, 2004).
For each black pixel in the binarized image, the algorithm determines the affiliation of the processed pixel to a specific region by using three different parameters that
influence the operation-mode of the segmentation algorithm:
• σ (Sigma) indicates how strongly the image is smoothed by the Gaussian filter. The
higher σ, the more the image gets smoothed.
• k influences the "scale of observation" : the larger k, the larger the components
identified by the segmentation algorithm are.
• min determines the minimum component size: the smaller the size of min, the more
objects will be identified by the segmentation algorithm.
To facilitate comparison between two screenshots, the proposed solution sets the
upper leftmost pixel and the bottom rightmost pixel of a layout-screenshot in relation
to the pixel dimensions of the image by dividing both pixel values by the width,
respectively the height, of the processed image. Finally, these relative values are embedded into XCDL files, which are connected to the screenshots, to enable a comparison of the objects through the XCL Comparator (Becker et.al., 2008b).
The structure of the input XCDL is supplemented by a new property with a unique
identifier: A new property with the id “p15381” (fixed value) is inserted into the
XCDL and represents the significant points of the isolated objects in the screenshot
file through different valueSet Tags. It is inserted after the XML header, the XCDL
Schema and the normData part of the XCDL file, and is visualized in the code snippet
shown in Figure 1.
1

2

ScummVM - Graphical point-and-click adventure game engine interpreter:
http://www.scummvm.org/
Frotz – Game Engine Interpreter for Infocom and other Z-machine games:
http://frotz.sourceforge.net/
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Fig. 1. Code snippet of XCDL enhancement for significant coordinates of identified areas

The four floating point numbers in the first valueSet of the generated XCDL
(<val>leftupper_X leftupper_Y rightlower_X rightlower_Y</val>) represent the relative pixel position of the significant points, identified through the segmentation process. Therefore, the value leftupper_X (0.118727 in the example in Figure 1) indicates
the position of the relative x coordinate of the topmost left pixel of the identified object; the second value, leftupper_Y, (0.113586 in the example in Figure 1) indicates
the relative y coordinate of the topmost left pixel of the identified object. The next
two values refer to the relative x and y coordinates of the bottommost right pixel values of the identified object.
An application that accomplishes the described tasks was created as the XCL Layout Processor. A screenshot of the application in use for comparing screenshots of
two renderings of a text document (on the one side rendered with Microsoft Word
2007, on the other side rendered with Adobe Reader) can be seen in Figure 2. The
screenshot as well as the corresponding XCDL characterization file are loaded into
one region of the application of the application’s GUI. The XCDL is then enhanced as
described above with the significant coordinates of the recognized areas. For a visual
comparison a second screenshot and XCDL file can be loaded into the second region
and processed likewise.

5 Applying Interaction to Digital Objects and Comparing
Rendering Results
To evaluate if the interactive properties of a digital object are preserved properly in a
different rendering environment than the one originally intended for the object it is
necessary to ensure that the same kind of input is applied to the object at the same
point in time. By keeping the secondary digital objects in the view-path for the object
as well as external influences like user input unchanged, differences in the rendering
are caused by a change in the rendering environment.
A conceptual workflow for comparing the interactive properties of a digital object
in different rendering environments is drafted below. It consists of 3 stages with different steps in the stages as shown in Figure 3.
Stage 1: Recording the Original Environment. In this stage the user actions are
recorded in the original environment and screenshots of the original rendering process
are taken as “ground truth” against which other environments are evaluated. The following steps are followed:
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Fig. 2. Comparison of two renderings of a text document in the XCL Layout Processor. Identified areas are shown in blue, identified coordinates as red crosses.

Fig. 3. Conceptual workflow for comparing rendering results of interactive digital objects

1. start the rendering environment with the digital object
2. record the user actions (e.g. in a standardized XML-Format) and take screenshots
at predefined intervals or one screenshot after a certain amount of time
3. shut down the rendering environment
Stage 2: Replaying. In this stage the recorded user actions are applied to the alternative rendering environment. The same settings for screenshot interval etc. are used as
when recording in the original environment. These steps in this stage are carried out
for every alternative rendering environment that is evaluated:
1. start the rendering environment with the digital object (e.g. different emulation
environment)
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2. replay the user actions from a recorded session and take screenshots at the same
predefined intervals or one screenshot after a certain amount of time as in the
original recording session
3. shut down the rendering environment
Stage 3: Comparing. Finally in this step the rendering process are compared. Therefore the screenshots need to be characterized and the following steps to be taken to
compare the screenshots taken during the rendering processes. The steps in this stage
have to be repeated for every alternative rendering environment that is evaluated.
1. Characterization of the screenshot images
2. Extending the XCDL for the screenshots with the coordinates of the identified
significant areas using the XCL Layout Processor
3. Pair wise comparison of the screenshots taken at the same object execution time
using the XCL comparator to identify differences in the rendering
Using the workflow drafted above, we have established a formalized way to compare
the rendering results for the same digital object in different rendering environments.
The workflow can be implemented in a tool to support the automatic comparison of
rendering of interactive digital objects.

6 Case Study on Interactive Objects
We evaluated the proposed workflow for testing interactive properties of digital objects by comparing the rendered outputs on two case studies. We used the XCL comparator to compare XCDL files of the rendering outcome screenshots. These XCDL
files were extended by coordinates of significant areas using the XCL Layout Processor introduced in Section 4.
For the first case study we used the video game “The Secret of Monkey Island”.
This game was developed by Lucasfilm Games and released on various platforms
from October 1990. The game is a typical point and click adventure game, thus not
requiring interaction timing that is exact down to millisecond level. It was also chosen
because conceptually different rendering engines exist, that are usable for digital
preservation purposes:
• ScummVM: a game engine interpreter available for various non-obsolete platforms
• Emulation/Virtualization of the original hardware (e.g. DOSBox3)
Various tools for recording interaction and replaying it in the form of a macro were
evaluated but failed especially in recording/applying interaction in the game running
in the original environment (as a Full-Screen DOS-application). As no tool for automating the process described in the previous chapter exists yet, the steps were performed manually. First the game was executed on a workstation running Windows
XP. The movements of the mouse pointer as well as the keystrokes and times of these
events were manually noted and the game was played up to a point where the character in the game that is controlled by the player enters the SCUMM Bar and talks to
3

DOSBox: http://www.dosbox.com/
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pirates sitting on a table telling “I want to be a pirate.” At that point in the game a
screenshot was taken.
Subsequently the same actions were then performed by trying to replicate the same
timing by running the game under a virtualized environment using DOSBox 0.72 and
using the ScummVM 1.1.148874 Engine (using also the game data files from the
DOS Version of the game). For ScummVM an unscaled rendering replicating the
“EGA” settings that were similar to the options of the real DOS-Version of the game
were used.
The screenshots taken in the three different rendering environments were then
characterized using the XCL tools. Then the XCL Layout Processor was used to binarize and segment the screenshots and extend the XCDLs of the images. Figure 4
shows a screenshot from the original DOS-version of the scene defined as “endpoint”
for this scenario on the left. On the right the same screenshot as segmented by the
XCL Layout Processor is shown. The image is binarized to black/white to identify
areas. Different greyscales present in the segmented image are just a visualization of
the different segments in the picture. The following values were used for the segmentation algorithm: σ=0.8, k=1000 and min=100. Figure 5 and Figure 6 show the segmentation for the screenshots of the other two rendering environments of the game. A
visual comparison of the segmentations shows, that the game running in the DOSBox
environment is segmented to very similar areas as in the original version, whereas in
the ScummVM version a lot more differences can be found.
The XCL Layout Processor enhances the original XCDL which was created by using the XCL extractor on the screenshots taken in the different environments. Table 1
shows the number of significant areas identified per screenshot.
Table 1. Significant areas recognized in different renderings of the same scene in “The Secret
of Monkey Island”

Rendering Environment
Significant Areas in XCDL

Original
62

ScummVM
66

DOSBox
62

Fig. 4. Screenshot of original DOS-Version of “The Secret of Monkey Island” (left). Significant areas in the same screenshot as a result of binarization and segmentation are shown on the
right.
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Fig. 5. Screenshot of “The Secret of Monkey Island” running in the DOSBox Environment
(left). Significant areas in the same screenshot as a result of binarization and segmentation are
shown on the right.

Fig. 6. Screenshot of “The Secret of Monkey Island” using ScummVM as a rendering engine
(left). Significant areas in the same screenshot as a result of binarization and segmentation are
shown on the right.

Using the XCL comparator we then compared the XCDLs of the different screenshots. The comparator reported failure for both comparisons. On closer inspection of
the XCDLs of the screenshots the following facts were observed:
• The original and the DOSBox version differed in significant areas that were recognized (e.g. a fire burning in the chimney, pirate’s heads moving). The reason are
animations in the picture which lead to slightly different images and thus to different areas that are recognized by the segmentation algorithm. Blocks not animated
and without other animated blocks overlapping do have the same coordinates.
• The original and the ScummVM version differed in that the colour spaces of the
screenshots were different. While the original version was rendered in an 8bit colour space (palette mode), ScummVM rendered the image in a 24bit colour space
(true-colour mode). Even though the number of significant areas was coincidental
equal, the coordinates differed throughout all areas.
Based on these differences we can draw the following conclusions:
• Timing of screenshots together with the input is important, as animations in interactive dynamic digital objects that occur continuously (e.g. changes in the environment or in small movements of characters) changes the screenshot and thus
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leads to different coordinates of significant areas and also to different areas that
might be recognized as significant.
• This in turn leads to the fact that the values for the segmentation algorithm have to
be balanced accordingly to detect the same significant areas even when slight
changes in objects occur. The algorithm has to be configured sensitive enough to
recognize enough areas to compare two screenshots and detect differences, but insensitive to minor differences in an image that lead to changes in recognizing a
significant area as being exactly that.
To validate the outcome of the XCL Layout Processor on a digital object which
would not pose the problems of animations and need an exact timing of key presses
and screenshots taken, we made a second case study on the game “Chessmaster 2100”
published for the DOS platform in 1988. Again the original software running in DOS
was compared to the same program running in DOSBox in Windows XP. A few beginning moves in a game of chess were played with trying to keep the timing of the
moves intact manually. The screenshots taken as well as the segmentations of the
screenshots can be seen in Figures 7 and 8 respectively. For all the elements on screen
to be correctly visible on the segmented image (e.g. the numbers left and below the
board, all the figures in the squares) the following values were used for the segmentation algorithm: σ=1.0, k=1000 and min=100.
A first inspection of the images shows that the colour depth in DOSBox was increased to 8bit compared to 4bit in the original image. This is also reflected in the
extracted XCDL of the images. Visually this also results in slightly different colour
shades in the extracted images and is also reported when comparing the images using
the XCL comparator as difference in the colour palette. Comparing the XCDL files
enhanced with coordinates for significant areas by the XCL Layout Processor, we can
see that the identified areas in the images are exactly the same in number (153 recognized areas) and coordinates.
If we compare the results to the case study on “The Secret of Money Island” we
can see that depending on the digital object and on the fact that no animations change
the image in the evaluated chess program, the timing of screenshots and interaction is
less crucial and allows us to manually evaluate the rendering results for certain interactive digital objects like “Chessmaster 2100”, thus confirming the validity of the
approach of using the XCL Layout processor for comparing rendering outcomes after
applying interaction to the object.

Fig. 7. Screenshot of “Chessmaster 2100” running under DOS on the left and the segmented
screenshot showing significant areas on the right
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Fig. 8. Screenshot of “Chessmaster 2100” running under DOSBox in Windows XP on the left
and the segmented screenshot showing significant areas on the right

7 Conclusions and Future Work
The work presented in this paper showed an approach to identify characteristic objects of rendered digital objects based on screenshots in certain stages during the lifetime of the object. Identification of significant areas in the screenshot is done using
pre-processing methods like cutting and reducing the image information through
binarization and, finally, the Graph-Based Image Segmentation Algorithm. By comparing the rendering results of one or more pre-determined states during the runtime
of a digital object that responds to user input it is possible to evaluate, if a digital
object reacts to interactive actions as expected and in the same way over various different rendering environments. The conditions for the rendering must not change over
different environments. Different lighting conditions or a different view-point in the
new rendering environment will result in a change in rendering, thus producing a
different image even though an object behaves similar in two different rendering
environments.
We introduced a conceptual workflow for recording user interaction in an original
environment along with screenshots along the path, with applying the same interaction and taking screenshots in the same points in execution in other rendering environments. Using the extensible Characterization Language (XCL) properties of the
screenshots along with the identified significant areas in the images are compared to
evaluate, if a rendering environment is creating the same result as the original rendering environment.
We carried out case studies on interactive fiction using the game “The Secret of
Monkey Island” and one on the chess playing program “Chessmaster 2100”. The
result of the case studies showed:
• It is important to consider exact timing both of interaction but also of the time
when the screenshot is taken, to compare the same rendering results, as changes in
the image that do not occur due to interaction (e.g. animations of the game environment or characters) influence the result of the segmentation algorithm. If the resulting image is constant exact timing is less crucial.
• Identifying the accurate segmentation parameters (σ, k, min) for a certain digital
object is crucial for correctly recognizing the significant areas over different
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screenshots, especially if the rendering environments use different colour depth or
image resolution for rendering the digital object.
The case study on “Chessmaster 2100” also confirmed that comparison of different
rendering environments using the XCL Layout Processor and the XCL Tools can
actually be used to evaluate if interactive properties of digital objects are preserved in
different rendering environments by comparing rendering outcomes after applying
interaction to the digital objects.
For future work it is necessary to implement the proposed workflow in a tool, as
exact timing is not possible with manual interactions. Preliminary tests with various
keyboard recording and screenshot tools also showed that depending on the environment it is not always possible to record/interact from outside the rendering environment, making it necessary to support the process inside the rendering environment
(e.g. an emulator). Additional work has to be done on the segmentation process and
the determination of the segmentation parameters for different types of digital objects.
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Abstract. Within the last few years generative modeling techniques have
gained attention especially in the context of cultural heritage. As a generative
model describes a rather ideal object than a real one, generative techniques are a
basis for object description and classification. This procedural knowledge differs from other kinds of knowledge, such as declarative knowledge, in a significant way. It can be applied to a task. This similarity to algorithms is reflected in
the way generative models are designed: they are programmed. In order to
make generative modeling accessible to cultural heritage experts, we created a
generative modeling framework which accounts for their special needs. The result is a generative modeler (http://www.cgv.tugraz.at/euclides) based on an
easy-to-use scripting language (JavaScript). The generative model meets the
demands on documentation standards and fulfils sustainability conditions. Its
integrated meta-modeler approach makes it independent from hardware, software and platforms.
Keywords: Generative Modeling, Procedural Knowledge, Content Creation,
Documentation and Archival.

1 Motivation
1.1 Generative Modeling
Generative modeling techniques have rapidly gained attention throughout the past few
years. Many researchers enforced the creation of generative models due to its many
advantages. All objects with well-organized structures and repetitive forms can be
described procedurally. In these cases generative modeling is superior to conventional
approaches.
Its strength lies in the compact description [1] compared to conventional approaches, which does not depend on the counter of primitives but on the model’s
complexity itself. Particularly large scale models and scenes – such as plants, buildings, cities, and landscapes – can be described efficiently. Therefore generative descriptions make complex models manageable as they allow identifying a shape’s
high-level parameters [2].
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 153–165, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Another advantage of procedural modeling techniques is the included expert
knowledge within an object description; e.g. classification schemes used in architecture, archaeology, civil engineering, etc. can be mapped to procedures. For a specific
object only its type and its instantiation parameters have to be identified. This identification is required by digital library services: markup, indexing, and retrieval [3]. The
importance of semantic meta data becomes obvious in the context of electronic product data management, product life cycle management, data exchange and storage or,
more general, of digital libraries.

Fig. 1. The combination of various stages during object reconstruction (photos – left part of the
temple, generated point clouds – middle, and resulting CAD models – right) offers many advantages for object analysis and documentation

1.2 Cultural Heritage
In the field of computer-aided design and computer-aided engineering, the generative
and procedural modeling techniques are well studied. Unfortunately, the context of
cultural heritage distinguishes itself by model complexity, model size, and imperfection to an extent unknown to most fields of application.
Complexity. Cultural heritage artifacts represent a masterpiece of human creative
genius. Hence, many cultural heritage artifacts have a high inherent complexity.
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Size. The UNESCO lists 644 cultural sites in over 130 states. An archaeological excavation may have an extent on the scale of kilometers and miles with a richness of
detail on the scale of millimeters or small fractions of an inch.
Domain knowledge by cultural heritage experts and generative modeling techniques
are keys to cope with this complexity and size. The advantages of procedural modeling arise from the generative approach. It scales with the object’s complexity and
does not depend on the object’s number of vertices. Furthermore, generative models
normally have perfect shapes which do not suffer from wear and tear effects. Therefore they represent an ideal object rather than a real one. The enrichment of measured
data with an ideal description enhances the range of potential applications, not only in
the field of cultural heritage. A nominal/actual value comparison may indicate wear
and tear effects as well as changes in style (see Figure 1). But how are these generative models created?

2 Related Work
2.1 CGA-Shape
In today’s procedural modeling systems, grammars are often used as a set of rules to
achieve a description. Parish and Müller presented a system for procedural modeling
of cities [4] that is based on L-systems and shape grammars. Given a number of image maps as input, it generates a street map including geometry for buildings. For that
purpose L-systems have been extended to allow the definition of global objectives as
well as local constraints. However, the use of procedurally generated textures to represent facades of buildings limits the level of detail in the results. In later work,
Müller et al. describe a system [5] to create detailed facades based on the split grammar called CGA-Shape. A framework called CityEngine provides a modeling environment for CGA-Shape. It relies on different views to guide an iterative modeling
process.
Another modeling approach presented by [6] following the notation of Müller [7]
deals with the aspects of more direct local control of the underlying grammar by introducing visual editing. The idea is to allow modification of elements selected directly in a 3D-view, rather than editing rules in a text based environment. Therefore
principles of semantic and geometric selection are combined as well as functionality
to store local changes persistently over global modifications.
2.2 Generative Modeling Language
Havemann proposes a stack based language for creating polygonal meshes called
Generative Modeling Language (GML) [8]. The postfix notation of the language is
very similar to that of Adobe’s Postscript. It allows the creation of high-level shape
operators from low-level shape operators. The GML serves as a platform for a number of applications because it is extensible and comes with an integrated visualization
engine.
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2.3 Scripted Modelers
3D modeling software packages like Autodesk Maya™ provide a variety of tools for
the modeling process. In addition to a graphical user interface, a scripting language is
supplied to extend its functionality. It enables tasks that cannot be achieved easily
using the GUI and speeds up complicated or repetitive tasks.
When using parametric tools in modern CAD software products, geometric validity is
a subject. For a given parametric model certain combinations of parameter values may
not result in valid shapes. Hoffmann and Kim propose an algorithm [9] that computes
valid parameter ranges for geometric elements in a plane, given a set of constraints.
2.4 Processing
Processing is a programming language and development environment initially created
to serve as a software sketchbook and to teach fundamentals of computer programming [10]. It quickly developed into a tool that is used for creating visual arts. Processing is basically a Java-like interpreter, but with a new graphics and utility API
together with some usability simplifications. A large community behind the tool produced over seventy libraries to facilitate computer vision, data visualization, music,
networking, and electronics.
Besides Processing, each of these tools is designed for computer graphics experts.
Furthermore, all of them provide a platform, which cannot be changed afterwards.

3 Requirements in the Context of Cultural Heritage
3.1 Documentation
The digitization and content creation process in the field of cultural heritage is confronted with various challenges. Each digitized object needs semantic information [11].
Without semantic information, scanned objects are nothing more than a heap of primitives. As the scanning process itself is now available to a wide audience and the amount
of scanned data increases rapidly, the importance of semantic metadata becomes obvious, especially in the context of electronic data exchange and storage or, more general,
of digital libraries. For a heap of primitives without valuable metadata, it is hard to
realize the mandatory services required by a digital library, namely, markup, indexing,
and retrieval [12]. In a very restricted and simple approach, this information may consist
of attributes like title, creator/ author, time of creation, and original place of the objects.
But for many tasks, this is not enough. In order to allow navigation through the datasets
(in 3D as well as on a semantic level), detailed information and semantic markup within
the dataset is required, that is, a column of a temple has to be identified as a column.
Analyzing the column, it might be necessary to find other artifacts, for example, of the
same time period. In general, relations between objects are an essential aspect when
working with cultural heritage [13]. In 2000, the International Committee for Documentation of the International Council of Museums released the Conceptual Reference
Model (CIDOC-CRM), a standard for representing such relational semantic networks in
cultural heritage. The first step to support a user in defining these relations is the identification of artifacts with respect to shapes.
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Procedural modeling can help to close this semantic gap due to the naming of functions and operator sequences. Therefore, procedural model libraries are the perfect
basis for semantic enrichment [14].
3.2 Sustainability
Another important challenge is the issue of digital sustainability [15]. As long-term data
storage is a serious problem on a worldwide scale [16], we restricted our approach to
techniques, which meet the sustainability conditions (formulated by the Library of
Congress1). Seven factors influence the feasibility and cost of preserving content in the
face of future changes to the technological environment. These factors are significant
whatever strategy is adopted as the basis for future preservation actions.
3.3 Visualization
The digitization process as well as generative 3D models (a.k.a. knowledge descriptions) are not an end in itself. They have a purpose and need visualization. Furthermore they should be published and distributed. According to the European Union
Culture program, the aim of cultural heritage digitization and online distribution
should (amongst others) promote the awareness and the preservation of cultural items
of European significance, encourage the transnational circulation of works and cultural as well as artistic products, and stimulate an intercultural dialogue. Web technologies help to achieve this objective.
3.4 Cultural Heritage Experts
A negative characteristic of generative modeling is its explicit analogy of 3D
modeling and programming. As cultural heritage professionals – such as architects,
archaeologist, etc. – are seldom experts in computer science and programming, the
inhibition threshold to use a programming language should be reduced by beginnerfriendly tools with a high degree of usability.

4 Generative Modeling for Cultural Heritage Experts
4.1 JavaScript
We present a new meta-modeler approach for procedural modeling based on the
programming language JavaScript. The choice of the programming language was a
process of carefully considering pros and cons. JavaScript has a variety of important
aspects and features we would like to refer to.
It is a structured programming language featuring a rather intuitive syntax, which is
easy to read and to understand. As source code is more often read than written,a comprehensible, well-arranged syntax is useful - which is provided by JavaScript. It also incorporates features like dynamic typing and first-class functions. The most important feature of
JavaScript is that it is already in use by many non-computer scientists –namely designers
1

http://www.digitalpreservation.gov/formats
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and creative coders [10]. JavaScript and its dialects are widely used in applications and on
the Internet: in Adobe Flash (called ActionScript), in the Adobe Creative Suite, in interactive PDF files, in Apple’s Dashboard Widgets, in Microsoft’s Active Scripting technology,
in the VRML97, in the Re-Animator framework, etc. Consequently, a lot of documentation
and tutorials to introduce the language exist [17]. In order to be used for procedural modeling, JavaScript is missing some functionality, which we added via libraries.
Our meta-modeler approach Euclides differs from other modeling environments in
a very important aspect: target independence. Usually, a generative modeling environment consists of a script interpreter and a 3D rendering engine. A generative
model (3D data structures with functionality) is interpreted directly to generate geometry, which is then visualized by the rendering engine. In our system a model’s
source code is not interpreted but parsed into an intermediate representation, an abstract syntax tree (AST). After a validation process it is translated into a target language [18]. The process of
parsing Æ validating Æ translating
offers many advantages as illustrated in Figure 2. The validation step involves syntax
and consistency checks. These checks are performed to ensure the generation of a
correct intermediate representation and to provide meaningful error messages as early
as possible within the processing pipeline. The integrated development environment
(IDE) is shown in Figure 3. Meaningful error messages are one of the most – if not
the most – important aspect of a beginner-friendly development environment.

Fig. 2. The overview of the meta-modeler approach shows its advantages: platform/target
independence with various exporters for different purposes
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Fig. 3. The integrated development environment (IDE) consists of a syntax-highlighted editor
and a syntax checker. Its sensible error messages are one of the most – if not the most – important aspect of a beginner-friendly development environment.

The consistent intermediate representation serves as a basis for back-end exporters
to different languages, different targets/platforms and for different purposes [19].
These exporters will be discussed in detail in the next paragraphs. As our compiler
has been designed to translate and export JavaScript to other languages, it includes
mechanisms to map JavaScript methods and data types to the target language as well
as mechanisms to wrap already existing libraries. The Euclides compiler uses annotation techniques to control this mapping and wrapping process.
These annotations are placed in JavaScript comments to ensure 100% compliance
with the JavaScript standard. In this way low-level, platform dependent functions –
such as a method to draw a single shape – are wrapped platform independently. During the bootstrapping process of a new exporter a few low-level functions need to be
wrapped in this way. All other functions, methods, etc are built upon these low-level
routines. Consequently, they can be converted and translated automatically.
4.2 Documentation and Source Analysis
The Euclides documentation target (Figure 4) aims to make an important step towards
sustainability in procedural modeling by providing a XML representation. For that
purpose JavaScript source code is represented as XML structure. Key advantages of
the XML format are that it is well-organized, searchable and human readable [20].
Meaningful information needed to perform a source code analysis is also generated
during the translation.
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Fig. 4. The Euclides documentation target which represents JavaScript as a sustainable, standard-conform XML document can be displayed in an arbitrary web browser

Based on this data representation four integrated views are available: Variables,
Functions, Statements and Files. All globally and locally defined variables are listed
in the Variables view. Several properties are available for each variable:
1. Comments. Any comments associated with a variable are preserved and included.
2. Location. The line of code (source, its line number and file name) where the
variable is declared.
3. Visibility. The name together with the scope, in which the variable is available.
4. References. All references and uses of the variable in the source code including file
name, line number and declaration statement.
Similarly to the Variables view, the Functions view is a collection of all functions
defined in the source code and consists of the same four properties mentioned above.
The Statements view is a collection of all statements of the source code together with
filename and line number which allows, for example, identifying duplicate code snippets. Also it gives a nice overview of the complexity of the source code. In the files
view, the source code is available as XML document.
4.3 Sustainability
Euclides meets the sustainability conditions defined by the Library of Congress.
These conditions are:
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1. Disclosure. The Euclides framework has a complete specification and documentation as well as tools for validating technical integrity.
2. Adoption. The degree to which the format is already used by the primary creators
is a dissemination problem which cannot be tackled on a technical level.
3. Transparency. All Euclides source files and documentation files are open to direct
analysis with basic tools, such as human readability using a text-only editor.
4. Self-documentation. Each generative model created with Euclides contains basic
metadata.
5. External Dependencies. Euclides external dependencies are limited to Java [21],
JavaScript (ECMAScript, ECMA-262, ISO/IEC 16262) and standard XML
techniques.
Furthermore, all techniques, algorithms, etc. are neither protected by law (6. Impact of
Patents) nor by encryption techniques (7. Technical Protection Mechanisms).
4.4 Visualization
During the procedural development process, a major aspect is visualization. Therefore, Euclides is equipped with a flexible visualization library. This library is available for all target platforms. Because visualization depends on low level functionality

Fig. 5. This amphitheater model has been created in Euclides. Due to its highly regular structure the procedural model only consists of 355 lines of code. This figure shows its visualization
using the Java target platform. Using this target it is possible to distribute a generative model as
an executable jar file.
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like creating a canvas to be used for displaying user interface elements, or creating an
OpenGL context, it is mostly target dependent code and therefore needs to be separately written for all target languages. However, the library allows the creation of user
interfaces including common user interface elements like sliders, check-boxes and
text-fields. Such user interface elements are needed to control a model's high level
parameters. A canvas housing a 3D context for all visualization purposes is also
available. In order to keep the library as lightweight as possible, no positioning or
scaling parameters need to be provided. The library uses predefined layouts to arrange
all user interface elements in a meaningful way.
4.5 Publishing
Publishing procedural models represents another important aspect. We favor relying
on plugin-free standards like JavaScript, WebGL and HTML5. As JavaScript has
been mentioned exhaustively in the previous paragraphs, we concentrate on WebGL
and HTML5.

Fig. 6. This example shows a cathedral construction kit. Its main building blocks have been
created by thingiverse2. They can be arranged arbitrarily using a few lines of code. In this example the arrangement is controlled by nine high level parameters which are exposed in the
user interface. The whole cathedral construction kit is realized in 456 lines of JavaScript code.
This figure shows its visualization using the Java target platform.
2

http://www.thingiverse.com/thing:2030
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WebGL is a JavaScript binding to OpenGL ES 2.0 which enables rich 3D graphics
within browsers on platforms supporting the OpenGL or OpenGL ES graphics standards. A main advantage of this upcoming standard is its plugin-free realization
within the browser. The WebGL standard will benefit from recent developments in
Web technology like the HTML5 specification or the JavaScript performance increases across all major browsers [22], [23], [24].
HTML5 is currently being developed as the next major revision of HTML. One of
its goals is to reduce the need for proprietary plug-in-based rich internet application
technologies such as Adobe Flash, and Microsoft Silverlight.
Both techniques are still under development so that they can hardly be discussed in
detail. However, due to the fact that JavaScript is used as scripting environment, we
will support these techniques as soon as they reach a stable status.

5 Conclusion
An analysis of existing procedural modeling tools shows similarities and differences.
While some approaches are all-purpose modelers, others are specialized on certain
subjects. Based on this analysis we extracted a common subset of data types and language constructs to describe 3D geometry. We integrated this common subset in the
scripting language JavaScript and developed a corresponding compiler called
Euclides. It is suited for procedural modeling, has a beginner-friendly syntax and is
able to generate and export procedural code for various, different generative modeling
or rendering engines.
This innovative meta-modeler concept allows a user to export generative models to
other platforms without losing its main feature – the procedural paradigm. In contrast
to other modelers, the source code does not need to be interpreted or unfolded, it is
translated. Therefore it can still be a very compact representation of a complex model.
Additionally, Euclides meets the sustainability conditions defined by the Library of
Congress – which is an important aspect in the domain of cultural heritage. The target
audience of this approach consists of beginners and intermediate learners of procedural modeling techniques and addresses cultural heritage experts who are seldom
computer scientists. These experts are needed to tap the full potential of generative
techniques.

6 Future Work
Currently the Euclides modeler is in a public test phase and is available at:
http://www.cgv.tugraz.at/euclides.
Future work includes the implementation of a publishing target using HML5 and
WebGL technologies, as soon as they become available. Additionally we will incorporate feedback from the public test phase into the final release. The development of
infrastructure and incentive models for users, as well as horizontal dissemination
through cultural heritage experts, is surely a sensible future task.
Furthermore, the implementation of a larger number of translation targets – possibly including other languages as well as modeling environments – are possible further
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developments. Additional libraries (e.g. networking) may also be added, if requested
by public testers.
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Abstract. Publishing cultural heritage as 3D models with embedded annotations and additional information on the web is still a major challenge. This includes the acquisition of the digital 3D model, the authoring and editing of the
additional information to be attached to the digital model as well as publishing
it in a suitable format. These steps usually require very expensive hardware and
software tools. Especially small museums cannot afford an expensive scanning
campaign in order to generate the 3D models from the real artifacts. In this paper we propose an affordable publishing workflow from acquisition of the data
to authoring and enriching it with the related metadata and information to finally publish it in a way suitable for access by means of a web browser over the
internet. All parts of the workflow are based on open source solutions and free
services.
Keywords: PDF, XSL-FO, FO3D, Virtual Museum.

1 Introduction
Many cultural heritage artifacts carve out a miserable existence. In an archaeological
excavation campaign historic artifacts are typically excavated for scientific reasons,
but the majority of them are not considered to be attractive enough to be shown in an
exhibition. These artifacts are deposited in some museum archive and are rarely, or
never, shown to the public; nor are they accessible to cultural heritage professionals –
historians, archaeologists, art historians. The artifacts that are visible to the visitors,
and appear in museum catalogues, represent only the tip of the iceberg; and still there
is no common comprehensive catalogue of historic artifacts. Even artifacts that are
not buried for a second time in some museum deposit gain less attention than they
could because they are physically bound to a specific location. Digital media can
overcome these physical boundaries, allowing people from all over the world to visit
and explore cultural artifacts.
The Europeana project (www.europeana.eu) is a large-scale initiative triggered by
the European Commission to provide a catalogue of European cultural heritage (CH),
currently (2010) containing 6 million digital items: Images, texts, sounds, and videos.
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 166–178, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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But despite the fact that our past, and in particular excavated artifacts, are threedimensional, there are no 3D datasets of any kind among those items. The CARARE
network of excellence (www.carare.eu) aims to add 3D and Virtual Reality content
but for now 3D does not belong to the media types supported by Europeana. We argue that this is mainly due to shortcoming of current 3D technology:
•
•
•
•
•

3D digitization is labor-intensive and costly,
3D datasets are storage intensive,
3D is difficult to integrate with other media types,
lack of standardized formats and viewers, in particular
lack of archival-quality data formats

For a more thorough treatment see [1]. To change this situation is desirable because of
the undeniable benefits of three-dimensional digital artifacts over their physical counterparts, the real artifacts:
• Democratization of the past by public access to CH
• Immediate engaging experience: interactive detailed 3D exploration, keep precious object “in your hands”
• Virtual restoration: Digital artifact can be restored in different ways, physical
artifacts only in one way
• Protection of the real: Access to digital artifact is in many cases sufficient, so less
usage of the real artifact
• Ease of manipulation: No weight, no collisions, so much easier creation of assemblies (scenes)
• Scale matters less: Very large or very small digital artifacts are much easier to
handle than real ones
• Re-contextualization: A digital artifact can be shown in a scanned excavation site
or in a 3D-reconstruction
• Geometric measurements are much easier to perform
• Documentation: Digital conservation and damage can reports link to surface areas
of digital artifact
• Information integration: The digital 3D object could serve as the master model to
which all other data sources refer (text documents, images, annotations).
Because of this versatility a digital artifact is sometimes also called a digital replica.
However, it is important to emphasize that the digital artifact shall by no means replace
the real one. The idea of a complementary digital exhibition is to enhance a museum
exhibition by placing next to a display cabinet showing a precious real artifact, a 3D
kiosk showing its digital counterpart. A successful example is, e.g., the Arrigo showcase
[2] where visitors could discover surprising details, i.e., a hollow back which would
normally not be seen, of heavy stone statues shown in the same room.
Another possibility is to create digital museum catalogues with embedded interactive 3D media that can be viewed by the visitors using a portable device. The new
class of iPad-devices combines a very intuitive user interface with an excellent large
display and is ideal for personalized guided tours that are tuned with respect to the
specific visitor – since, e.g., children require additional information that is different
from that for adults or for experts.
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Another possibility is to create digital museum catalogues with embedded interactive 3D media that can be viewed by the visitors using a portable device. The new
class of iPad-devices combines a very intuitive user interface with an excellent large
display and is ideal for personalized guided tours that are tuned with respect to the
specific visitor – since, e.g., children require additional information that is different
from that for adults or for experts.
Technology that is sufficient for such location-based scenarios, however, has typically only very limited sustainability. Sustainability requires a level of interoperability
that can only be achieved using standards. But the lack of suitable standards is maybe
the greatest problem of 3D technology today. So answers to the following questions
must be found:
•
•
•
•
•
•

Which 3D format to choose?
How to link from a digital artifact to a web resource?
How to link from a web resource to a digital artifact?
How can all this information be created?
How can it be archived?
And how can it be deployed, i.e., using web delivery?

Today it is not at all trivial to deliver 3D content to a web browser. All currently
available solutions use some sort of plugin (Java, JavaScript, or platform dependent
solutions like ActiveX, etc.) in order to display 3D content within the browser. Although these limitations might be overcome in the future with HTML5/WebGL, there
are still some robustness issues when, e.g., saving a local copy of a web page with
embedded images, CSS style sheets, together with a 3D object shown on the page.
This solution is especially brittle when saving multi-page documents, i.e., a set of
interlinked web pages that describe a set of digital 3D artifacts.
To overcome these problems, this paper presents a completely different solution.
We propose the following solutions to the above problems:
•
•
•
•

COLLADA as extensible XML format for 3D scenes, annotations, and metadata
U3D as 3D format for textured triangle meshes
PDF as delivery format for multi-page text documents with embedded 3D objects
XSLT to describe the conversion of COLLADA to PDF, in particular of the embedded metadata.

COLLADA is described in [3]. We describe the complete workflow, ranging from
the acquisition of the 3D model over 3D reconstruction to annotating and enriching
the digital artifact with metadata, to finally publishing it to a wide audience through
the web. All parts of the workflow that we describe in fact use open source software
and services. So this workflow is also manageable for small museums that cannot
afford expensive 3D scanning equipment. In the following we will describe the different stages of the workflow in detail.
Section 3 explains the process of 3D acquisition, Section 4 shows the authoring
application for 3D annotations, and Section 5 explains the generation of a PDF document with embedded 3D artifacts. Section 6 shows some resulting products and a
short discussion.
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Fig. 1. Schematic visualization of the workflow from acquisition of the 3D model from the
artefact over the information authoring to finally the production of the PDF with embedded 3D
content

1.1 Contribution
To the best of our knowledge we are the first to describe the complete workflow from
3D acquisition over markup and annotation to web delivery. A schematic overview of
the proposed workflow is shown in Figure 1. Furthermore, our solution is particularly
flexible in two respects: First, our system allows some flexibility with respect to the
markup method. Three ingredients must match: The XML notation for a markup, the
user interface to define it, and the XSLT transformation that converts the markup into
a 3D object in a PDF document.
Second, our workflow provides great flexibility with respect to the usage scenario.
Basically the same methods work irrespective whether a sustainable workflow needs
to be defined for a very particular CH domain or sub-domain, whether the annotations
are created manually (“interpretation of shape”) or automatically (“shape matching”),
or whether used in a stand-alone fashion in a remote excavation campaign or integrated into a web server infrastructure that delivers PDF with embedded 3D, e.g., as
the result of a query request like “give me a 3D scene containing all Greek statues of
male individuals that are holding a spear”.
1.2 Benefit
We consider our solution to serve as a model for solving a whole range of practical
3D content creation and dissemination problems. In order to benefit from the aforementioned advantages of 3D technology, we are facing a hen-and-egg situation today:
3D is not widely used because of a lack of tools, and the tools are not developed because of a lack of interest in 3D. We hope we can break this vicious circle by offering
a light-weight possibility to create, annotate, and disseminate 3D artifacts. At the
same time, it is flexible and can be custom-tailored to accommodate for specific use
cases and sets of requirements.
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2 Related Work
Since 3D data without any kind of additional information is pleasant but rather useless, most 3D objects are related to further metadata, describing the 3D content or its
context more precisely. Especially in the area of cultural heritage, 3D related information is essential. Hence, users benefit from both a 3D visualization and additional
information related to the presented 3D content, as it can be done by using X3D embedded in a HTML web page. For example, Kadobayashi [4] proposed an automatic
blogging system, where users can share annotations made to 3D content, enabling
collaborative experiencing.
In contrast to the X3D/HTML example and the automatic blogging system, PDF
documents can contain both, the 3D content and the related metadata within one file,
which enables the user to save this file locally, archive it or send it to another interested person. Therefore, a flexible method for generating PDF documents that contain
rich 3D content is desirable, but has apparently not yet received much research attention. Barnes and Fluke [5] proposed the incorporation of 3D content in PDF documents as a substantial improvement for the visualization of multi-dimensional data in
astronomy research papers. Since multi-dimensional data is no astronomical
phenomenon, their ideas for a more appropriate knowledge transfer by using 3D visualizations is of course also applicable in numerous other fields. Nevertheless, their
approach just uses 3D content in a quite static way and just for visualization purposes.
Strobl et al. [6] published a workflow for the generation of PDF documents that
contain 3D objects, which are dynamically enriched with embedded annotations to
provide additional information on some specific parts of the 3D content. Although the
proposed workflow greatly shows how 3D content can on-the-fly be enriched to provide additional information, it has several drawbacks. The major limitation of this
approach is that it is based on the commercial software Adobe Acrobat Extended.
Concerning the PDF standard, PDF/A-1 has been approved in 2005 as the standard
for long-term archival of textual PDF documents [7]. The next version PDF/A-2, is
expected for 2011 and will be based on PDF 1.7, which includes support for multimedia content e.g. movies, sounds and 3D. This would make PDF indeed the preferential
format for the sustainable publishing of 3D content mixed with other data like text,
sounds or videos.

3 Acquisition – The “Gipsmuseum” Campaign
The Gipsmuseum in Graz (http://gipsmuseum.uni-graz.at) is a collection of mostly
plaster statues held by the Institute of Archeology, University of Graz. The creation of
replica of statues and other decorated objects has a long tradition. At first the plaster
copies were mainly used by sculptors to serve as masters for copies of the original
works. With the appearance of the modern universities in the 18th century they also
served another purpose. The plaster sculptures were and are still used as a three dimensional reference of the ancient art in lectures and studies of arts and history. Some
of the exhibits are quite old and a few are the only remains because the original statues were damaged or destroyed. There are enough reasons to digitalize and preserve
the plaster copies.

A Publishing Workflow for Cultural Heritage Artifacts from 3D-Reconstruction

171

Fig. 2. The acquisition process taking place in the “Gipsmuseum Graz”; summer interns shooting photos of an exhibit

In 2008 our group started to reconstruct some of the exhibits of the museum. The
goal was always to generate precise digital models in a cost efficient way. We decided
to reconstruct the statues using the ARC 3D Webservice1 of the University of Leuven
(see also in [8]). This service is freely available for the task of preserving cultural
heritage. It uses a sequence of photographs to calculate depth images. Those depth
images can be used to create a 3D model.
A group of four summer interns was trained to shot photos of high quality. The
photos were taken with a Nikon D60, a 6 megapixel single-lens reflex camera. A
tripod and a remote-control release were used to avoid camera shake.
Because of the homogeneous color of the statues a photogrammetric reconstruction
is not trivial even for good algorithms. We decided to use a random color pattern
which was projected onto the plaster using a projector. We tried to match the size of a
pixel of the projected pattern with the size of a pixel on the photo. To also capture the
correct color of the surface it would be necessary to shoot a second photo without the
projected pattern. Due to lack of time this was not done for all photos but only for
three shots (start, middle, end) of a sequence.
To get good results, the process of taking photos has to meet some special demands. For example a sequence of photos has to be shot focusing on one spot while
moving the camera in a half circle around the object. The movement of the camera
has to be planned in advance to make sure, the object of interest is fully visible in all
1

http://www.arc3d.be/
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shots. Adjustments of the zoom are not allowed during a sequence. It is important to
use the same camera settings for all shots of a sequence, therefore keeping the same
distance. Measuring the distance with a piece of string can be seen in Figure 2.
Within the time of the internship we managed to shoot 25 exhibits. For each statue an
average of 8 sequences was taken with approximately 20 photos per sequence. For the
more complex statues we had to take more sequences. Also sometimes it was hard to
move around the exhibits so we had to take more sequences with only a few photos. In
total we generated about 4300 photos and sent them to the ARC 3D Webservice.
The resulting depth maps were then processed using Meshlab2. In the first step, the
resulting 3D fractures of each photo sequence were created using the filter called
"Surface Reconstruction: Poisson".
To get a single model for each statue, the factures were then registered to each
other. In this step it was necessary to scale the parts of the model according to
measurements taken from the real statues. In contrast to a laser scan, the photo reconstruction is not creating accurate measurements. Manual corrections were needed to
generate exact digital copies.
The scaling and the final assembling of the parts can also be done in Meshlab. But
because of some stability issues we used GeoMagic Studio3, a commercial solution
for the depth map registration. An example statue is shown in Figure 3 and described
in Section 6.

Fig. 3. A photo of a plaster statue and the reconstructed 3D model in Meshlab

2
3

http://meshlab.sourceforge.net
http://www.geomagic.com
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4 Authoring
This Section describes the authoring process of combining the 3D model with the
additional information, in our case mostly text and images.
For this workflow a modified version of the authoring tool EpochStudio[9] is used.
The original version of this authoring tool allowed annotating the 3D model by adding
markup geometry which is linked to an internet resource.

Fig. 4. The diadem of the "Anadumenos Farnese" is annotated using the EpochStudio

The 3D model is loaded from the local disk or from a remote data source. The user
can select “Add Annotation” from the menu by clicking on the authoring tab on the
left. Annotations can be added by clicking directly on the surface of the 3D object. A
dialog pops up and lets the user choose an anchor name. This name can be used later
to create a reference to the annotation. Anchors are visualized as spheres in the 3D
view and they also appear on the left in the list of anchors. An arbitrary number of
URLs can be attached to each annotation. With the included browser it is possible to
search for suitable material without the need to switch between the EpochStudio and a
web browser. After all annotations are added the user can export a lightweight COLLADA file (COLLADA Lite) by clicking on “Save DAE”. This COLLADA file holds
the scene graph hierarchy and the annotations. The 3D models, however, are not contained in the COLLADA file. They are only referenced using a link. To generate a
PDF, the user selects another export option, “Publish PDF”. A PDF file containing the
3D model as well as the annotations is then written to disk.
While it would be possible to download the resource and insert it into the resulting
PDF, this may result in a visual clutter because of different layout of the web resource. In order to enable direct editing the information and to edit the page layout,
the EpochStudio has been enhanced with direct text editing. The editor allows the
user to create the XSL-FO document, in which the 3D model will be embedded. Parts
of the text can either be converted to a link into the 3D content or as the target of a
annotation markup of the 3D model.
Figure 4 shows the authoring process of the “Farnese Diadumenos”. The user defines the area of interest in 3D by creating a sphere, in this example the diadem and
one leg as a placeholder for explaining the “contrapposto”. For each sphere the user
can add the additional text and images in the attached text editor to the right.
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01 <?xml version="1.0" encoding="utf-8" ?>
02 <COLLADAlite>
03
<library_nodes>
04
<node id="gm100">
05
<instance_geometry url="gm100_200k.osb" />
06
</node>
07
</library_nodes>
08
<scene>
09
<visual_scene>
10
<node name="StatueGM100">
11
<instance_node url="#gm100" />
12
<extra>
13
<annotation title="Diadem"
14
id="Diadem">
15
<annotation_geometry>
16
<annotation_sphere>
17
<center>7317.4 -825.2 12788.6</center>
18
<radius>282.051</radius>
19
</annotation_sphere>
20
</annotation_geometry>
21
<annotation_camera>
22
<from>8900.1 8586.3 4917.3</from>
23
<at>6927.60 -769.3 12798.6<at>
24
<up>0.9 -0.09 0.13</up>
25
</annotation_camera>
26
</annotation>
27
<annotation title="Contrapposta"
28
id="Contrapposta">
29
...
30
</annotation>
31
</extra>
32
</node>
33
</visual_scene>
34
</scene>
35 </COLLADAlite>

Listing 1. The Collada Lite file generated by the EpochStudio

5 PDF Publishing
In this section we describe the publishing step for generating the PDF with embedded
3D content in detail. The output from the previous step - the 3d model (U3D) and the
XML data - is now combined into a single PDF file using FO3D. The technical details
of FO3D are described in the following.
5.1 XSL-FO and FO3D
FO3D is an extension to the XSL Formatting Objects (XSL-FO) standard. XSL-FO
[11] was designed for formatting and presenting XML documents. The purpose of
XSL-FO is to transform XML documents containing data into other XML documents
containing both the data and the XSL-FO elements describing the visual presentation.
This transformation makes use of XSLT and XPath. A XSL-FO document is converted by a FO processor (FOP) to a target format. In practice, XSL-FO is primarily
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used for generating PDF documents, but it is designed as a general formatting system
for various render targets, depending on the implementation of the FO processor.
Since the XSL-FO is designed for rendering two dimensional layouts, the FO vocabulary lacks support for embedding 3D content. However support for arbitrary
objects is already included within the XSL standard. FO3D utilizes the fo:instreamforeign-object element, which is “is used for an inline graphic or other ‘generic’ object where the object data resides as descendants of the fo:instream foreign-object,
typically as an XML element subtree in a non-XSL namespace” [10]. The most popular example for the use of an fo:instream-foreign-object element is the embedding of
SVG, which is a file format for describing two-dimensional vector graphics on the
basis of XML. FO3D primarily target is the integration of 3D content and related
metadata in PDF documents, therefore the proposed FO3D vocabulary contains various settings and concepts following the ISO-standardized PDF-1.7 specification (ISO32000-1).
The current version of FO3D supports the following PDF 3D features:
• Multiple views for inspecting different parts of the 3D content. Various aspects
like rendermode (e.g. solid, transparent, wireframe, etc.), camera position, lightmode,projection, and background color can be specifies.
• Additional resources that are not part of the original 3D content itself, e.g. additional 3D geometry or 2D graphics
• Support for 3D JavaScript and document-level JavaScript
A more detailed overview of the available FO3D elements can be found in [11].
The prototype of FO3D has been implemented for Apache FOP (The Apache
Software Foundation, 2010). Apache FOP is an open-source project licensed under
the Apache License version 2.0. It is implemented in the Java programming language
and therefore by default available for multiple platforms, including desktop and (web)
server environments. The most recent stable version is 0.95, which implements a large
subset of the XSL-FO 1.1 W3C Recommendation. FO3D is available for download at
http://fo3d.sourceforge.net
5.2 FO3D Extension: Annotations
Though the combination of XSLT, FO, and FO3D offers a wide range of rich interactive PDF 3D visualizations, it might still not be powerful enough, for example, by
means of XSLT and JavaScript it is not possible to generate an image that is to be
used as a texture, or to load an arbitrary external file that is referenced from the XML
input in order to affect the visual appearance of the 3D content. Therefore, additional
support during the PDF generation process is needed.
Similar to the FO3D which extends the XSL-FO vocabulary, it is also possible to
extend the vocabulary of FO3D. The FO3D extensions element provides the ability of
storing custom XML elements, without specifying any structural or content-related
restrictions. In general, the purpose of this element is similar to the fo:instreamforeign-object element, which also provides a method for extending the FO document
with custom XML data, such as SVG or FO3D.
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01 <fo:instream-foreign-object>
02
<object-3d
03
xmlns="http://fo3d.sourceforge.net/ns"
04
name="relief"
05
src="Statue10_100k.u3d"
06
width="5cm" height="5cm">
07
...
08
09
<extensions>
10
<annotations scale="" color="lime">
11
<link href="http://..."
12
at="-43.6,134.8,1324.0"
13
scale="1.34583" color="lime" />
14
<link href="http://..."
15
at="-112.9,140.6,906.4"
16
scale="0.690188" color="red" />
17
</annotations>
18
</extensions>
19
20
</object-3d>
21 </fo:instream-foreign-object>

Listing 2. The FO document with two annotation definitions

The functionality for adding the markup geometry into the 3D object is encapsulated in a special FO3D extension “annotations”, which adds the element annotations
to the FO3D vocabulary. The annotations element can contain one or more link elements defining. Table 1 shows the various types of attributes for this element. Listing
2 shows the usage of the extension within an XSL-FO document.
When the XSL-FO document is processed, the extension adds an addition resource
for the markup geometry and adds the necessary JavaScript code for handling the
mouse-click on the sphere.
Table 1. Overview of the link attribute types and their meaning

Type

Description

href

Unique identifier to the additional data. This can either by a web
resource or an internal anchor within the XSL-FO document.

at

Specifies the position of the annotation

scale

Scaling factor for the markup geometry.

color

Specifies the color of the markup geometry.

The results of the previous authoring step are the 3D model in the U3D format, and
a XSL-FO document. The XSLT conversion for merging the COLLADAlite information into the XSL-FO is already done by the EpochStudio. Listing 2 shows the resulting FO3D document. The two files are then processed by the Apache FOP (with
FO3D included), which was configured to run as a web service. The result is then the
final PDF document with the 3D content embedded.
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6 Example
The described workflow was exemplarily applied to the statue of a Diadoumenos, a
typical type of Greek sculpture. It is showing the winner of an athletic contest knotting a ribbon-band, the diadem, to his head. The plaster statue is a copy of a roman
marble copy, the “Farnese Diadumenos”. The original Greek statue was made of
bronze in the end of the 5th century B.C.
For the large plaster statue (about 2.5 meters high) we created twenty sequences of
photos. Ten sequences cover the legs with four of them shot from a higher position
targeting the feet. The upper part of the statue was shot from below and straight.
Unfortunately it was not possible to create sequences from an elevated position. Because of this the shoulders and the head are not yet reconstructed on the top.
Figure 5 shows the resulting PDF document viewed with Adobe Reader. The 3D
content is displayed within a floating window so that the model is always visible
independent from the displayed page. Clicking on the links in the text (here diadem or
contrapposto) will select the corresponding view in the 3D model. Clicking on the
markup geometry in the 3D window causes the document to jump to the corresponding anchor within the text.

Fig. 5. The resulting PDF; the 3D content is viewed within the floating window

7 Conclusion
We presented a complete prototype workflow from the artifact to a digital interactive
museum catalogue.
The proposed workflow is completely based on open source projects. This makes it
affordable even for small museums. Since PDF is an ISO standard (ISO 320001:2008) and the Acrobat Reader is available on a variety of platforms, it is an ideal
format for bringing rich and interactive 3D culture heritage to a large audience.
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Currently the tools for the workflow (with except of the ARC 3D Web service)
need to be locally installed. Future work will concentrate of establishing parts of
workflows as a web service solution, e.g. FO3D. Additional FO3D extension will
enhance the possibilities for enriching the 3D content for cultural heritage (e.g. animations or video/audio clips).
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3D Scanning and Modelling of the Bismarck Monument
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into a 3D City Model of Hamburg
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Abstract. In the context of an integrated pilot study between the HafenCity
University Hamburg, the Jade University of Applied Sciences in Oldenburg and
the Agency for Geo-Information and Surveying Hamburg the Bismarck monument in Hamburg has been scanned with the Z+F IMAGER 5006 3D laser
scanning system to generate a virtual 3D model of the monument from the laser
scanning data using different programs. A substantial aspect for modelling was
data reduction, since the generated 3D model has to be integrated into the city
model of Hamburg with the smallest possible data volume. Therefore a combination of triangle meshing and CAD turned out to be an optimal solution. Furthermore, the extent to which the modelled data can be reduced by appropriate
polygon decimation, in order to derive a geometrically correct and visually attractive result (virtual 3D model), has been investigated. The geometrical quality of the model was evaluated on the basis of reference values. As well as the
integration of the virtual model into the city model of Hamburg the generated
virtual model was also prepared for interactive visualisations. For the entire
processing of the project time management of the individual work procedures
has been calculated, in order to derive statements about the economy of the
project. Thus conclusions/recommendations for further projects on object recording, modelling and visualization of such historical buildings and monuments using this procedure with this technology could be provided.
Keywords: 3D modelling, 3D triangulation, cultural heritage, meshing, terrestrial
laser scanning.

1 Introduction
While these days world-wide computer networking and the self-evident use of the
internet is standard as far as possible, presentation in this medium could become important for a city with tourism value such as Hamburg. So the characteristic cityscape
of the Hanseatic city, which is also characterised by a vast number of monuments,
could be presented multi-medially as a virtual 3D city model. In ̀the listing of the
recognised monumentś currently 2800 individual architectural monuments, 2100
ensembles as well as 3000 ground monuments are listed. The protection of historical
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 179–192, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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buildings and monuments and the preservation of monuments in the Hanseatic city
are described by Hamburg’s monument protection law, however a detailed documentation of these objects is often missing.
For geometrical 3D object recording of complex objects such as monuments terrestrial laser scanning is now suitable as an efficient survey procedure. With their ability
to scan a very large number of 3D points in seconds without signalisation laser scanning offers high application potential, especially in archaeology, architecture and
cultural heritage, as has already been illustrated in numerous publications (see among
others [1], [2], [3], [4], [5], [6], [7], [8], [9]).
In this paper 3D object recording and modelling of the Bismarck monument in
Hamburg by terrestrial laser scanning are presented as a cooperative pilot study of the
HafenCity University Hamburg, the Jade University of Applied Sciences in Oldenburg and the Agency for Geo-Information and Surveying Hamburg. For the production of a virtual 3D model the aspect of data reduction is the main focus in order to
merge the geometrically and visually correct model with the smallest data volume as
possible into the 3D city model of Hamburg.

Fig. 1. Bismarck monument in an aerial photo (left) and statue (right)

2 The Bismarck Monument in Hamburg
Even during his own lifetime Bismarck monuments were constructed in numerous
German cities as well as in other countries in honours of the first German Imperial
Chancellor Prince Otto von Bismarck. Born on 1 April 1815 in Schönhausen in the
district Stendal Otto von Bismarck became increasingly active in politics after completion of his legal studies in Göttingen and Berlin in 1835. In 1862 he was appointed the Prussian Prime Minister; five years later in 1867 he became chancellor
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of the North German federation and after a four further years he became the first
Imperial Chancellor of the German empire. When in 1888 emperor Wilhelm II
ascended to the throne, Bismarck came increasingly into conflict with the young
emperor, so that „the iron chancellor” resigned in the year 1890. On 30 July 1898
Otto von Bismarck died on his estate Friedrichsruh in the Saxonia forest close to the
gates of Hamburg.
One of the most famous statues was built in the Free and Hanseatic City of
Hamburg in the former Elbe Park (Fig. 1). This monument is the largest monument
in Hamburg and has consequently a special meaning for the Hanseatic city. The
building of the monument was controversial at that time. Initially agreement could
not be reached on a location and later the historical Elbe pavilion had to yield for
the final location of the huge statue. The architect Johann Emil Schaudt and the
sculptor and art nouveau artist Hugo Lederer planned the building project and also
implemented it. However, with a height of 34.3 meters and a weight of 625 tons its
gigantic size required further agreements. The construction costs aggregated to
approximately 500,000 Gold marks. The monument shows Bismarck in form of a
Roland statue, a so-called statue of a knight, which was considered as a symbol of
municipal rights. The eight figures at the foot of the object (base) symbolised the
Germanic tribes. The inauguration of the monument took place on 2 June 1906
after a three-year construction period. More than 100 years at the slope of the river
Elbe has not passed without effect on the Bismarck statue. Monitoring activities
have found that the listed building has stability problems - at present nine centimetres of inclination on the overall height. Therefore, it must inevitably be renovated
in the near future.

Fig. 2. Building of 3D city model of Hamburg in level of detail 1 to 3 (© LGV Hamburg)

3 The 3D City Model of Hamburg
The 3D city model of Hamburg is available in three different levels of detail (LoD)
and quality. The level of detail 1 (block model) was completed in 2001 for the entire
area of Hamburg (755 km2) and consists of 320,000 buildings [10] For the automatic
generation of the block models a sketch from the digital basic city map (DSGK) and
the respective storey height from the Hamburg official land registers (real estate
map and real estate book) for extrusion of the model was used. For LoD 2 the roof
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landscapes were measured in large-scale aerial photographs in detail and blended with
the digital terrain model, so that the model consists of roof and wall surfaces (Boundary Representation). This LoD 2 was finished in 2003 for an area of 250km2 in the
city centre and in Bergedorf and enclosed approx. 130,000 buildings. From LoD 3
(architectural model) texture-mapped buildings are available only in selected areas of
the city Hamburg. In Figure 2 the above described levels of detail 1-3 are represented
for the city model of Hamburg using the example of one building.

4 Object Recording
Object recording was carried out using the IMAGER 5006 terrestrial laser scanner
from Zoller + Fröhlich on 13th August 2008 during very windy weather conditions.
Technical specification and accuracy potential of the laser scanner are described in
[11]. During scanning GPS measurements were acquired using a Leica GPS system
500 for the geodetic network (five additional points), while the targets were measured
by total stations. In total 16 black-and-white targets and four white spheres, which
were used as control points for the registration and geo-referencing of the 17 scan
stations (Fig. 3 left), were attached to the monument at different heights as well as
being set around the viewing platform on tripods. Moreover photographic images
with a Nikon D70 were acquired for later possible texture mapping of the 3D model.
The object recording was carried out by a three-person team of the cooperation partners involved.

Fig. 3. Scan stations (L1-L17) and five geodetic control points (large circles, left), check points
determined by total station (right)

For later quality control of the 3D model 74 check points were determined by total
station on three stations around the object during an additional day in the field. The
distribution of these check points is represented in Fig. 3 (right). As a check of the
heights of the geodetic network distance levelling was carried out on a further field
survey day.
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5 Data Processing
The data processing was performed in several work procedures, which are described
in the following.
5.1 Geo-referencing, Filtering and Segmentation of Scans
In total 180 million points were scanned, which had to be processed efficiently. The
registration of 17 scan stations was accomplished with the software LaserControl
from Zoller + Fröhlich, in which registration and geo-referencing were accomplished
in one processing step. All b/w targets and spheres (127 measurements) were semiautomatically measured in the different scans and later transformed into a common
coordinate system using the control point coordinates from a bundle adjustment. The
average deviation at the control points was 13mm (standard deviation 6.5mm),
whereby 13 measurements of the control points with a deviation over 30mm were
excluded from the computation. The poor result can be justified by explaining that the
spheres were frequently knocked over by wind causing discrepancies in the geodetic
network. However, this result is completely sufficient for this task, although a result
better by a factor two was expected.

Fig. 4. Single scan of the Bismarck statue (left), quality control of the registration at the head of
the statue (centre), segmentation of a figure at the socket (right)

The registration and geo-referencing of the scans was subsequently examined by
forming cuts in different levels in the Trimble software RealWorks Survey (e.g. see
Fig. 4 centre). The upper scan areas were not evenly supported by control points due
to the spatial distribution of the targets. Thus discrepancies of up to 40mm were revealed between the scans but only in the head area of the statue. This difference was
not yet critical for the further modelling of the data to meet the requirements of this
task. The complete data set was divided into the three areas, platform, socket and
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statue, segmented and exported accordingly. During export the data were corrected
using standard filter parameters in LaserControl and consequently volumes were
already reduced (see also [12]). Subsequently, the unnecessary points were eliminated
in the segmented point clouds using RealWorks Survey (see Fig. 4 right).
5.2 Modelling
Due to size and complexity of the object a combination of CAD modelling and triangle meshing offers an optimal solution for the 3D modelling of the Bismarck monument. The use of the CAD model is suitable for simple geometrical bodies such as the
platform and the socket of the monument, while triangle meshing proves useful for
irregular geometry such as the Bismarck statue and the eight figures surrounding the
socket. Thus a significant data reduction is already obtained in this stage of the processing by CAD modelling of essential parts of the monument, which also permits
more efficient handling of the data for the visualisation of the object at a later stage.
Fitting of geometrical primitives such as plane, circle and cylinder into the appropriate positions of the point clouds was not as successful as expected, so that much manual post-processing would have been necessary. Therefore the generation of essential
cross-sections in the segmented point clouds (Fig. 5 right top) with the software
PointCloud, a plug-in for AutoCAD from the company Kubit, was selected as a successful approach for the creation of a CAD model. However, the manual digitisation
in polylines was found to be too labour intensive. Subsequently, the cuts were extruded on their height accordingly, so that one CAD model each has been developed
for the socket (Fig. 5 right bottom) and for the platform. Tentative experimentation
also showed very quickly that modelling of free form surfaces by cuts is too timeconsuming and too inaccurate (see Fig. 6 left).

Fig. 5. Part of the socket of the Bismarck statue (left), generated cross-sections of the geometric
object (right top), CAD model of the socket (right bottom)
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Fig. 6. Modelling of a figure at the socket by cross-sections (left) and curvature-based filling of
holes (red) for shoulder and head areas of the Bismarck statue (right)

Fig. 7. Eight modelled figures of the monument socket (left) and modelled Bismarck statue
(right)

The more complex surfaces of the eight figures around the socket and the Bismarck statue were modelled by 3D triangulation (triangle meshing) in Geomagic
(version 10). However, before actual meshing different filter functions were still deployed by Geomagic, in order to eliminate still further outliers and scanning noise
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from the segmented point clouds (approx. ½ million points of per small figure). The
computation of the triangle meshing is performed automatically; however the result
can still be optimized afterwards, in which existing holes are filled and the surfaces
are smoothed. The large holes within the upper areas of the Bismarck figure, which
could not be scanned due to shadowing by the statue height (34.3 meters), were later
filled by a curvature-based computation; however bridging points were manually set
before due to the size of large holes. The complete result is represented in Fig. 6
(right), while all figures modelled by triangle meshing, are arranged in Fig. 7 (left).
During the smoothing of the surfaces one had to proceed very carefully in Geomagic,
since important details and intricacies of the surface are quickly lost by overregulation of the parameter settings. Generally while handling this dataset with Geomagic it was revealed that experience was necessary for optimal parameter control.
But a geometrically correct 3D model of the statue (Fig. 7 right) has been generated
by processing of the complex object areas (free form surfaces) with Geomagic, which
demonstrates a very high visual recognition value.

Fig. 8. Colour-coded parts of the Bismarck monument

Finally, all modelled parts of the monument from AutoCAD/PointCloud (CAD)
and from Geomagic (triangle meshing) were combined into a entire 3D model using
the software MicroStation V8 (Fig. 8). According to the format this entire 3D model
has a data volume of 108 MB (DXF), 21 MB (DWG) and 18 MB (DGN), which was
transferred into the 3D city model of Hamburg as generated for the integration into
the 3D city model of Hamburg, but it is still too large.
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5.3 Data Reduction and Accuracy Analysis
In order to be able to reduce the data significantly, a polygon decimation of the
meshed object had to be accomplished, which supplies a geometrical and visually
correct result. Investigations with Geomagic showed that maximum curvature-based
polygon decimation down to 10% supplies a result for the Bismarck figure, which
fulfils both mentioned criteria. Thus, the original data volume of the Bismarck figure
could be reduced from 800,000 to 80,000 polygons, which corresponds to a reduction
of the file size by a factor 10 from 140 MB to 14 MB (DXF). In Fig. 9 differences
between the version with 100% and 10% are barely noticeable, while the changes are
clearly visible in the figure with the reduction to 3% compared to the full version. The
average deviation of 1mm between original and 10% version was calculated in a 3D
comparison, while the maximum deviation was 15mm. In the 3D comparison between
original and 3% versions the deviations were already higher by a factor of 4 than with
the version with 10%. On the other hand polygon decimation down to 5% could be
achieved for the figures on the socket without significantly losing geometrical and
visual quality.

Fig. 9. Visual impression of different levels of polygon decimation in Geomagic for the 3D
model of the Bismarck statue

For the accuracy analysis of the modelled 3D monument 74 check points, which
were well distributed at the platform, at the socket, at the figures and at the Bismarck
statue (see Fig. 3 right), were determined with a total station. The deviations between
model and reference were on average between 3-10 cm in XY and in height, which is
appropriate for the 3D city model and clearly fulfil the accuracy requirements of 30
cm. The analysis demonstrated the difficulty of identifying and measuring checks
points especially on free form surfaces, which could explain larger deviations at
several points. However, the re-created geometry of the statue shoulder and head
could only be checked visually in the model. A detailed accuracy analysis is documented in [13].
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5.4 Visualisation
The generated 3D model of the Bismarck monument was visualized in different formats and with different tools. A simple interactive representation was provided in the
VRML format in different resolution stages (including figures at the socket 38 MB,
without figures 9 MB) (see Fig. 10). But due to the uniform grey colour of the monument no texture mapping has been carried out. Only Bump Mapping was used as a
test, in order to obtain a better depth effect in the model. A further easy-to-use independent viewer is the software AECVIZ from Tornado Technologies Inc., in which
the model was imported as DXF (108 MB) and visualised interactively as an executable program (*.exe with 4 MB). In addition the model was converted into the common format 3D PDF (9 MB), which can be represented with each Acrobat Reader
starting from version 8 (Fig. 11). The integration of the monument into the 3D city
model of Hamburg is shown in Fig. 12. Several video sequences as flights around the
virtual monument were generated with the program Cinema 4D (Fig. 13 top). For the
integration of the model into Google Earth the quality of this existing geo data could
be seen, since situation and height did not fit to the precisely generated virtual monument for a few meters (Fig. 13 bottom). But a Google Earth version of this monument
is not planned.

Fig. 10. Presentation of the 3D model in the VRML format
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Fig. 11. Visualisation of the Bismarck monument as 3D PDF

Fig. 12. Bismarck monument integrated into the 3D city model of Hamburg (in the background
is the St. Michaelis church visible)
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Fig. 13. Visualisation of the Bismarck monument in Cinema 4D (top) and in Google Earth
(bottom)

6 Conclusions and Outlook
This integrated pilot study showed that complex objects such as the Bismarck monument
can be recorded in detail by terrestrial laser scanning within a short time. However, the 3D
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modelling has been carried out using mostly manual methods; consequently this is time
and cost-intensive. In total 210 hours were estimated for the entire project work, which
partitioned themselves on the different work procedures: data acquisition 14h, adjustment
geodetic net 16h, processing scanning data 30h, 3D modelling 130h, data reduction 8h,
texture mapping 4h and visualization 8h. Since 61% of the entire working time was used
for modelling, the biggest potential for optimisation can be achieved there by increasing
automation. The ratio of object recording to data processing with 1:14 is slightly higher
that other practical projects carried out at HCU Hamburg (1:10 for e.g. Kornhaus bridge
Hamburg, Holstentor Lübeck). If one calculates a rate of €
€ 50 per hour for an engineer in
the whole project, as a result costs of €€ 10,500 can be estimated for the whole project
volume, which appears quite expensive for the object recording and modelling of monuments and which might not correspond to real market conditions. There is still substantial
optimisation potential in all work procedures. The obtained accuracy of approx. 3 – 10cm
for the 3D model of the Bismarck monument fulfils the requirements for the integration
into the 3D city model of Hamburg and even for further visualisation applications without
any problems. Thus, despite significant data reduction, which was achieved by curvaturebased polygon decimation in triangle meshing of the complex structures (figures) and by
CAD modelling with volume bodies for simple objects (platform and basement), a geometrically and visually correct 3D model has been generated. Although shadowing areas
could not be scanned due to the statue height, missing parts of the Bismarck statue could
be supplemented computationally with appropriate software. However, different software
packages (LaserControl, RealWorks Survey, AutoCAD/PointCloud, Geomagic, MicroStation) were in use for the production of the final product, since still today no program
can cover all substantial work procedures optimally. The object recording and modelling
of further monuments and historical buildings in Hamburg are planned, in order to increase the attractiveness of Hamburg’s city models by the integration of such detailed 3D
models.
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Abstract. A map series of 1920s Mytilene town, property of L e s v o s
Archives, had been inaccessible due to its poor condition. One map of this
series was restored, scanned, digitised and given a geographical reference
system. Geographical coordinates were collected, and geoinformatics
technology was used to create a geographically corrected map in GCSGGRS-1987 Geographical Coordinated System and Greek Grid as a
Projected Coordinated System. Comparison of the map to a 1953 map series
revealed that the latter is a hand-made copy of the first. Therefore GIS tools
were used to digitally visualise missing areas of the authentic map. This project may open new horizons for the Mytilene cartographic heritage
through the creation of a digital map library, featuring the history of the
town’s cartography, and the development and use of new interpretation tools
allowing online access for educational and recreational activities.
Keywords: cartographic heritage, geoinformatics, map conservation.

1

Introduction

‘Cartographic Heritage’ entered officially the glossary of the international cartographic community in 2005, embedded in the immense domain of modern digital
information and communication technologies [1]. The impact of the notion of cartographic heritage is a modern, fresh and innovative constituent of the overall cultural
heritage resetting cartography and maps in their distinct place as important products
of human intellect and skill [2].
The starting point of this study were i) the ideas that cartographic heritage is cultural heritage, ii) that heritage has to be a shared experience and iii) that for cartography the criterion of accessibility is essential, as it marks a condition to meet the
demands of cartography, namely to make reality accessible [3].
The subject of this study is an early 20th c. map, property of the Lesvos General
State Archives, that for years had been inaccessible to the public. To increase
accessibility, the project included conservation of the original object, digitisation, and
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 193–205, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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use of Geoinformatics and map visualisation techniques. The project is in accordance
to the International Cartographic Association (ICA) Commission on Digital Technologies in Cartographic Heritage [4] aiming to study and research on the possibilities
of applying new information and communication technologies (ICT) on issues related
to the cartographic heritage, focused on:
1)
2)
3)
4)

The transformation of the map into digital form.
The application of digital techniques in the study of the map
The application of digital support for the preservation and restoration of the map
The launching of the first steps to assist the work and functionality of the Lesvos Archives, to increase accessibility to cartographic heritage for future diffusion of the history, cartography and early 20th century maps to the public.

According to the ICA, “a map is a symbolised image of geographical reality, representing selected features or characteristics, resulting from the creative effort of its
author's execution of choices, and is designed for use when spatial relationships are of
primary relevance” [4].
The first known map was created by Eratosthenes in the late 3rd c. BC, followed
by that of Hipparchus in the 2nd c. BC. The 1st c. BC papyrus by Artemidorus
is considered to be the oldest saved Greek map. The birth of cartography, as we know
it today, is owed in Ptolemy (2nd c. AD). In the Middle Ages (4th-13th c) cartography becomes thematic, with intense ideological content, having Christian symbolism as the main subject. The only exception was the case of the Arabs, especially
during the 9th-11th centuries. In the 13th c. Europe rediscovers Ptolemy’s cartography which becomes fast spread. In the Renaissance, map creation becomes more
artistic. The spread of Ptolemy’s cartography and geographical thought, the
invention of typography and the great geographical discoveries, determined future
developments. With the philhellenic spirit of the following centuries, the Greek territory becomes widely mapped. Cartography flourishes in the 20thc., era of the great
wars [5]. The map in this study dates in the early the 20thc., and comprises part of
the history of the first decades of possession of the town of Mytilene by the Greeks.
Old maps digitization has been performed in the past [3], [6], [7] and discussion is
being made regarding the technique choices and developments [8], [9].
Digitization of the Mytilene map series may assist the Lesvos Archives into expanding their services outside their walls. Digital information is changing the way
people learn, communicate and think, and the way that archives work. Digital information is neither final nor finite, it is flexible, easily re-edited, reformatted,
reproduced and copied, and can make available powerful teaching materials for students who would not otherwise have access to them.

2 Materials and Methodology
The material and data used were i) an analogue early 20th century Mytilene map, ii)
a 1953 Mytilene map series in digital form, and iii) geographical coordinates of 16
ground control points of Mytilene town, collected with a GPS. Methods exploited were coordinate sampling, georeference and mosaic creation of the 1953
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map series, conservation, scanning, georeference and mosaic creation of the early
20thc. map, and superimposition and comparison of the two maps to create a georefered map of the early 20thc. with digital addition of the missing parts.
2.1 The Early 20th c. Map
The early 20thc. hand-drawn map presents part of the urban structure of Mytilene
town, the capital of Lesvos Island, located in the NE Aegean Sea, built on the eastern
peninsula of the island. Up to 1995, the map belonged to the Municipality of
Mytilene, and then became property of the General State Archives-Lesvos Archives.
It measures 100cm x 98cm and is part of a series comprising of more than 10 maps,
some of which are not saved today. It portrays a central area of Mytilene town.
It features part of the castle, the court, the prefecture building, the Yeni
Mosque, a military hospital, baths, the Metropolis church and bishop’s palace, St
Theodore, St Apostles, St Simon and St George churches. Some of the map series
features may indicate their creation date. One of the maps contains the Panayia
Chryssomallousa church bell tower, built in 1903. Another one contains Kastrelli, a
small Byzantine tower demolished in 1922. Therefore, they must have been
drawn between 1903-1922. A more detailed study of the maps was not possible, due
to restricted access.
The map is made from hard paper stuck on canvas with water-based adhesive. Initially drawn in pencil, it was then inked and coloured. It features buildings and
other structures, tachymetric stops, contours, a faint pencil-drawn grid and a North
arrow in black ink on the centre of the right side of the map, pointing to the right.
The object is worn due to long-term use (Fig. 1). The paper is yellowed and discoloured due to photo-degradation after exposure to high light levels. Its edges present significant losses of paper and the geographical information that it once
presented. The paper and fabric on the edges are detached, folded, bended or curled.
Several pinholes penetrate both paper and fabric. Three oxidised pins are attached on
the map. Staining includes beverage stains, fingerprints, dirt, domestic fly droppings
and iron oxides on the pinholes’ areas. Dust, black Indian and blue ink stains are present on the canvas backing. On its upper back side, paper had been applied to support
a detached area. Finally, yellowed sticky tape is present on the front side.
Buildings: The outlines of buildings, architectural elements i.e. pillars, staircases and
verandas, and structures such as reservoirs, stockyards etc are drawn with black Indian ink. Stockyards and fencings are drawn in a double line, and building walls in a
single line. Light grey shading indicates private, and dark grey indicates public
buildings (Fig. 1). Most public buildings are pointed out with verbal description of
their operation. Some misspelled words indicate that the designer lacked good grammatical knowledge. Small churches or Ottoman panes are pointed out with the symbols of cross or crescent respectively, without verbal description. Circular and square
light blue forms represent water tanks and wells. Square yellow-coloured forms may
represent sheds or non-permanent structures. Solubility testing revealed that the black
ink is water-based, most probably black Indian ink; a black colouring constituting
from coal, usually soot from burned timber or resin, dissolved in water. The varying
black lines thickness, combined with the presence of several black ink stains,
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shows the likely use of pen for inking. The use of pens has the disadvantage of not
allowing the continuous and uniform ink flow, making staining easy.
Tachymetric stops: Along road lengths, numbers connected in dashed lines are
drawn with black Indian ink. These are the topographer’s stops and route.
Topographers followed a concrete way, their stops being marked with black
dashed lines on the map. Each tachymetric stop is recorded with a small circle and
marked with the Greek letter Σ, possibly standing for the Greek word Στάση (Stop),
and a number. Next to the circle, the altitude is marked inside a parenthesis. I.e. stop
192 is marked as Σ 192 (2,61). It should be noted that the altitudes have been changed
by several centimetres since the map creation, due to maintenance works on the paving. The fact that letters and numbers corresponding to the tachymetric stops and their
altitudes are well-written and astonishingly uniform, indicates that stencils had been
used. In certain points, red coloured stops are marked with the initials ΣΣ, possibly
connected with a military mapping service and may stand for Στάση Στρατού (Army
Stop). Red stops appear to be of a later date. Some stops in black have been circled
with red ink. In some points, red ink overlaps the black Indian ink. Although quite
calligraphic, red fonts lack uniformity in their various appearances, indicating freehand drawing. The altitude recording in this case uses three decimal digits. Interestingly, in the same stop, the two different topographers have recorded slightly different
altitudes, i.e. 2.235 instead of 2.4 and 2.003 instead of 2.3.

Fig. 1. Part of the map before treatment
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Contours: Contours have been drawn in cherry red ink. Every 5 contours the line has
an intense bold cherry red colour. Contours were drawn based upon the tachymetric stops. The mapping out of the contours was first performed in pencil and later
inked; a usual design practice, since drawing in pencil creates a slight ditch in the
paper for the ink to flow in. The pencil trace is visible in many areas, overlapping the
already inked buildings, proving that the mapping out of the curves is of a later date.
Occasionally and due to the designer’s carelessness, the contours overlap the buildings. The fact that lines are constant at the full length of the contours, reveals an experienced designer with a steady hand. The line thickness is quite uniform despite
their big length, indicating the likely use of rapidographs, which allow the smooth
and permanent ink flow, contrary to pens. An additional clue on rapidograph use
is the lack of cherry red ink stains. In certain cases of lengthy lines, cherry red coloured contours lack uniform thickness, fact owed to the ink flow, since the rapidograph blunts from paper remains especially in the case of designing on bad quality
paper.
Later additions: These include buildings drawn or shaded with pencil, such as
the 5th Elementary School, notes and lines in pencil possibly portraying a proposed
road layout, and circled areas in coloured pencil, red and blue ink.
2.2 The 1953 Mytilene Map Series
The 1953 map series consists of 26 paper maps, portraying the Mytilene town area
before its 1984 expansion. Each of the original maps is in a scale 1:500. The series
had been in use from 1953 up to 1984, when Mytilene maps were redrawn at a
scale of 1:1.000. The 1953 map series was digitally available by the University of
the Aegean Geography Department.
2.3 Methodology
Ground Control Point sampling: For the comparison of the 1953 maps with the
early 20th century map, it was of great necessity to transform the first into the
GCS- GGRS-1987 Geographical Coordinated System using Greek Grid as a Projected
Coordinated System. The first step was sampling ground control points with a GPS.
The 29 appropriately selected points were corners of buildings, built before 1920, and
consequently very probable to appear in the early 20th century map series as
well. These points were scattered in the town, in its surroundings, as this is presented
in the 1953 map series, as well as in its centre. For reading stabilisation of each
of the points, at least three minutes were allowed, while in many points multiple efforts were attempted until the obtaining of the maximum possible accuracy. The desirable precision was below 10 metres. For each of the coordinates sampling points, a
photograph was taken. Data collected included X, Y and Z coordinates, accuracy, date
and time. The average accuracy of the 29 control points was 6.24 m.
Transformation of the coordinates in a schematic file: The data were passed
into an excel file and transformed into a database file (dbf), to ensure ESRI ArcGIS
software compatibility. With the import of the dbf file in ArcGIS, the coordinates
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also acquired spatial entity and a schematic file of the points (shapefile) was created. The shapefile uses the GCS-GGRS-1987 Geographical Coordinated System
and Greek Grid as a Projected Coordinated System.
Geographical correction of the 1953 maps: Based upon these 29 ground control
points, the geometric correction of the 1953 maps was then performed. ERDAS
Imagine 8.7 software was used to import the 1953 maps and the Ground Control
Points (gcp). The points were identified on the map and each of them was referred to
the equivalent gcp (Fig. 2). Initially, the exterior points were referred, followed
by the points located at the centre of the map series. For the georeferencing of the
maps, a transformation of a second order polynomial was chosen, since the area was
big and with distortion due to the scanning process. Multiple efforts were performed
until the achievement of the minimum possible RMS. The required RMS was below
10 metres. In the final attempt, making use of 16 selected points, the resulting RMS
was 3.0047 m. The outcome of the above process was a georefered 1953 map series
with GCS- GGRS-1987 Geographical Coordinated System and Greek Grid as a Projected Coordinated System.
Creation of 1953 map mosaics: ERDAS Imagine 8.7 software was used to transform
the 26 maps into a mosaic, a united georeferred map. A second mosaic was also
made, using the 8 maps that picture the same area as the early 20th c. map.

Fig. 2. Georeference procedure of the 1953 map series

Conservation of the early 20thc. map: Solubility tests were performed with
deionised water, ethanol and acetone in cotton swabs. The dark red ink proved to be
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water-soluble, while the black ink proved to be soluble in ethanol and in water. The
minimum possible cleaning was performed, in order to prevent losses of ink, pencil
and other elements that constitute part of the historical use of the map. In some
cases, the stains were not completely removed in order not to wound the paper
and other elements during treatment. Mechanical cleaning of the surface dirt was
performed using Wishab Hart™ cleaning dust, Wishab™ cleaning sponge, Absorene™ and a paintbrush. The old sticky tapes, insect droppings and beverage
stains were removed mechanically with a scalpel. The oxidised pins were removed
mechanically with pincers, and their oxidation products were removed with a scalpel.
Chemical cleaning was performed with acetone and ethanol on cotton swabs where
appropriate. For the flattening of fabric and paper, a preservation pencil, spatula and
fasteners were used. The paper was adhered onto the canvas with a solution of
acrylic emulsion Evacon R™ 20% v/v in deionised water, or pure Evacon R™ applied by paintbrush and toothpick. The adhered areas where fastened for a minimum
of 12 hours. The canvas was cleaned mechanically with Wishab ™ sponge and a
paintbrush. The pieces of added paper were removed with a spatula and a scalpel,
and the aged adhesive and iron oxides were removed with a scalpel. Finally, the
edges were backed with Japanese tissue paper in 6 cm wide stripes, adhered with
Evacon R™ 20% v/v in deionised water. The map was then kept flat under pressure
for 24 hours.
Scanning of the early 20th c. map: For safety reasons, Lesvos Archives did not allow
the removal of the map from their building installations. Photographing the map was
impossible, due to the lack of a photographic studio and suitable photographic equipment. Controlled light sources for shadings and reflections obliteration, light measurement instruments and large format cameras with a flat lens for the obliteration of
deformity at the edges observed by concave photographic lenses would be needed. Due
to these restrictions, it was decided to scan the map, using the table scanner of Lesvos
Archives. Multiple overlapping scans were performed, dividing the map in 6 columns
and 5 lines, giving a total of 30 A4 size scans. The superimposition of the scanned regions aimed in the restriction of distortion that could be presented by the scanner lens.
Each scan was saved as jpg picture format file with a 400 dpi resolution.
Georeference of the scanned images: Each scanned part of the early 20th century map
was georeferred using the 1953 georeferred map as a reference. The process was
realised with the use of ERDAS Imagine 8.7 software, importing eight 1953 maps coinciding to the early 20th century map area. For their geographical correction, a transformation with a 2nd degree polynomial was executed. In each attempt, a different
scanned area was imported and corrected by using at least eight ground control points,
from which 4 internal and 4 external (Fig. 3). The final RMS resulting from the
georeference of the 30 scanned images was 0.0155m. Upon completion of the georeferencing process, a mosaic was created in order to depict the map in a united form with
geographic coordinates. ERDAS Imagine 8.7 software and the corresponding algorithm were used. The algorithm recognises the areas overlapped by two or more
scanned pictures, and the final surface results from the picture found in the top of the
superimposition. The result was a raster format file portraying the map in digital form
and with the GCS-GGRS-1987 Geographical Coordinated System, using Greek Grid as

200

E. Kyriazi et al.

a Projected Coordinated System. The very small RMS resulted in minimum faults in the
limits of the pictures, giving a very satisfactory result.
Creation of early 20th c. map mosaic: ERDAS Imagine 8.7 was used to turn the
30 georeferred parts of the early 20th c. map into a mosaic. The final outcome was a
georeferred digital map.
Comparison of the 1953 and early 20th c. maps: The mosaic consisting of the 30
scanned parts of the early 20th c. map, and that of eight 1953 maps,
were superimposed and visually compared using blending and transparency techniques of the ESRI ArcGIS and ERDAS softwares. This process would be practically impossible without the use of Geoinformatics technology. Visual inspection
aimed at identifying similarities and differences between the two maps (Fig. 4). Map
1 shows the correlation between the 1953 map series and the 1920s map. ESRI
ArcGIS software was used to visualize maps from the available and acquired data
(Map 1) and to determine the early 20th c. map scale.

Fig. 3. Georeference procedure of the early 20th c map

Recomposition of the missing parts of the early 20th c. map and map dating:Visual
observation proved that the two maps were identical. Therefore, using the image resulting from the superimposition of the two mosaics, ERDAS Imagine 8.7, ESRI ArcMap
and PhotoShop softwares were used to digitally recompose the missing 1920s map areas
(Fig. 5-6). Since the two maps were identical, the 1953 map series was further studied, in
order to identify the featured buildings. It was found that houses known to be built up to
1920 were present on the map; however, houses built in 1922 and later were not present
on the map.
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Fig. 5. Part of the map with losses of geographical information
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Fig. 6. The same area after digital reconstruction of the missing information

3 Results and Discussion
The early 20thc. map was found to have been designed between 1920-1922. The dating
is very significant and may explain the presence of a military hospital on the map. It is
likely that the map was created by the Greek army in the years of the Greco- Turkish
War of 1919 – 1922, to serve military purposes.
Visual comparison of the two maps revealed that they were nearly identical. Buildings, topographer’s routes, and even decorative map elements such as trees were identical. Even though the 1953 maps are at a different orientation of the 1920s map, elements, such as trees, were not redrawn to the correct orientation. However, all
fonts have been redrawn into the correct orientation. Elements appearing in the 1920s
map but do not appear in the 1953 map are: i. the North arrow, ii. the pencil-drawn
buildings and iii. the pencil-drawn road network proposal. This leads to the conclusion that the 1953 map series is a hand-made copy of the 1920s series on different
paper size, and with a different orientation. The 1953 map series is actually a representation of Mytilene in the years between 1920-1922 and may be used for
digital recomposition of the missing areas of the 1920s map series (Map 1).
ERDAS Imagine 8.7 software was a very useful tool, and has also been used in the
past in similar cases Type [3]. Not only does it join the images after providing reference points, but it also assists in the map geographical reference in the selected reference system. In addition, colour alterations due to the scanning process are corrected
automatically, giving the map homogeneity in colour and brightness.
Digitisation facilitates access to information without handling the original object
and therefore eliminates wear-and-tear of the original. However, preventive conservation of the original map is of fundamental value, in order to prolong its expected life span. The map should be stored flat at the following conditions:
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Relative Humidity (RH) 55-65 %, Temperature (T) 15 °C, maximum visible light
levels at 50 Lux and maximum UV levels at 10 µW/Lumen. The storage area should
be kept clean and gloves should be used while handling.
Digitization affects the map material, its content and its communication properties.
Questions arise concerning the vulnerability of the map under digitization, the dimensions of the digitization carrier with respect to those of the map, the geometric deformations induced by the digitization process, the scale alterations of the digital
copy, the difficulties and problems in stitching, the necessity for preserving the colour
reliability of the digital copy and the final digitization cost Type [1].
Digital information is dependent on machines to decode and re-present the bit
streams in images on computer screens. Without machines, and without active human
intervention, those data will not last. The benefits of making underused objects
more accessible should be viewed in conjunction with factors such as compatibility with other digital resources and the collection's intrinsic intellectual value [10].
The work presented in this paper may open new horizons for the Mytilene town
cartographic heritage. The project may well be continued, uniting all known town
maps into a digital map library featuring the history of Mytilene cartography. New
interpretation tools may be used and developed to assist in the understanding of the
historic development of the town. Users may access the maps online for learning and
recreation, while new educational activities may be developed.

4 Conclusions
Old town-maps should be viewed both as geographical data as well as part of our cultural heritage and as such, paper conservators and archivists can take advantage of
geoinformatics in their own field areas. In certain cases digital reconstruction of missing parts of authentic maps may also be achieved by exploiting geoinformation methods and techniques.
The present study focused on two map series (early 1920s and 1953) portraying
Mytilene town. Both maps were found to have been drawn at a scale of 1:500.
Bibliographical research revealed that the early 20th c. map was designed between
1920-1922, possibly by the Greek army, in the years of the Greco-Turkish War
(1919– 1922) in order to serve military purposes.
Visual comparison of the two digitally processed and fused maps leads to the conclusion that the 1953 map series is a hand-made copy of the early 1920s series redrawn on different paper size, and with a different orientation. The latest series is
actually a representation of Mytilene town in the years between 1920-1922 and
as such it may serve for digital recomposition of the missing areas of the oldest map
series. The outcome of the digital processing and fusion was a new map at a
scale of 1:500, consisting mainly of the 1920s map, and the missing parts from the
1953 map series which can be further exploited through a digital library of the
General State Archives.
Geoinformatics open new horizons in the preservation of cartographic heritage, by
digitising, georeferencing, visualising and comparing data, and provide powerful tools
for data interpretation, educational activities and access to information. Future research will focus on these fields, examining their application into historic town maps
of Mytilene.
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Abstract. The Idalion Tablet, an antique bronze (480-470 BC) found around
1850 in the antique city of Idalion in Cyprus is the main purpose of the presented interdiciplinary work. The tablet is the property of the Bibliothèque Nationale de France (BNF) since 1862, and is absent from collections of the
Idalion Museum (Cyprus). Our final goal is to realise an accurate copy of the
Idalion Tablet (scale 1, with no patina) as a donation to the Mayor of Dhali on
behalf of the "Local History Society – Kypros". As the Tablet has an important
cultural and historical value, we were not allowed to handle it directly neither to
realise a mould by physical contact. Therefore, we used 3D digitization to create a virtual and accurate replica of the Tablet shape. By rapid prototyping a
physical copy of the Tablet was obtained for casting with bronze. The simulated
tablet, thanks to a very accurate 3D digitization, was obtained with the Virtuelium free software. With the elementary composition of the alloy, the complex index of refraction of the alloy was calculated and compared to spectroscopic ellipsometry measurements. A didactic movie is also in progress and will
be translated first into greek and later into several languages.
Keywords: 3D Digitization, Spectroscopic Ellipsometry, Virtual Metallurgy,
Rapid Prototyping, Rendering, Lost-Wax Casting Technique.

1 Introduction
Following some important results previously obtained [1], we realised a virtual copy
of an antique bronze from Cyprus, the Idalion tablet. The same visual aspect as the
original was required and obtained by spectral simulation using the Virtuelium free
software. This work is part of a most important project, which aims at realising a perfect physical copy in bronze of the Idalion tablet, using 3D digitization, rapid prototyping and casting.
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 206–224, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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We first present the historical context of the project, and its goal. Then we explain
how we digitized the Idalion tablet and how we got the necessary data for the spectral
simulation: elementary composition of the bronze in order to determine its complex
index of refraction. The last part is dedicated to the metallurgical work for obtaining a
physical replica of the famous tablet.

2 The Idalion Project
The Idalion tablet is named from the antique city where it was found in Cyprus. In
this section we explain why it has an important historical value for Cyprus, and what
the goal of our project is.
2.1 The City and Kingdom of Idalion
Idalion was an antique city of Cyprus (near the current town of Dali). According to
the legend, Chalcanor, an Achaean hero of the War of Troy, funded it. The Kingdom
of Idalion was at the top of its cultural and economic power during the 7th century BC
and until the conquest of the town by the Phoenician Kings of Kition during the 5th
century BC. Idalion is now one of the most important archaeological sites in Cyprus.
The site contains two acropolis and a town. Very few buildings remain and the main
one is the temple of Athena at the top of the west acropolis.
2.2 The Idalion Tablet
The Idalion tablet is made of bronze (Fig. 1). Some illegal excavators at the archaeological site of Idalion discovered it around 1850. It used to be hanged in the temple of

Fig. 1. The Idalion tablet (Face A) in its actual state. Thin corrosion or intentionally patinated
surface?
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Athena. A French collector, Honoré d'Albert, Duke of Luynes, bought it. In 1862, the
Duke gave the tablet to the Bibliotheque Nationale de France, with all his collection.
The dimensions of the tablet are: (X: 14.2; Y: 21.5; Z: 1.1 cm) while its weight is 2
247.22 g.
Cyprus syllabary writing covers the tablet on its two sides. The Idalion tablet is the
oldest testimony known of this writing [2]. It is also its longest and richest corpus.
The knowledge of the existence of Cyprus syllabary writing was permitted by the
discovery of the Idalion tablet. The text was written in 480-470 BC. It is an agreement
between the King of Idalion Stasikypros (probably the last king before the fall of
Idalion) and the doctors Onasilos and his brothers. The doctors commit themselves to
cure the wounded after the siege of the city by the Persians and the Phoenicians of
Kition. In exchange of their help, they will be given lands near the city (the Kingdom
of Idalion was certainly very rich).

3 Digitization
As the tablet has an important cultural and historical value, we were not allowed to
handle it directly neither to realise a mould by physical contact. Therefore, we used
3D digitization to create a virtual and accurate (spatial resolution of 50 µm) replica of
the today tablet shape.
3.1 Principle
To make a highly precise replica of the tablet, the first step was 3D digitization. For
doing this, we used a structured light scanner from Breuckmann company (Figure 2),
made up of a projector and a digital camera. The projector emits a structured light on
the object. The shape of the light and shadow fringes is transformed by the relief of
the object. During this time, the digital camera captures a large number of images
corresponding to various types of projected fringes and analyzes their transformations. This system enables us to construct 3D graphics of the object with the triangulation principle. The accuracy in 3D coordinates is about 50 µm all over the surface
(Figure 3). Recent experiments and low cost devices based on the use of structured
light is exposed in [3].
3.2 3D Sensors and Data Processing
The aim of the digitization was to get 3D image data, to be able to make a physical
replica of the tablet. The digitization was done in collaboration with the Eotech company. The Ecole Centrale Paris supported the financial needs of this step. Even if the
Idalion tablet is a small object, the main difficulty of this step was the amount of data
necessary to guarantee a good precision (Figure 3) for the reproduction of the tablet
by casting. For the rendering by optical simulation with Virtuelium such an amount of
data is not required. A total of about 5 Gb was then collected and dispatched in 63
views.

An Emblematic Bronze from Cyprus the Idalion Project

Fig. 2. The structured light used in 3D digitization without any contact with the tablet

Fig. 3. A high quality and density 3D cloud of points
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4 Metallurgical Analyses of the Alloy
The goal of this project is to create an accurate copy of the Idalion tablet. The replica
will then appear as the original in its shape, writing, and the composition of its alloy
will be as close as possible to the original one. We wanted to see the tablet in its
original aspect without the patina. This project will therefore give us the opportunity
to see how the tablet looked like at the time it was made.

Fig. 4. Detail of the writing on the original Idalion tablet

Fig. 5. 3D copy of the Idalion tablet rendered with the CAD software CATIA (non spectral
rendering)
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Fig. 6. Detail of the recorded writing on the 3D copy of the tablet with the software Rapidform.
The almost periodic surface waviness, probably due to the initial clay tablet, is quite visible

4.1 The PIXE Method
The Centre de Recherche et de Restauration des Musées de France (C2RMF) analysed the alloy of the tablet for us. The PIXE method thanks to the AGLAE particle accelerator was used for the elementary composition (see Table 1). The PIXE method
[4] is based on the principle of the X-ray emission induced by charged particles. The
physical principle of this technique is an atomic process in four stages:
1- a proton beam is emitted towards the analyzed object.
2 - ionization in deep layer of the targeted atom by the proton beam.
3 - an electron of an external layer fills the created gap.
4 - the release of extra energy by emission of a characteristic X-ray.
The energy of this characteristic X-ray is used to determine the nature of the element
of the atom by using the Moseley's law. Thus by analyzing all the X-ray emissions,
this method obtains all the different elements that composed the analyzed object and
their own proportions.
4.2 Experimental Conditions
For the tablet analysis, the C2RMF used a beam of protons of 3 MeV and of about 0.5
mm of diameter, with a scanning of the surface on 0.5 mm x 0.5 mm. The analysis was
done until 50 μm deep into the alloy. A filter of 100 μm of Al was placed in front of the
detector of high energies. To be sure that no layer of alteration disrupts the measurements, a RBS spectrum (Rutherford Backscattering Spectrometry) was acquired at the
same time. The analyses were done on metallic shavings taken by microborehole (with a
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rapid drill in steel) near the suspension ring, that were laid out on an adhesive sheet of
carbon.
4.3 Results
The composition of the Idalion tablet is shown in the Table 1 below. It is mainly
composed of copper (96.5%), tin (2.4%) and lead (0.8%).
Table 1. Elementary composition of the alloy

Element
Mass (%)

Mn
<0.05

Fe
0.3

Co
0.05

Ni
<0.03

Cu
96.5

Zn
<0.08

As
0.04

Element
Mass (%)

Cd
<0.06

Sn
2.4

Sb
<0.9

Te
<0.4

Au
<0.1

Pb
0.8

Bi
<0.06

Ag
<0.09

As expected for a bronze, the main elements in the alloy are copper and tin. In this
alloy the ratio of copper is very high. This is probably due to the fact that there was a
lot of copper available in Cyprus, which was very famous for its copper fields. We
cannot compare those results with the composition of other antique objects from Cyprus, as the data on this subject are rare.

5 Virtual Copy of the Idalion Tablet
In addition to casting the tablet, one of the goals of our project is to create a virtual
copy of the Idalion tablet for several purposes. In a few months the historical building
"Richelieu" of the Bibliothèque Nationale de France is going to be renovated leading
the museum where the Idalion tablet is to be closed for an unknown time. Thus, we
decided to realise a virtual copy of the Idalion Tablet which could be shown on the
BNF website and accessible to all even during the renovation of the museum. To do
that, we used the Virtuelium open-source software [5]. Different levels of detail are
shown in Figures 4, 5 and 6 for comparison with the original view.
5.1 Virtuelium
Virtuelium is an open-source software developped by a research team of the Ecole
Centrale Paris laboratory called MAS (Applied Mathematics and Systems). This
software can be download at http://virtuelium.free.fr. Virtuelium is a software that
renders physically realistic images. It differs from other renderers because it combines
the most fundamental material properties in its algorithm. In addition, it is able to
consider many optical phenomena, usually ignored by common rendering softwares
such as spectral dispersion due to a translucent material with variable indices of refraction, or polarization transport of light. This software is a renderer and not a modeler. Thus, it renders the 3D scenes described in XML format that links the exported
shapes from other software (OBJ format) and materials to use.
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Some of the main characteristics of Virtuelium are:
1. Spectral rendering with a parametrable wavelength sampling for all elements
(viewer, materials, illuminants, propagation media).
2. Polarization effects accounted for all steps of the computations.
3. XML formalism for 3D scenes and data descriptions.
4. Multithreading and/or grid computing.
5. Multilayered materials (macroscopic layers of paints or multiple thin films assembly).
6. High Dynamic Range Imaging.
A special photon-mapping algorithm according to Jensen specifications is also implemented in Virtuelium software and used here for realistic rendering.
To run, the software needs the computation of the following elements: the 3D file of
the digitized tablet and complex indices of refraction of the tablet material. To get these
complex indices, we first did a lineary interpolation of between the complex indices of
copper and tin which are the main elements that give the colour of a bronze. This computation is based on previous work done at the Ecole Centrale Paris. Given the fact that
we have the elementary composition of the tablet thanks to the analysis made by the
C2RMF, we took a sample of the alloy of the Tablet made during the casting of the
physical copy. We then measured the complex indices by spectroscopic ellipsometry
and we compare the results with the indices computed by interpolation. All the computations involved a CIE colorimetric standard observer (CIE 1964 – 10°) and CIE-D65
normalized illuminants ; the last image (Figure 16) in this article shows the obtained
results due to the whole chain of knowledge developed during the project.
5.2 Spectroscopic Ellipsometry
The spectroscopic ellipsometry is an optical technique for surface analysis based on
the measure of the change in the polarization state of light after reflection on a flat
surface (Figure 7). The measurement is performed on all visible spectrum and more.
Such a device is shown in Figure 11. It consists in a monochromator, a unit command
for filtering, two mobile arms supporting the rotating polarizers, a scientific software
for the data management and exportation. In addition a small pump create a depression for fixing the sample to study in a vertical plane.
5.2.1 Measurement Principle
Considering a plane electro-magnetic wave arriving on a flat and smooth surface. A
part of the wave is transmitted or absorbed through the surface, another part is reflected out from the surface.
The electric field Ei (Figure 7) of the incident wave can be decomposed on two
axes: one Epi parallel to the incidence plane, the other Esi perpendicular to the incidence plane. The reflection coefficients are here for a parallel polarization rp and for a
perpendicular polarization rs:

r p=

E pr
E pi

and

r s=

E sr
E si

(1)
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These coefficients are complex. In practice, we measure the ratio of these two
coefficients:

rp
rs
with  



= tan ( α ) exp ( iΔ) = ρ

(2)


ratio of modulus and Δ the phase difference introduced by the re

flection. For a bulk and isotropic sample, the refraction angle ϕ1 is governed by the
Snell-Descartes' law:

N 0sin ( φ0 ) = N1sin ( φ1 )

(3)

with N0 index of the external medium, N1=n1+jk1 (n1 being the refractive index (real)
and k1 its extinction coefficient, here equal to 1), ϕ0 the angle of incidence, ϕ1 the
angle of refraction. The Fresnel reflection coefficients (rp ,rs) can be deduced from the
continuity of the tangential components of the electric field E and magnetic field H at
the interface:

rp =

N1cos ( φ0 ) − N 0 cos ( φ1 )
N1cos ( φ0 ) + N0 cos ( φ1 )

rs =

N 0 cos ( φ0 ) − N1cos ( φ1 )
N 0 cos ( φ0 ) + N1cos ( φ1 )

(4)

Thanks to the Snell-Descartes' law we deduce rp and rs in terms of N0, N1 and ϕ0. Then
by reversing these relationships and by using eq. (4) above we have the equation:
2

⎛ 1− ρ⎞
N1
= sin ( φ0 ) 1+ ⎜
tan 2 ( φ0 )
N0
⎝ 1+ ρ ⎟⎠

(5)

5.2.2 Measurement Technique
The measurements are made by an ellipsometer with rotating polarizer [6] in about 20
mn for a wide spectral band from 250nm to 2000nm. It consists of the succession of a
lamp, a polarizer, the sample, an analyzer and a detection device as shown in (Fig. 8).
The amplitude of the electromagnetic field is splitted along two orthogonal axes S
and P. The action of each element can be represented by a 2x2 matrix with complex
coefficients.
This allows by measuring ρ to calculate the complex index of refraction of the alloy:

N1 ( λ) = n1 ( λ) + ik1 ( λ)
polarizer, analyzer:



 
&
%

%
%

(in the system of eigen axes of the polarizer or analyzer) sample:

(6)

(7)
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(8)

Α being the rotation angle of the analyzer (A) or of the polarizer (ωt).
For an isotropic lamp diagram: 
detected field is:

 

%
. On the detectors, the amplitude of the
%

Ed = A.R ( A) .E.R ( − ωt ) .P.L

(9)

Fig. 7. Reflection of the polarization axis at the surface of the sample ; definition of angles and
fields
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Fig. 8. Influence of the different elements on the polarization of the beam in an ellipsometer
with rotating polarizer

This gives the intensity:



 . Then after linearization of the sine and

cosine~:

where :

I = I 0 ⎡⎣αcos ( 2ωt ) + βsin ( ωt ) +1⎤⎦

(10)

tan 2 (℘) − tan 2 ( A)
α=
tan 2 (℘) + tan 2 ( A)

(11)

tan (℘) tan ( A)
tan 2 (℘) tan 2 ( A)

(12)

  % '    
 
 %


     

(13)

β = 2cos ( Δ)

The coefficients α and β don't depend on the lamp intensity; this allows us not to do
any baseline measurement of the beam intensity. Using α, β and A we formulate
tanϕ et cosΔ. The practical implementation of this technique is mainly beam collimation and alignment of optical components. The next step is to retrieve data from
tanϕ and cosΔ on a computer for different wavelengths.

An Emblematic Bronze from Cyprus the Idalion Project

217

5.2.3 Results
Previous works were used to calculate by linear interpolation of the real and imaginary parts of the index of refraction of the alloy. The lead influence was not taken into
account for calculating the complex indices, because it has no impact on the visual
aspect of the alloy for a so weak amount (less than 1%, see Table 1).
The figures 9 and 10 show the comparative results for the real part N and the
imaginary part Κ. The colour of a metallic body mainly depend on the imaginary part
of its complex index of refraction. The ellipsometric measurements, driven at INSP
(Institut des Nano Sciences de Paris) are in a good agreement with our predictive values. With those results, and thanks to the 3D copy of the Idalion tablet, we were able
to use Virtuelium to compute the final virtual copy of the tablet. The result is shown
on the last image in (Fig. 16).

Fig. 9. Indices of Refraction of Cu, Sn and Idalion bronze, Real part N

5.3 The Original State of Surface
The natural or intentional patina of the Idalion tablet remains an opened question.
Many further developments and analyses have to be led not only for optical simulation but for characterizing the origin of many cypriot artefacts. The term patina can
refer in the widest sense [7].
Patina connotes a specific colour and continuous surface layer. Patina is a film on
the surface of bronze or similar metals (produced by oxidation over a long period in
the soils or outdoor (natural patina) or by a chemical process (synthetic artificial or
applied patina) or any such acquired change of a surface through age and exposure.
On metal, patina is a coating of various chemical compounds such as oxides or
carbonates formed on the surface during exposure. The origin of the word patina
comes from the Italian term, patena, used to denote a shiny dark varnish applied to
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Fig. 10. Indices of Refraction of Cu, Sn and Idalion bronze, Imaginary part κ

shoes, and the first known printed definition of the word in Baldinucci’s Vocabolario
of 1681. The use of the word patina as a term predominately associated with the
green corrosion crust found on buried bronzes that form during long exposure seems
to have developed in the 18th. Morphology of patina of bronzes can be smooth and
shiny, dense, uniform (and then called noble patina), or rough, and destroyed. When
including an important damaged coating, the pulveraceous and/or with cracks create
an unattractive aspect and is called virulent patina. Their colour is very typical,
green, bluish-green, but could also appear grey pale or black. The colour of patina
depends on many factors. For example, green or greenish-blue colour that the green
compound has produced consisted primarily of brochantite or basic copper sulphide,
(urban environment) copper carbonates, malachite and azurite (on buried bronzes).
Ancient Greek bronze vessels have an unusually attractive and stable patina containing green basic copper carbonates produced from burial conditions and could serve
here to illustrate a “noble patina”. Another example on outdoor bronze sculpture is the
very attractive oxide layer that typically forms at the lowest layer of the corrosion
crust formation of first layers by internal tin oxidation. The second phenomenon is
copper selective dissolution from solid solution and formation of cuprite layer [8].
This structure is a semiconductor and can act as a membrane for transport of ions with
cations (Cu2+ and Cu+) outward and anions (Cl-, O2-), migrating inward. As a result,
the oxygen and other compounds present in the environment come in contact with the
alloys and could interact with it according to the following process.
Cuprous species such as Cu2O can be later oxidized to cupric compounds CuO and
the other part is dissolved into the environment and can precipitate onto the surface as
cupric compounds (hydroxycarbonates, hydroxychlorides, sulphides) forming porous
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precipitated upper layer. Results of Robbiola [9] established on the basis of 44 analytical data obtained on 15 artefacts show that soil elements incorporated in the outer
layer are of major importance in the achievement of the final colour of the surface
whereas the dissolved amount of copper is not characteristic of the given colour to the
patina.

Fig. 11. The Woollam Ellipsometer used for optical constants acquisition (n and κ) at INSP
(Paris)

Here, after some non-destructive optical observations, it was concluded that the
thin corrosion layer supposed to be the original one developed inside the soil during
centuries. The metallic surface was probably smooth enough for developing a thin
corrosion layer defined in the meaning of the Cook-Torrance modelling of roughness
as m = 2σ/T = 0.3 (mean height over mean correlation distance). Dorsey [10] studied
a physical but non-spectral modelling of metallic patinas for using in computer graphics. The future of our project will consider in a more experimental way, all these aspects of corrosion, either natural or not.

Fig. 12. The metallic and polished sample of bronze, with the measured composition, replicated
at LGPM for ellipsometric measurements (diameter : 15 mm)
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6 Physical Copy of the Idalion Tablet
The technique which was used to make the Idalion Tablet is currently unkown but
several details show that it might have been made using the lost-wax casting technique. Thus, in order to get close to the antique technique, we decide to make the
physical copy of the Idalion Tablet using the lost-wax casting technique.
6.1 Rapid Prototyping
This stage was realized by the Centre Technique des Industries de la Fonderie
(CTIF). In order to use the lost-wax casting technique, we have to make a copy of
the Idalion Tablet in wax (Fig. 13). To do so, we use the 3D file which was acquired
during the 3D digitization, to make a wax copy by rapid prototyping. This step is
realized using a 3D printer. The printer makes the prototype layer by layer. Each
layer has a thickness of several microns. The lower layers of wax, that support the
prototype, are not as precise as the upper ones. There fore, it was not possible to realise the prototype of the tablet in one block: the writings on the lower face would not
have been enough precise. This stage was particularly difficult, as the tablet is very
thin and as its shape is curved. The two parts were then separated from the support
wax, and assembled together. Then, the CTIF in partnership with the Ecole
Supérieure de Fonderie et de Forge (ESFF), realised the spruing of the wax copy.
The wax prototype is sprued with a treelike structure of wax that will provide paths
for molten casting material to flow and air to escape. The carefully planned spruing
begins at the top with a wax "cup," which is attached by wax cylinders to various
points on the wax copy.

Fig. 13. One of the two folds of the prototype in wax of the Idalion tablet, printed at the CTIF

6.2 Mould Manufacturing
The second step – the realisation of the mould - was also realised by the CTIF. The
sprued wax copy is dipped into a slurry of silica, then into a sand of controlled grain
size. The slurry and grit combination is called ceramic shell mold material, although it
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is not literally made of ceramic (Fig. 14 ). This shell is allowed to dry, and the process
is repeated until at least a half-inch coating covers the entire piece (Fig. 15). Then the
mould is placed in a kiln, whose heat hardens the silica coatings into a shell, and the
wax melts and runs out. The melted wax can be recovered and reused, although often
it is simply burned up. Now all that remains of the original artwork is the negative
space, formerly occupied by the wax, inside the hardened ceramic shell. The feeder
and vent tubes and cup are also hollow.

Fig. 14. The first silica-sand ceramic thin layer recovering the wax replica

Fig. 15. The last coarse ceramic coating forming the final shell with the casting feeder and air
evacuation cones and tubes
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6.3 Casting of the Idalion Tablet
The third and last step which is the casting of the Idalion Tablet was done by the
CTIF. The mould is reheated in the kiln to harden it. To realise the physical copy, we
use the same alloy as the Tablet that was determined with the analysis of the composition. The metal is melted in a crucible in a furnace, then poured carefully into the
shell. The spruing, which are also faithfully recreated in metal, are cut off, to be reused in another casting. Just as the wax copies were chased, the casting is worked
until the telltale signs of the casting process are removed, and the casting now looks
like the original model. Pits left by air bubbles in the casting, and the stubs of spruing
are filed down and polished.

Fig. 16. The virtual restitution by photon-mapping of the Idalion Tablet rendered with
Virtuelium (4000 x 3000 px²) in 24h on a grid of 6 CPUs at about 2GHz each. CIE D65 illuminants, CIE 1964 (10°) colorimetric observer and ellipsometric data acquired on a physical
sample of the alloy.

7 Conclusions
Many scientific fields met together for this international project was a success. We
created a very complete chain of knowledge with historians, curators, metallurgists,
computer scientists, engineer students, chemists and video-makers. So exciting this
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project is, still now, we have many things to do for enhancing the results in each discipline. The study of patinas, even restricted to bronzes, makes a new challenge for
rendering with physical and chemical parameters involving analysis, non-contact
methodologies, spectrophotometric measurements, colour analysis and surface distribution using textures and images (UV-Visible-IR) as information sources. Diplomatic
relations between countries and cultural institutions could find some new ways of
collaboration using 3D tools adapted for virtual restoration, physical replication and
communication purposes.
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Abstract. The ScotlandsPlaces project is an official, permanent website found
at www.scotlandsplaces.gov.uk. It exhibits a very novel and exciting way of
searching across cultural heritage information. It uses geography to discover
relevant records and lets the public sift through the results using geographicbased technologies. The ScotlandsPlaces website has seen the development of
innovative technologies including the redevelopment of open-source geomiddleware, the ScotlandsPlaces XML schema for data transfer and the use of
dynamic map interfaces for user querying. Although these technologies that sit
behind the site are innovative and cutting edge, the website itself has a simple
design and is easy to use. System developments such as the digital volumes
management system allow different partner organisations to include resources
in a standard format, efficiently disseminating information to the public.
Keywords: Web services, Geography, Archives, Heritage, Gazetteer, XML,
Remote Databases.

1 Introduction
The ScotlandsPlaces project is a partnership between, currently, two of Scotland’s
foremost national collections, the Royal Commission on the Ancient and Historical
Monuments of Scotland (RCAHMS) and the National Archives of Scotland (NAS).
ScotlandsPlaces (http://www.scotlandsplaces.gov.uk) is a web project established in
2008 and was beta launched in October 2009. It allows the public to search from information from each of the partner organisation’s databases. This means that although the relevant information is being provided to the user in the ScotlandsPlaces
website, the data itself remains in the databases of the host institutions. The site was
launched by the Scottish Culture Minister and was re-released in April 2010 to include further functionality.
The significance of the ScotlandsPlaces project is as follows:


The retrieval of information is based upon geographical location. The site
uses mapping for both searching and sorting, and the ScotlandsPlaces
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gazetteer was developed for place name searching. The ScotlandsPlaces
gazetteer may form part of a wider Scottish National Gazetteer. The internal
broker, based on CYGnus, has been developed to request, receive and present
the datasets as both a tabular XML listing or a plot-able KML file.
The project has seen the development of a bespoke ScotlandsPlaces XML
to bring together the datasets from the different partner domains.
ScotlandsPlaces uses web services, and the aggregation of disparate record
types exhibits joined up government and provides an example front end for
a UK Spatial Data Infrastructure (SDI). In March 2010 ScotlandsPlaces
was named an official Scottish pilot for the EU INSPIRE Directive which
aims at providing the technical underpinnings for an EU SDI.

These technical and political significances will be addressed throughout this paper.
The ScotlandsPlaces website is designed to be extensible with simple technical
joining rules. The project aims to see the collaboration of different organisations in
bringing together geographically indexed information for the benefit of the public.
The website demonstrates organisations working together to efficiently amalgamate
and present heritage datasets.

2 Partners and Resources
2.1 RCAHMS
The resources available from the Royal Commission on the Ancient and Historical
Monuments of Scotland incorporate a multitude of datasets including archaeological
and architectural records from the numerous collections held in the RCAHMS Canmore database.
The national collection provides invaluable knowledge and is a rich resource for
the study of Scotland’s built and historic environment. RCAHMS has been collecting
data and archiving information for over 100 years. This data has been gathered
through RCAHMS’ own field surveys and research programmes as well as from outside collections deposited for long term care. The datasets held at RCAHMS describe archaeological and building work throughout Scotland and include some
300,000 sites recorded in the database and 3 million related items of archive, many of
which have been digitised. The website provides access to these digitised images for
ordering or download, and gives information on the content and extent of the nondigitised collections. The digitisation program is on-going and collection items currently only available in paper format may be requested for digitisation.
The collections materials include:









The National Collection of Aerial Photography
Photographic Collections
Drawings Collection
Digital Collections
Book Collection
Manuscript Collection
Map Collection
Framed Material Collection
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The Canmore records are indexed to site level by both place name as well as by
National Grid Reference (NGR) and Lat/Long.
2.2 The National Archives of Scotland
The National Archives of Scotland provide a series of records called the Register
House Plans (RHP). These contain approximately 150,000 topographical plans, marine charts, architectural and engineering drawings. The NAS have provided access
to the Register House Plans which are geographical referenced by place name and
many are indexed to coordinate level. The RHP collection is extremely diverse and
includes plans received from government departments and agencies, as well as industries, the courts, churches, private organisations, landed estates and families. Most of
the RHPs are unique and many are engraved and lithographed. The collection
contains photographic reproductions or original plans. The plans are largely topographical in nature and the National Archives of Scotland has the largest collection of
original maps and plans of Scotland from 1750 onwards (NAS, 2007).
Many of the RHPs have been digitised and are available to view in the website using software called Zoomify. Zoomify allows the user to render the image full-screen
and examine the details of these often rather large resources allowing for outstanding
off-site access to the materials.
2.3 The Digital Volumes
The NAS have also provided a resource invaluable to genealogical and local history
researchers. There resources are “digital volumes” or e-books, the pages of which can
be viewed in the site using Zoomify. These digital volumes currently include:






Royal Commission on the Owners of Lands and Heritages from 1872-1873
(NAS library reference GA149/560) – This report of a parliamentary commission into land ownership gives the names of every owner of land (of one
acre or more) in each county.
Farm Horse Tax rolls, 1797-1798 (NAS library reference E326/10) - When
the Crown collected taxes it collected information about its subjects. Most
taxation was levied from landowners until the late 18th century when the
government sought to broaden the tax base by taxing other forms of property. A by-product of this is a useful series of records for historians, listing
different types of people in each of Scotland’s parishes and burghs. The farm
horse tax rolls from 1797-1798 can be viewed on the site, listing the owners
of work-horses in each place. More tax volumes will be added shortly. The
Farm Horse Tax rolls list the names of the owner and number of horses and
mules used in husbandry or trade in 1797-1798. In some rolls the tax inspectors made repeat visits to track down non-payers, which explain why some
parishes and burghs are repeated.
Medical Officer of Health Reports, 1891 (NAS library reference HH62) From 1890 onwards, a full-time Medical Officer of Health was appointed in
each county in Scotland with a remit to report on the state of health of the
county and its various parishes and towns. The annual reports of the Medical
Officers give an objective view of the living conditions, diseases and major
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health issues in different parts of Scotland. Information on the individual
parishes and towns are found within the 'registration districts' headings found
in these volumes. The NAS has an incomplete set of the published reports
from 1891 onwards.
Hay Shennan, Boundaries of Counties and Parishes in Scotland, 1891- The
website currently offers the pages of "Boundaries of Counties and Parishes in
Scotland as Settled by the Boundary Commissioners under the Local Government (Scotland) Act, 1889” in PDF format. This book was published by
William Green and Sons in Edinburgh, 1892. Here, researchers can locate information on the boundary changes that took places in Scotland in 1889.
Such changes affected the boundaries of counties, parishes, and burghs.
When a boundary line is drawn between places, it can have a huge impact
on the everyday life of the people who live there, as many modern Council
boundaries do today. These lines can affect how much local tax must be
paid, who provides local services, which school children go to and where,
and who owns what. Consequently boundaries are often disputed and have to
be redrawn. For the historian, the boundaries between parishes, burghs and
counties are important in determining where to find information about those
places. Changes to boundary lines are therefore an issue. There were many
changes to parish boundaries in the 16th and 17th centuries. In 1889, many
parish and county boundaries, based on an out-of-date pattern of landownership, had to be revised to meet the needs of local government. More boundary changes were made in 1900 and 1929. On this site you can read how the
widespread boundary changes in 1889 affected towns, villages and individual houses in Scotland.

The above descriptions have been taken from the ScotlandsPlaces site at: http://
www.scotlandsplaces.gov.uk/digital_volumes/types.php.
A database has been built to house the image references for these e-books and the
images are called on demand by the user from the NAS server. As the above digital
volume resources are in the form of e-books and not catalogued records, a Digital
Volume Content Management system, or DVMS, has been developed to allow ScotlandsPlaces partners to easily add new digital volume resources into the website, connecting the books to place names from the ScotlandsPlaces gazetteer. The DVMS
allows entries to be edited and modified by the partner organisation giving them full
control over the presentation of their own data. Each partner is provided with an administrative-side username and password and a set of guidelines for entering the digital volumes material into the site. The descriptive side of a digital volume makes up
the wordage seen on the ScotlandsPlaces digital volume pages and each digital volume book is allocated a XML file location and individual image locations on the
server of the partner organisation. This XML file is imported into the website’s
MySQL database where the image references can be found and requested. Any
changes to the partner’s XML file flags up in the system and the affected XML file if
re-imported. The DVMS also accepts resources in PDF format for increased accessibility. Overall it is an excellent facility for partners to enter materials held in book
format and provides invaluable remote access for users.
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Although the DVMS requires that information is added in a particular way, many
different types of information can be added including books, journals, diaries, parliamentary papers, rolls, registers and more.
As the digital volume information is retrieved on the fly using web services and
held on the server of the host organisation, each organisation is able to maintain their
own DVMS resources including associated metadata and image references. They are
also able to provide their resources out elsewhere if they wish.

3 A Brief Overview of Functionality
The site enables the user to enter a place name or conduct a co-ordinate search, thus
making location the common thread for record retrieval.
3.1 Place Name Searching
The homepage of the site provides a county map and listing to allow the user to easily
enter the site based on a broad place name search.

Fig. 1. Image of the ScotlandsPlaces homepage (http://www.scotlandsplaces.gov.uk)

The user is able to return to the homepage from anywhere in the site by clicking on
the ScotlandsPlaces icon at the top left hand corner, by clicking “Home” in the menu
or by clicking on “County Search” under the search box.
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Once the user selects a county from the map or list, they are taken to a county results page. County results pages provide information about that place from the ScotlandsPlaces gazetteer (discussed below), a map of the place showing its location in
Scotland as well as heritage datasets from the partner organisations:

Fig. 2. Example of Aberdeenshire results page

Clicking on the county map on the top right of the results page allows users to select a parish and narrow down the results by location. The user is then taken to the
parish results page of their choosing which allows them to filter the number of results
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retrieved at the county level. On each results page the user is also able to filter results
based on organisation as well as keyword.
Each page of the site also provides a search box where the user is able to search on
a more specific place name. When a place name is entered, it is sent to and compared
against the place name listings in the gazetteer (discussed below).
3.2 Coordinate Searching
If a user decides to search by coordinate/extent they may enter the following into the
search box according to the formats outlined in the “How to Search” section of the
menu:





Decimal Degrees
Degrees, Minutes and Seconds
National Grid References
Eastings/Northings

Users are also able to access the OpenLayers functionality in the site. This allows
users to zoom into the map, pan around, zoom in and out, and drag the red search pin
onto the map to conduct a coordinate/extent search. This type of search efficiently
pulls together the heritage records that are indexed by coordinates - a strong tool in
information search and retrieval. If the user knows the exact location they wish to
search, the OpenLayers search facility can be utilised to circumvent the retrieval issues relating to place names; issues like primary/variant names and misspellings.

4 Mapping in ScotlandsPlaces
As the website is geographically-based, a number of different mapping elements have
been incorporated. Each results page provides a location map to show where the
administrative area or particular place is located in Scotland. These maps are generated on-the-fly using the coordinates from the gazetteer (discussed below) for each
place name. The homepage provides a county “roll-over” map and such maps are also
available for parishes within each county on the respective county results pages.
The site also provides mapping for both search and retrieval as well as record sorting.
4.1 OpenLayers and KML
As mentioned above, OpenLayers is a piece of open source software that allows developers to include dynamic map layers into a website. In ScotlandsPlaces OpenLayers is available under “Map Search” on each page of the website and lets the user
conduct searches based on coordinate and extent. This coordinate and extent information is then sent to the gazetteer and appropriate databases to extract information of
sites and records that fall within the selected boundary. By sending these coordinates
to the gazetteer, the system is able to provide information on the parish boundaries
that the search hit upon.
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The ScotlandsPlaces internal broker (discussed below) provides the results in a
tabular listing in the webpage. However, users have the option to see the results in a
different manner. On each results page the user is given the option to “plot the results
on a map”. This allows the user to see their results spatially using the OpenLayers
facility:

Fig. 3. Example of OpenLayers plotting in the ScotlandsPlaces website

Once the records have been plotted, the user can click on one of the pins that represent a site or a record and they are presented with the title and location of the record
as well as a link to the fully individual record within the ScotlandsPlaces site.
The user can also “download the KML file” and plot the results in a popular external geobrowser such as Google Earth. Thus, if records are indexed to co-ordinate
level, records can be displayed visually on a map to allow the user to sift through their
search results based on location, rather than from a tabular listing. This is very useful
functionality for individuals who are searching for information where they know the
location associated with a site or record but not its name or any other keywords that
could be associated with it.
OpenLayers provides Ordnance Survey map layers and county and parish boundary layers as web map services. It is in the future plans of the project to develop the
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OpenLayers functionality further to include historic map layers, base layers, and more
administrative boundary layers showing boundary changes over time.

5 The Technical Aspects of ScotlandsPlaces
5.1 Platform
The ScotlandsPlaces project endeavours to use open source software whenever possible. As mentioned in the previous section, OpenLayers was implemented to allow
both user coordinate/extent searching and also as a means of displaying results. Other
Open Source elements include the internal broker, (developed in PHP from the middleware CYGnus, the MySQL database which sits behind the website and controls
results pages and the DVMS, the Joomla content management system and the Apache
server platform.
Both CYGnus and the MySQL (namely the DVMS) are discussed in detail below.
5.2 The Gazetteer
The ScotlandsPlaces project included the development of a comprehensive historical
place names gazetteer for Scotland. The gazetteer is utilised in two ways. Firstly it
intercepts a user query for the purpose of clarifying and refining the user search. Secondly, it acts as an information database by providing relevant data to populate a
search results page. When a user enters a place name into the search box this name is
firstly sent to the gazetteer to see how often that term occurs. If the search term is
found more than once the user will be asked to clarify which place they intended.
Once a single geographic place has been determined this place name is sent to the
partner organisational databases for querying.
The gazetteer currently holds counties, parishes, modern councils, regions, districts, burghs, major cities, islands, and “populated places”. Populated places are
towns and cities with a populated of 100 people or more up until 1982.
If a search term is entered that is not found in the gazetteer, that keyword term is
sent to the partner databases and a “free text search” is conducted.
The gazetteer has spatial, temporal, hierarchical and cross-searchable elements,
tracking place name and boundary changes over time. It holds primary and variant
place names and has the capacity to include other languages such as Gaelic. It was
developed following the International Alexandria Digital Library standard for gazetteer development and is therefore interoperable with other database gazetteers.
The gazetteer developed for ScotlandsPlaces sits outside of the system as a separate service module and can therefore be used in other projects. Importantly, the gazetteer is likely to be included as the historical place names index listing in a wider
Scottish government endeavour to develop a national gazetteer.
5.3 The Internal Broker
The website was developed around a piece of open source geo-middleware, developed as a proof-of-concept system by an MSc GIS student at the University of Edinburgh. This middleware was called CYGnus and exhibited a lightweight solution to
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providing results from separate information providers into one application (Carter &
Gittings, 2009). CYGnus was redeveloped and strengthened by the ScotlandsPlaces
team to handle the queries it would receive through ScotlandsPlaces. This middleware, or “internal broker”, makes sense of the queries by communicating with the
ScotlandsPlaces gazetteer and sends the search requests (whether place names or coordinates) to the separate remotely hosted databases of the partner organisations. The
internal broker uses geography as the “glue” for information retrieval. It then amalgamates and ranks the results in order of relevance to the user, and presents them in
the ScotlandsPlaces website.
The key to the internal broker is efficiency. The importance of the broker is that it
retrieves data from the separately held database and displays the results in a single
interface. It does this by using web services.
5.4 Web Services
The overall significance of the ScotlandsPlaces project is it does not host data, but
instead offers an access point to a realm of data connected by geography. The system
allows datasets to be maintained by the host organisation or institution thereby removing the necessity for the duplication of data in providing information to the public.
Results are provided from the hosting database as the query is made, where smaller
amounts of data are requested on demand, on the fly, in real time, via web services.
This allows organisations to provide a live, up-to-date feed from their database directly to the website using web services in the form of URL parameterised pairs.
As there is no need to duplicate information, host organisations are able to maintain, update, delete and modify their own database without having to repeat these efforts elsewhere. The website therefore relies on live web services so that information
is called upon when requested by the user and is always up-to-date.
Importantly by using web services, all contributing organisations maintain ownership and control over their own data.
The primary concept in using web services is the notion of ‘hold the data once, and
use it many times’. Organizations who have set up their system to respond to web
service queries are therefore able to provide their data out as a service to as many
other queries as they choose. They are able to provide their data to multiple locations, thereby making their data more efficiently available to the public.
In ScotlandsPlaces web services are carried out using simple URL/parameter pair
calls, chosen so as not to put too high a technical barrier to joining the project, for
those organisations without formal Simple Object Access Protocol (SOAP) web service skills. As explained below, once the EU INSPIRE Web Feature Services (WFS)
have been published, the ScotlandsPlaces team will be implementing these WFS
alongside the parameter pairs to act as a testbed for the INSPIRE Directive (European
Commission, 2010).
5.5 The ScotlandsPlaces XML
As the project is extensible and ongoing, it is very difficult to foresee the many possible partners who may join the site in the future. The project is not domain specific
and the only ‘join’ criteria is that the information to be included is indexed spatially;
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either by place name or, preferably, by coordinates. Aside from the indexing requirements, the only other stipulation is that joining partners have their data held in a
database and visible to a web server for querying.
Although the project currently holds largely historical datasets and is currently
speaking with heritage institutions to join in the project, it does not restrict joining
partners to particular domains. As discussed above, the project relies on web services
to amalgamate the data and pulls relevant data into the site to display for the user.
During the planning phases of the project it was decided that as domain data interoperability could be an issue, a ScotlandsPlaces XML schema would be developed in
order to avoid XML mapping (Beamer & Gillick, 2009). Therefore the project does
not specify a pre-developed existing standard for data sharing but rather defines the
XML format that partner organisations need to return the appropriate datasets. In
short, mapping between pre-existing XML formats was not an option due to the
multi-domain nature of the project and the complexities of the data that could be integrated into the website.
When using web services to bring information together, data can be supplied in one
of three ways:





The agencies can provide their data in a pre-defined XML standard
stipulated by the project and which would have to be mapped to the standard
used by the site. This is a soup bowl concept for data sharing by XML. This
aspiration would be feasible in larger XML based projects however was not
an option for ScotlandsPlaces due to the maintenance overhead needed for
processing speeds of on-the-fly translations.
The agency provides their data in any format they wish. The data broker then
maps these formats into either a chosen existing XML standard or a bespoke
project based XML standard.
A compromise; a simple, published bespoke XML necessary to make a
particular project work quickly, as a lightweight solution, preparing only the
XML tags needed to attain the desired information.

This third option was the one selected by the ScotlandsPlaces team. It was deemed
the most suitable solution for two reasons. Firstly, mapping between both known as
well as unknown XML standards would have been time consuming for a project
programmer with no expertise in XML schemas. This would therefore consume considerable resources in development and operation. Secondly, such mapping would
impede future partners from joining the project quickly.
The site makes two web service calls to each of the partner organisations. The first
call is to provide the user with a finite amount of information about a record. It provides just enough information to allow the user to determine if they want to click into
that result to receive the full record. The second web service call retrieves the full
record information.
The first call XML tags are shared across each partner organisation. These include
tags for name, UID, record name/title and thumbnail URL. A few other tags are currently specified as <other1>, <other2>, and <other3>. This allows each partner to add
a few other pieces of information that may be specific to their records. RCAHMS
currently fills these tags with parish and counties names as well as the number of images associated with the record. The NAS currently uses only two of these <other>
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tags in providing an image count and the date corresponding to the record. The XML
used to respond to the first database call is therefore fairly standard, and as new organisations include custom data in these <other> tags, the XML may become more
well-defined.
The XML for the second calls shows how very different the retrieved datasets can
be as few tags are used for both organisations. As new partners will be joining the
site with a variety of different datasets, the ScotlandsPlaces XML will grow to fit the
elements of the data that require new XML tags. Therefore, new partners to ScotlandsPlaces will either use pre-existing tags to transfer their data or new code will be
introduced for the inclusion of these datasets.
Making the decision to create a bespoke XML schema or use a pre-existing XML
standard which may need to be customised, depends on the breadth and diversity of
potential partners and the scope of the project in the future. In 2000, O’Brien reminded readers that “XML is concerned with the quick and easy creation of metadata
rather than establishing fixed and standardised metadata structures” (O’Brien, 2000).
This pragmatic approach is the position taken in the ScotlandsPlaces project.
With the current ScotlandsPlaces partners normally using two different heritage
XML schemas for data transfer (MIDAS XML and EAD), a published ScotlandsPlaces XML was created. As we shall see below, wider geographic strategies
mean that future partners may well go beyond the heritage and archives sectors to
include partners from a range of sectors of government and beyond.

6 Government Strategies
In using web services the ScotlandsPlaces site demonstrates the efficient use of data
and shared services in government. The project is in line with various government
initiatives including the One Scotland, One Geography strategy which aims to see
government organisations working together for the benefit of the public (Scottish
Government, 2005). As mentioned above, project also aims to be in line with the EU
INSPIRE Directive which is currently developing a technical infrastructure for a spatial data infrastructure for Europe (European Commission, 2010).
One Scotland One Geography is a strategy to develop a more systematic and effective means of delivering geographic information to the public. The strategy is particularly interested in the development of efficient public services using the most efficient
and up-to-date resources available. An ultimate goal of this strategy is to create a spatial
data infrastructure for geographic-based information. The INSPIRE Directive offers a
technical means of bringing the appropriate datasets together to reach this goal.
The EU INSPIRE directive sets out standards for interoperability for both public and
private organisations across the UK and Europe to share their geographic data and for
the public to access these datasets via a central hub using formal web feature services.
The hub will hold the metadata catalogue for retrieving relevant datasets, the national
gazetteer and the internal client software to combine and deliver the requested data. A
modern address gazetteer has been developed by the Scottish Government called the
One Scotland Gazetteer ScotlandsPlaces which marks the beginnings of a comprehensive spatially enabled national Scottish place name and address gazetteer.
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The INSPIRE (Scotland) regulations came into effect by the Scottish Government
on December 31st 2009 stipulating that particular government organisational domains
will be INSPIRE compliant over the next few years.
ScotlandsPlaces has been developed alongside the INSPIRE directive and is an example front end to a potential INSPIRE-based spatial data infrastructure for Scotland.
ScotlandsPlaces plans on implementing the INSPIRE Web Feature Services to sit
alongside the URL parameter pairs currently used in the site for querying. New organisational partners will have the option of selecting which service they wish to use
as some organisations may wish to be INSPIRE compliant and some may not. The
project will ultimately illustrate what may be done by using the underpinning INSPIRE infrastructure to retrieve data from different sources and presenting this data to
the public.
In late April 2010, ScotlandsPlaces was announced the winner of the annual AGI
(Association for Geographic Information) conference competition for “Most Beneficial Information Service”.

7 Future Developments
The website is currently being used by both national and international user groups
including archaeologists, genealogists, architects, local history researchers, archivists
and disparate Scots interested in discovering more about their ancestors and the places
associated with them. In the first six months of going live, the ScotlandsPlaces website has seen over 350,000 hits and is used internationally. Analytics shows that
ninety percent of the traffic coming into the site is via place name searches inside the
search engine. This means that the website is very visible to search engines such as
Google and users are being taken straight to the website’s individual results pages
within the site, essentially using the search engine as the search box within the site.
The project was developed to be an ongoing fully supported endeavour and as such
is under fairly continuous technical development. The ‘technical joining documents’
for the project have recently been completed and the project team are now pursuing
new partners in the site. The project will be welcoming a new national project partner
by the end of 2010.
Overall website developments for 2010 may include a subscription system for the
inclusion of new digital volumes made available at a charge. These newly released
digital volumes will be regarded as added-value to the site and will not replace the
concept of free digital volumes or other site resources in the future. More free volumes will be moved over to the site later in the year. These volumes will include
more historical tax information.
The project team would also like to see further development in terms of the gazetteer and place name information in the site. Over the years various other Scottish
historical place name resources have been developed including the Gazetteer for Scotland (University of Edinburgh, 2010). It is possible that web services will pull
through place name descriptive information of this online gazetteer, or the user will
be able to link out to it, providing the user with more background knowledge of the
place they are interested.
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7.1 Scalability
The ScotlandsPlaces project was designed to be easily scalable. Although the “join”
work for the first two partners took several weeks in order to iron out bugs and issues
with the web service queries, the technical join document prepared by the ScotlandsPlaces team estimates that a straightforward join would take approximately 1
week of development time.
The join documentation stipulated the XML used, the types of parameter pairs a
new partner can expect to receive by the system and also provides information on
using Zoomify, querying their database and ranking for search results returned to the
infrastructure. Joining partners with technical requirements above and beyond the
scope of the infrastructure thus far, will be discussed by the project governance board
and suggestions and recommendations will be made on how the project can be designed to include the new partner.
ScotlandsPlaces provides this joining documentation and also the personnel and
guidance needed for a successful join. The nature of the project means that new partners need to adhere to a simple method of making their data available and providing it
out for consumption. The benefit of providing this data in such an efficient manner
through the ScotlandsPlaces infrastructure and out to the general public far outweighs
the minimal amount of join work needed to adapt to the system.

8 Conclusions
The ScotlandsPlaces project demonstrates shared services and information, as well as
government organisations effectively working together to efficiently disseminate information to the public. It is, and will remain, in accordance with larger UK and EU
government initiatives to share geographic data.
The project exhibits a new and exciting way for the public to search across heritage
records and sites by using geography as the underlying element in data retrieval and
sorting. It demonstrates that information can be provided in a fun, efficient and easy
to use manner and will be a source of more exciting national and local collections in
the future.
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Abstract. Despite the multitude of impact measurement techniques available to
heritage site managers there is a case for the bigger strategic picture to figure
more strongly in impact measurement decision making for ICT and 3D applications in the heritage sector. Discussions with heritage mangers raised the need for
a holistic practical social impact model, one which combines impact measurement
with overall strategic decision making considerations, accommodating internal
and external dimensions of impact, as well as mission (and vision) and stakeholder perspectives; and one that embeds impact as a dynamic issue for management in heritage organisations. The 3D-ISF approach is broadly divided into two
complementary elements. The left side of the framework considers the strategic
perspective of the organization, while the right side encapsulates the impact
measurement. The two elements combine to form a holistic vision of the interaction between the site strategy, 3D deployment and its relationship to impact.
Keywords: Socio-economic impact, economics, 3D visualisation.

1 Introduction
3D technology is becoming an increasingly widely used in the entertainment and
consumer spheres. Understandably, many heritage sites wish to exploit 3D technologies in their presentation of the past to the public. However, when it comes to adoption of technology the heritage sector tends to be cautious [1]. Many organisations
are seeking data regarding the impact and outcomes of 3D deployments in order to
furnish both individual sites and the sector with information than can be used for
strategic decisions about adoption. Even very basic data such as financial returns and
revenues are not available. Furthermore, establishing the causality of the link between the 3D asset and the long-term impact is particularly problematic.
Impact measurement is a mechanism for demonstrating the benefit of the application of 3D technology through evidence of outcomes and impacts. If the results of
impact assessment are integrated with the strategic decision making of the organisation this information can then be used to deliver an improved service or product; or
offer better value (in the wider social sense) to their target beneficiaries.
A detailed evaluation of the existing impact measurement and valuation tools was undertaken in which it was concluded, that despite the range of “off the shelf” methodologies
available that no existing impact tool or measure precisely met the requirements of the
heritage sector when it came to assessing the impact of the deployment of 3D technology.
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 240–249, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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It is clear that there is a fundamental need to develop a coherent and robust methodology for the assessing and measuring the impact and outcomes of 3D applications
at heritage sites and other contexts that would provide the conceptual and practical
bases for training and embedding. The 3D-ISF approach fills a gap as a tool for holistic impact thinking that offers tried and tested accessible steps, with robust measures.
Therefore, the challenge is to develop a holistic impact measurement model that
would work at the conceptual level but also, and most importantly, at a practical level
to build the capabilities of heritage site managers to introduce their own impact measurement systems that could assess the impact of 3D assets and technology.
The team drew from the results of a needs assessment and the impact tools evaluation survey to develop the 3D-ISF as tool to comprehensively conceptualise the impact problem, and provide an effective practical methodological basis for impact
measurement training, help managers to demonstrate the value of their 3D assets to
society, to support improved operational performance, business planning, and strategic decision making.
The 3D-ISF (3D Impact and Strategy Framework) approach was specifically designed to develop capabilities to systematically measure impacts of 3D technology in
heritage organisations and also be used at a deeper level to support operations management and strategic decision making. The 3D-ISF approach helps heritage site
managers to conceptualise the impact problem; identify and prioritise impacts for
measurement; develop appropriate impact measures; report impacts and to embed the
results in management decision making.
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Fig. 1. A summary version of the 3D-ISF approach

The ISF approach shown in Figure 1 represents the synthesis of two impact assessment models: the holistic site model developed by the University of Brighton
Business School’s CUBIST Research Group, for the cultural heritage sector [2]. And
a holistic impact measurement model for social enterprises, developed by the CUBIST Research Group and Social Enterprise London, called SIMPLE (Social Impact
for Local Economies). The SIMPLE impact model and methodology has been tried
and tested on over 40 social enterprises through a series of three day training courses
[3]. Together the models have been tested at over 60 organisations.
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Neither of these models could however be directly used to capture the impact of
3D technology at a heritage site. However, both sets of models had been proven and
applied to actual organisations and so it was decided to integrate elements of the various models, and add other components to create an impact model that was focused on
the application of 3D technology to heritage sites.

2 3D-ISF: An Impact Measurement Tool for Business and
Strategic Planning
Despite the multitude of impact measurement techniques available to heritage site
managers there is a case for the bigger strategic picture to figure more strongly in
impact measurement decision making.
Discussions with heritage mangers raised the need for a holistic practical social
impact model, one which combines impact measurement with overall strategic decision making considerations, accommodating internal and external dimensions of
impact, as well as mission (and vision) and stakeholder perspectives; and one that
embeds impact as a dynamic issue for management in heritage organisations.
In other words, there is a case for a total systems approach to impact which delivers from conceptualization to detailed implementation; right through to integrated
strategic decision making. One that also can easily accommodate, if appropriate,
other more specific measurement methods (e.g. Return on investment, contingent
valuation or choice experiments). While, at the same time, such a model should be
practical, flexible and robust which gives heritage site managers ownership over their
impact measures and develops the capabilities to implement a professional measurement and reporting system.
The approach is broadly divided into two complementary elements. The left side
of the framework considers the strategic perspective of the organisation, while the
right side encapsulates the impact measurement. The two elements are complementary and combine to form a holistic vision of the interaction between the site strategy,
3D deployment and its relationship to impact.
A more detailed verison of the ISF model is shown in Figure 2. Here the backward feedback loop highlights the linkage between impact measurement and ongoing
organisational planning and strategic management processes to achieve continuous
improvement and maximize desired social impacts and minimize negative impacts.
2.1 Conceptualising Impact and Understanding the Drivers
The model is composed of two elements. The left side (SCOPE IT) is designed to
enable heritage site managers to gain an understanding of the impact problem and
impact drivers. Before embarking on the initial scoping exercises it is vital to clarify
terminology and motivations. Key preliminary questions an organization should answer, before embarking on a formal measurement process, are: What is meant by
impact? And more importantly, why measure impact? A clear rationale is needed to
justify the time and resources for undertaking this challenging process. For example,
is the assessment being conducted in order to assess the financial return on investment
or is it looking at the social impact of 3D technology, or some combination of these
factors. If impact assessment is not a priority, then there is a risk of poor outcomes.
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Turning to the four key dimensions of the SCOPE IT stage – that is the key impact
drivers: strategic rationale for technology investment; External drivers (the Heritage
site impact context); Internal drivers (The organizational context and management
decision making) and Stakeholder drivers. Each impact driver is briefly explained
below.
2.2 Strategic Rationale for Technology Investment
There has to be a strategic rationale for technology investment. This is usually
closely linked to the mission and vision for the site. Strategy needs to underpin the
management decision making at a heritage site. For example is 3D the right solution?
While 3D technology is a powerful medium for communicating heritage to the public
and has numerous research implications, it may not be the appropriate solution for all
heritage sites and organisations at a particular moment in time. Therefore, prior to
deployment organisations need to make a strategic decision as to the viability of 3D
technology in their particular context. Two principal considerations are suitability
and feasibility.
Vision for investment. All investment decisions usually involve some intended innovation to enhance the cultural product offer. The vision is eventually a strategic view
of where the site should be and what it should offer. Once this is clearly defined the
exploration of the appropriate ICT for the vision can take place.
Suitability. There must be a strategic logic for the deployment of ICT. At its simplest
a heritage site’s strategy revolves around three questions: where is the site positioned
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Fig. 2. The 3D-ISF holistic impact model –“deeper” strategic version

now, where does it want to be positioned and how will it achieve that goal. A 3Dbased solution may, or may not, be the most effective use of resources for achieving
that goal. While 3D technology is a powerful medium for communicating heritage to
the public and has numerous research implications, it may not be the appropriate
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solution for all heritage sites and organisations at a particular moment in time. Therefore, prior to deployment organisations need to make a strategic decision as to the
viability of 3D technology in their particular context.
Questions that need to be considered include:
•
•

•
•

Does it fit with the objectives and mission of the site?
Is financial sustainability required and if so what is the potential ROI?
(techniques that could be applied include: Return on investment predictions,
payback method)
Is there user demand for 3D technology at the site in question? (techniques
that could be applied include: questionnaires, choice experiments)
Site mission: another key question is does the particular use of 3D fit with
the mission and values of the site? The mission can be thought of as a heritage site’s overriding purpose and normally is an explicit expression of the
values of the organisation. Mission of an organisation outlines the broad
general directions that an organisation should and will follow. Questions that
need to be asked include: What is the site there for? Whom is it serving?
Whom should it serve? Why is it being funded? Some organisations have a
mission that is explicitly tied in with 3D content such as the 3D Museum
(http://www.3dmuseum.org). However, most museums have a mission that
is more general such as education, which partly reflects the impact context
(the culture, the national system, and corporate governance and legal system)
and also the power and interest of the stakeholders. As a process, not least to
guide an impact evaluation, it is useful to know who decides the mission and
how it is decided.

The objectives of an organisation represent a more specific commitment, often over a
specified time period, consistent with the mission (this may be quantified, but this can
be inappropriate in some circumstances). Objectives take the generalities of the mission and turn them into more specific commitments: Usually this process will cover
what is to be done and its timing. While trade-offs may arise in objective setting,
prioritisation of objectives should be based on the fundamental mission and values of
the heritage site.
An organisation’s explicit mission/objectives will create a list of intended impacts
and, is therefore the central driver of impact measurement selection, strongly influenced by stakeholder analysis. All investments involve opportunity costs. The potential funds that may be devoted to an ICT project can alternative uses. It is therefore
essential that stakeholders support the deployment of resources.
2.3 Feasibility
•

•

Risk assessment: The installation of 3D could potentially represent a risk
for heritage sites. For many it is an area beyond their traditional sphere of
experience so they are reliant upon external sources of consultancy and services. A typical risk factor is cost outweighing the benefits.
Budget: Sites have to consider if they have the budget for 3D installation and
maintenance and/or the resources and capability to support such an installation.
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Resources and capability: The introduction of 3D requires numerous new
skills. Heritage sites need to establish what resources and capabilities they
have for such a deployment. Do they have any skills in house or will the entire project (or part of the project) need to be outsourced?

2.4 Management Decision Making
The management decision-making element is another key component that influences
impact. There are three components within this element; technology management, the
financial and business models, and the technology and marketing strategy.
Technology strategy. Cultural heritage sites should have a continuous review of
technology strategy (e.g. Web strategy) that can support the cultural offer.
Technology management. Technology management is a multi-faceted area:
•

•

•

Technology project management: There are numerous considerations to be
made when managing a 3D technology project. For example does the project
meet the heritage site's vision? Is there a clear objective? As (Soren 2005)
notes “clear objectives and values help curators take ownership of a project,
and feel responsible for whether it succeeds or fails.” It is necessary to liaise
with external partners and with internal players (i.e. using human resource
management for managing change). Not all heritage sites have the luxury of
having full-time staff devoted to ICT management. Some have to share IT
staff between sites or have staff that do IT-related tasks in addition to other
jobs. These sites may have to purchase these skills from outside consultants.
If the heritage site is for some reason unable or unwilling to maintain their
ICT deployment then its impact may change from a positive to a negative.
Furthermore, deploying ICT at a heritage site is not the end of the story. Information technology, as with all technology requires maintenance. Many
sites do not have the skills to keep ICT projects running if the technology
breaks down. This of course then requires external consultancy to fix any
problems – but, needs to be factored into the running costs of the original
business and sustainability model. The following factors are also integral
with technology management:
Management ‘buy-in’: Much work has been conducted in the commercial
business sector that shows that the lack of senior management buy-in is one
of the biggest reasons for the failure of technology projects. This is extremely important in the cultural heritage sector because there can still be
reticence to the use of information technology in what is still a sector with
traditional origins. Without management buy-in projects could fail before
deployment or could have insufficient resources for successful deployment,
leading to negative impressions by visitors.
Leadership: Closely related to the above is leadership. Leadership for an
ICT deployment at a heritage site exists at two levels; the strategic leadership
that drives the overall conceptualization, and the IT project leadership that
manages the actual day-to-day running of the project. Strong strategic and
project leadership can greatly enhance its chances of success.
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Design, installation and implementation: When visitors come face-to-face
with front-of-house 3D at heritage sites their first impression is a function of
the design, implementation and installation of the technology. The design of
ICT applications is a complex area that is usually beyond the experience of
heritage site personnel because so many different skill-sets are required (ICT
development, graphic design, ergonomics, etc).
The quality of the implementation drives the potential impacts: An exceptional use of technology can be let down by poor design, location, and implementation (both at a physical site and over the internet). Alternatively,
lack of funding may result in poor design because shortcuts were made. This
is important because considerable evidence points to cultural tourists as being increasingly sophisticated visitors.

Financial and business models. In the past many heritage sites have been caught out
by the lack of coherent, sustainable business models. Capital funds and grants have
been devoted to projects but less consideration has been devoted to the sustainability
of the project. There is evidence that this is slowly beginning to change – many funding bodies now require evidence of sustainability and business planning before they
grant capital funds to projects. For example, in the UK funders such as the Heritage
Lottery Fund and English Heritage now require sustainability plans for the projects
they fund. There are numerous considerations for financial and business models, such
as charging for specific exhibitions, developing exhibitions with the potential to tour
and so gain extra revenue, or more imaginative models such as sharing development
costs in return for a percentage of the revenue.
2.4.1 Marketing Strategy and Target Audiences
•

•

Marketing strategy: ICT deployments do not exist outside of a business system. If visitors are not motivated to go to the physical or virtual heritage site
in the first place then the impact of the ICT deployments can be reduced. A
significant investment in 3D might form the basis of a marketing campaign.
This certainly increases the awareness and can have a considerable influence
on the scale of the impacts and outcomes.
User evaluation and research: Heritage sites have a long tradition of conducting research on their visitors to determine user satisfaction. Visitor surveys or interviews are and well understood by heritage sites. There is also
considerable external consultancy available to sites. There is therefore a
well-established mechanism that heritage sites can use to determine the
socio-economic impact of technology at heritage sites. Furthermore, user
evaluation can be used to support marketing research.

2.5 Specific Objectives and Appraisal of the Technology Investment
This is fundamental for understanding the impact of 3D deployments. 3D investment
reflects cultural product innovation and can provide a basis for a ‘new offer’. There
can be a wide range of reasons for the deployment of visitor-facing ICT at heritage
sites. These can include:
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Enhancing the user’s experience
Increase visitor numbers
Enhancing educational impact, or
Some combination of the above.

A key question that sites often want answered is ‘has the investment achieved this aim?’
The objectives of a project are key to determining what impacts should be assessed.
The essence of appraisal is the anticipation of costs and benefits. The initial capital
cost outlay can be estimated as can the potential social returns and benefits. The
anticipated costs may be assessed through the use of Return On Investment (ROI),
and Net Present Value (NPV) calculations. It is essential to consider both the capital
and operating costs for a deployment. These assessments can then be compared to the
potential anticipated benefits that the use of ICT may entail. Once a project is running the impact measures can be used to provide data on the actual return.

3 Impact Categorization
A key innovation introduced in this 3D-ISF model is to re-classify impact categories,
moving from the commonly termed triple bottom line to the quadruple bottom line
(4BL). The triple bottom line typically includes the financial (including in this case
economic) performance plus the social and environmental impacts. The quadruple
bottom line shown in the figure below emphasises the role of the individual in the
appreciation of 3D technology.
3.1 Mapping Impact: Applying the Logic Model
Mapping impacts helps to more precisely and systematically identify the linkages between
outputs, outcomes and impacts of heritage sites. This approach utilises an organizational
impact mapping methodology derived from the long-established Logic Model [5].
This method provides a graphical representation of multiple outputs, outcomes and
eventual impacts as a practical basis for developing impact measures. It is a chain of
connection which logically states how an organisation’s activities are expected to
achieve desired results. Mapping (Logic Model) is presented in the logical flow diagram shown in Figure 3:

Activities

Outputs

Outcomes

Impacts

Fig. 3. Mapping impacts using a Logic Model

The key four components of the MAP IT process are explained below:
-

Activities: What are the products, projects or processes that allow the heritage
site to fulfil your objectives?
Outputs: What is produced as a direct result of these actions? Generally
depict completion of activity
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-

Outcomes: What benefit or change is accomplished, in the short term, as a
direct result of the output?
Impacts: What the organisation is able to achieve over the long-term as a
result of combined outcomes.

-

It should be noted in the standard logic model resources are also included, to precede
activities but this is already covered in the SCOPE IT analysis. Prioritisation of impacts for measurement will be influenced by the Stage 1 analysis, SCOPE IT, as
through analyzing the drivers of mission, stakeholders, external and internal drivers.
3.2 Measuring Impact Using Impact Indicators
The users draw up a checklist of desired/perceived impact measures which emerge
from the conceptual and strategic analysis. Impacts have been divided into groups in
order to make their assessment more coherent. This ‘bottom line’ comprises individual, economic, social, and environmental impacts. Managers need to prioritise the
impact categories for measurement. For example, if economic impact is not a priority
then there is no need to devote resources to measuring it.
All heritage sites (and all businesses in general) generate impact, positive or
otherwise, in each of the four impact areas. A Key Impact Indicator or KII is a quantifiable metric that an organisation can develop to help understand and gauge its performance and impact.
Key Impact Indicators (KIIs) are used to ‘value’ difficult-to-measure activities
such as the engagement with beneficiaries, service level standards, and satisfaction
with the product or service.
Collect the data (track it). This step revolves around the collection of the data and
how to do it. The methods used should be decided on (such as internal records/questionnaires/surveys, etc). This would also be an appropriate time to review
management systems in regard to the collection of data in the future. Systems and
procedures need to be established for data collection. Responsibility for collection of
data needs to be set, in conjunction with time targets.
Comprehend and communicate (Tell it). Comprehension is achieved through the
analysis of the impact data. This is also an appropriate time to review the indicators
chosen and assess their usefulness. It is also essential that the lessons learnt from the
analysis are communicated in a targeted way to the relevant stakeholders. The results
should also be compared with past performance benchmarks.
Change (Embed it). The framework involves the feedback of the analysis of impact
data into the strategic, operational and business processes of the site. This crucial
component is so often omitted. This is the most important reason for sites to conduct
impact analysis – to see if the organisation can be improved.
Consideration should also be given to questions such as is the mission is being
met? Are perceived/desired impacts being achieved? Are the stakeholders satisfied?
With all this information it should be possible to conduct a strategic/operations review, and propose changes for the future.
Consider new strategies, business processes, systems and organisation. The potential for new investment in areas such as technology should also be evaluated.
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4 Conclusions
The 3D-ISF holistic impact measurement model provides a both a conceptual and
practical approach to measuring impact. The model offers those in the heritage sector
a practical methodology for developing impact measures specific and relevant to their
own organization. It guides them through the thought processes of conceptualising
impact; identifying and prioritising impacts for measurement; developing specific
measures, reporting impacts and embedding the process in management decision
making. The model initially formed the basis of the EPOCH holistic site impact
model for cultural heritage and the SIMPLE training methodology for social enterprise and which together have been tested on over 60 organisations. This has shown
that the underlying principals of the 3D-ISF methodology can be adapted to all organizational sizes and enterprise sectors and is an enabling model in that the specific
measures are selected by each organization.
Furthermore, this paper has guided impact measurement, through the various steps to
tailored indicator design which are most relevant and practical for managers to implement. However, being a holistic, non-prescriptive tool, 3D-ISF can easily accommodate
other measurement methods (such as Contingent Valuation or Return on Investment)
depending on a heritage site’s priorities, purpose, resources, and capabilities.
The 3D-ISF method could in the future form the basis of an integrated strategic
management, impact training and consultancy for the heritage sector, which would
require slight adaptations to the model, for example through addressing feedback
loops and adapting other conventional management tools.
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Abstract. Museums research new ways to offer positive experience to the visitors and encourage them to return, using modern communication and learning
tools. To the effect, technologically advanced interactive ICT systems, are
placed in modern-day museums. In this paper we describe and compare six
different types of museum exhibits, one traditional and five interactive ICT exhibits. The five interactive ICT systems offer different types and level of digital
information, different interaction constraints and different types of activities.
The exhibits, which are located in the Leventis Municipal Museum in Nicosia,
are the following: a traditional map learning activity, a virtual tour projection, a
multi-touch table application and three different augmented reality applications.
We evaluated the experience of young users with the exhibits and conclude that
the experience scores top marks for the interactive ICT systems.
Keywords: Interaction, Museum, Comparative Study, Video Projection,
Multi-touch Table, Augmented Reality.

1 Introduction
Traditionally, museums conveyed information to their visitors through the exhibit of
real objects. During the last couple of decades, the new trend is toward active involvement through the installation technologically advanced interactive ICT systems.
The systems are installed within the physical space of a museum as a communication
and learning tool and as an additional material next to the original objects.
Those interactive ICT exhibits includes applications like VR systems (Roussou,
2001), Augmented Reality systems (Wojciechowski, 2004), haptics displays (Loscos,
2004), multi-touch tables (Averkiou, 2009; Geller, 2006), etc. Generally they allow
reality-based interactivity of the user with a virtual 3D representation of objects
within virtual or real worlds.
In this paper we present a comparative study between five different types of interactive user interface exhibits (VR tour, touch table, three augmented reality exhibits)
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 250–261, 2010.
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and a traditional exhibit (real maps). The study has been conducted in a museum with
children between the ages of 9 and 11 years of age. We are quantifying high-level
interaction qualities such as enjoyment, satisfactions and desire to perform again.
Subjective data has been collected through questionnaires targeted to this young age
group.
Further we attempt to explain the results. To that effect we classify the interactive
systems using previously proposed taxonomy of interactive user interfaces in a
broader sense. We classify the interactive systems according to three parameters:
First, the digital information that is linked to the interface (2D still/dynamic or 3D
still/dynamic). Second, the interaction constraints of the system (3D free interaction in
space, 2D interaction on a surface, 1D interaction with touch buttons). And third, the
type of activity promoted (open ended, game like, exploratory or passive). Based on
this classification and on the results of this experiment, we discuss their effectiveness
in providing satisfaction and desire to perform again.
Given the novelty of the investigated interactive user interfaces as a research field,
existing literature is limited in providing a specific evaluation method for such a study
investigation for a specific age group. Generally, proposed evaluation methods are
objective quantitative methodology, for example task completion time, error rate, and
memorization time (Jacob, 2002). Those experiments are run usually in laboratory
environment. Further studies, which have been evaluated in the field, have been reported to quantify more high-level interaction qualities such as enjoyment, engagement and legibility of actions (Pedersen, 2009). Another adopted evaluation method is
interaction analysis from video as used in the field of HCI (Sharp, 2007).
This paper is organized in 6 sections out of which Section 1 is the introduction.
Section 2 describes the exhibits, which have been used for comparisons in this paper.
Section 4 analyses the preliminary results of the study. Section 5 discusses the results
and takes conclusions.

2 Systems Description
In this section we describe the systems that have been used in this comparative study.
The authors of this paper have been involved in the development of the ICT systems
described below.
2.1 Projection: Virtual Tour
The installation “Virtual Tour in Nicosia of the 19th Century” uses a single wall,
front-projection setup and it allows the visitor to get a glimpse of how the city might
have looked like around the middle of the nineteenth century, (Fig. 1). The scenario is
built on the description given by an un-named English traveler who visited the island
at the time and published his report in a British Magazine called “The Home Friend”
(Anonymous, 1850). The traveler entered the Old Town at one of the 3 gates, most
likely Famagusta Gate, since he was coming from Larnaca, and left again from the
same Gate returning to Larnaca. Along the way he crossed the city going through
different neighborhoods, poor and rich, points of interest, bazaars, a hammam (Turkish Baths) , administrative quarters etc. Along the way he crossed the city going
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through different neighborhoods, poor and rich, points of interest, bazaars, a hammam, administrative quarters etc.
Since our application is placed in the museum where many visitors go through
every day, we had to maintain the total time spent by each visitor to less than 5 minutes and therefore it was not possible to “walk” through all the streets described in the
report. Rather we selected the most representative. In our tour, after entering through
the city gate, the visitor goes to a desolated street where the houses are falling down
and they are only inhabited by donkeys and cows, if at all. Second stop is the Serai, a
rich nicely paved square hosting the administration buildings, mosques, coffee shops
and big houses. Then it’s the Bazaar, or street market followed by the hammam
(steam bath). Exiting from the hammam, the visitor walks to the house of Kornesios, a
rich local functionary, where he is hosted, and finally as he exists the city from the
Famagusta Gate. Some images from the tour are shown in Fig. 2.

Fig. 1. The virtual tour installation. Projection wall and touch screen serving as user interface
for navigation of the 3D graphics.

For certain parts of the route, it was very challenging to be recreated realistically using real-time graphics, so they were filmed using conventional methods. One such part
is the Bazaar which is crowded with people. The two others were the house of Kornesios and Famagusta Gate, which they have not been destroyed and still exist in a good
condition, therefore they could be filmed. In the current implementation shown at the
museum, the video footage alternates with computer graphics (see Fig. 1).
The user of the application in the museum is able to navigate within the virtual
world in real time and is allowed to interact with the application in certain pre-defined
areas of the tour. An automated navigation with predefined paths occurs from one
point of interest to the next, giving the opportunity to the user to watch the route and
exterior of the buildings as a passive viewer. At the parts of the route that are done
using computer graphics the user is allowed to change the viewing direction, the
zoom, and navigation speed using touch buttons on the touch screen mounted next to
the projection wall. In Fig. 1, we see on the right of the wall the touch-screen which is
used for the navigation.
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Fig. 2. Screenshots from the virtual tour system

2.2 Multi-touch Table: The Walls of Nicosia
The installation "The Walls of Nicosia" (Averkiou, 2009) is an interactive application
that allows the user to have a virtual tour through the fortifications of Nicosia across
the centuries. The target was to explain and present the development of the area and
the history of the development of the fortifications of the city – From a Roma and
Byzantine Castle to a Medieval Royal Capital and a Venetian Fortified city. The application runs on a multi-touch table (see Fig. 3) which allows for a natural interaction. Three dimensional models of the fortifications of the city, Fig. 4, as well as the
most important landmarks are demonstrated for five historical periods: pre-Roman
(villages with no fortification), Roman castle, Byzantine castle, Lusignan Walls and
Venetian Walls. The users can navigate through time with the help of a menu that
appears on the top of the screen of the table. They can then interact and study the 3D
models of the historical period they choose using intuitive gestures. The users are able
to zoom in/out, pan and tilt the virtual camera. A helping menu exists on the interface
of the application, describing how each of these operations can be performed. A compass, on the top-right corner of the interface, assists the users with orientation.
Traditional music is played for each historical period, in order to immerse the user
(see Fig. 3 and Fig. 4).

Fig. 3. A group of students using the multi-touch table
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Fig. 4. Screenshot from the multi-touch table application

The multi-touch table hardware is based on back projection. A projector, connected
with the host computer resides inside the table. The final image on the top surface is
produced with the use of a mirror that reflects the projector image. This technique is
used in order to virtually increase the space within the table and allow us to use a
standard DLP project (not a short throw one). The gestures of the user’s fingers are
tracked using infrared light. 300 LEDs and an infrared camera have been mounted
inside the table for the finger tracking. LEDs emit light towards the table surface.
When a user touches the surface the infrared light is reflected back and the infrared
camera captures that light. Each frame that is captured by the camera is processed in
order to detect the position of the user’s fingers on the screen.
2.3 Augmented Reality (AR) Exhibits
Places, monuments and buildings of Nicosia that have played or are playing an important role in the development of the history and the social life of the city, are the main
idea of these three augmented reality applications.
All the applications are based on circular marker tracking technology with the use
of a PS3 Eye camera to capture the real scene. The software system is using OpenSceneGraph for the construction of the augmented scene and the rendering of the 3D
models. The augmentation of the real scene is displayed on wide 42” LCD screen
hanging on the wall of the exhibition room. In order to achieve accurate tracking,
appropriate lights were setup and adjusted to illuminate the markers yet not affecting
the visibility on the LCD screens.
AR Puzzle. The AR Puzzle application is using four markers and the user interacts with
all of them sliding them over the table. Four photos of the same landmark at different
time periods have been cut into four pieces and have been mounted onto four cubes
linked to the four markers. By physically displacing and rotating a marker on the 2D
surface of the table, the user displaces and rotates the digital 3D cube seen on the LCD
display on the wall. The user has to put together the correct pieces to create the picture.
There are four columns, one on each marker with one piece of a different photo on
each side. The user finds the four pieces of the picture and then puts them in the correct order to solve the puzzle. This can be repeated for all the four pictures of the
application. There are two AR exhibits with this puzzle application, one with the
Famagusta gate photos and one with the Eleftheria square photos (see Fig. 5).
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Fig. 5. The AR Puzzle installations

AR Map. In the second AR application the user explores the location of four monuments in the city of Nicosia. With the use of a printed map and four markers he tries
to place the monuments on the correct location on the map by sliding the marker onto
the 2D surface of the map. Each of the four markers corresponds to one specific
monument. In order to see the 3D model of a monument the marker must be placed on
the correct position on the map. The application uses models of the Phaneromeni
church, the City Hall, the Leventis museum and the Pankiprio gymnasium (see Fig. 6).

Fig. 6. The AR Map installation

Touch History. The last application uses only one marker and by presenting that
marker to the camera a 3D object appears on it. In our case the 3D object is a 14th
century chalice with engraved decoration. The user can move the marker freely in all
special dimensions and see the object from all the perspectives, inside and outside
(see Fig. 7).
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Fig. 7. The Touch History installation

Real Maps. A control group was given a tour of one of the more traditional exhibits
of the museum, the room with the maps of Nicosia (see Fig. 8). The teacher used the
maps, some of them several hundred years old, to provide the group with information
about the fortifications of Nicosia over the centuries.

Fig. 8. A group of students at the maps room

3 Method
This paper evaluates the subjective user experience of the children and more specifically aspects of fun such as engagement, endurability and returnance (Read &
MacFarlane, 2000). 36 children participated for each exhibit except for the touch table
and real maps where the number of participants was 25. The age range of the children
was 9-11 years.
As already mentioned there are several evaluation methods with interactive exhibits;
here the main emphasis was to compare the user experience of the children while
interacting with the exhibits. Therefore we employed the Smileyometer and the AgainAgain table, which are tools of the FunToolkit method. The latter is a well-known and
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validated tool for assessing user experience with technology when the users are children
(Read, 2008). Right after the interaction of the children with the exhibits, children were
asked to tick one face in the Smileyometer and fill in the Again –Again table. These
tools are presented in the Fig. 9.

Fig. 9. Questionnaire to estimate subjective satisfaction from exhibit

The interactive ICT systems and traditional way of exhibition (real maps) have
been classified as shown in Table 1. The rational was to illustrate the similarities and
differences within the investigated systems using interactive interface taxonomy
(Shear, 2009). In the table, the column digital information refers to the type and
amount of content in each application.
Table 1. Systems classification
Digital
information

Interaction
constraints

Type of
activity
exploratory,
nonchallenging
game like,
challenging
game like,
highly
challenging

Touch
History

3D still, low

3D free

AR puzzle

2D still, low

2D free

AR map

3D still,
medium

2D free

VR tour

3D dyn, very
high

1D
buttons

passive

Touch table

3D still, high

2D free

exploratory,
challenging

Real Maps

2D still,
medium

N/A

passive

4 Preliminary Results and Analysis
Preliminary results, Fig. 10, reveal that the interactive ICT exhibits have been rated
higher and that they are very popular with this age group of children. We note though
that within a similar group of application, namely here AR, the scores differ greatly.
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Fig. 10. Results for the smileyometer for the 6 exhibits visited by the school children. The yaxis shows the percentage of children giving a certain answer.

Fig. 11. Summarizing the cumulated results having scored above very good

The AR puzzle scores over 67% while Touch History scores only 42% in brilliant
score category. Overall the touch table is leading with 72% of children giving it a
brilliant score.
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In the next chart, Fig. 11, we show the cumulated results having achieved a score
of “really good” and above. All the exhibits score above 67% and again the touch
table is leading with 92%. A basic remark here is that the AR map scores even lower
than the real map exhibit. From our observation of the children during the experiment,
we attribute that, to the fact that the AR map application requires knowledge of the
city and special understanding that most of the children did not possess. Although the
interaction constraints are the same as the highly popular AR puzzle, they would get
tired and frustrated after a while.
Fig. 12 presents the results of the Again-Again table which is about returnance.
Most children want to do again the several activities. AR puzzle and Touch table are
the most popular in this rating. On the contrary the traditional way of exhibition (real
maps) has been rated with high scores in “no” responses.

Fig. 12. Results of the questions asking if the school children would like to repeat or not the
activity

5 Discussion and Conclusions
In this paper we present a comparative study of interactive museums exhibits with
main emphasis on assessment of user experience. Preliminary results have shown that
interactive ICT exhibits have been rated higher than the traditional teaching methods
(real map) and that most of the school children would want to do it again, especially
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for the interactive ICT exhibits. Similar findings have been reported by other studies
(Wrzesien 2010, Pujol 2007, Pujol 2009). When cumulating the “really good” and
“brilliant” scores together, it is evident that there is less discrimination between all the
exhibits.
According to the preliminary results it seems that the puzzle game initiates the
wish to repeat the same type of interaction. The VR tour does score high on the
Again-Again table, which might be due to its enjoyable entertainment similar to a
movie theatre.
If we assess the augmented reality exhibits alone, we see that the experience of the
children varies considerably across the three exhibits. The AR puzzle is most appreciated, even if the content was 2D images mounted on a 3D cubes and even if the interaction was constraint to a 2D surface. It would thus seem that it is the type of activity
rather than the level of detail of the information or the degrees of freedom of the interaction that governs experience with schoolchildren. Touch history, with its detailed
models of 3D objects and 3D interaction scored much lower, possibly due to its nonchallenging type of activity. To this end, it seems that the type of activity promoted by
the exhibit seems to be the main factor when assessing the wish to repeat the experience with the exhibit, here game like puzzle activity scored highest. This result supports the work proposed by (Marshall, 2003) to categorize frameworks for interfaces
in this domain according to the types of activities they promote.
A limitation of this study is that only one traditional method of exhibition has been
assessed, limiting the validity of the claims that interactive ICT exhibits are better
than traditional methods. A future study will have to address this issue by including
other traditional methods of exhibition as well. In addition, it is quite interesting to
investigate for further correlations between the classification of the exhibits and the
user experience results.
There is also a need for a macro-type of a comparative evaluation, since perceived
novelty of technology sometimes wears thin after time. Accordingly a future study
can address issues regarding an evaluation of multiple experiences of the same ICT
exhibits vs traditional activities over an extended period of time.
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Abstract. The communication of cultural heritage in public spaces such as museums or exhibitions, gain more and more importance during the last years. The
possibilities of interactive 3D applications open a new degree of freedom beyond the mere presentation of static visualizations, such as pre-produced video
or image data. A user is now able to directly interact with 3D virtual environments that enable the depiction and exploration of digital cultural heritage artifacts in real-time. However, such technology requires concepts and strategies
for guiding a user throughout these scenarios, since varying levels of experiences within interactive media can be assumed. This paper presents a concept as
well as implementation for communication of digital cultural heritage in public
spaces, by example of the project Roman Cologne. It describes the results
achieved by an interdisciplinary team of archaeologists, designers, and computer graphics engineers with the aim to virtually reconstruct an interactive
high-detail 3D city model of Roman Cologne.
Keywords: High-detail 3D Models, Virtual Reality, Real-Time 3D Visualization,
Museum, Roman Cologne.

1 Introduction
With the beginning of the digital revolution in the second half of the 20th century, a
new era heralded for all information-related activities, redefining how information is
retrieved in economic, social and technological systems today. The communication
of cultural heritage is one of these areas that experienced a continuous growth during
this time, where it leveraged from the digitalization for a long-ranging preservation
and efficient communication of context-sensitive information.
With major interest, the reconstruction of archaeological excavation sites emerged
as a powerful tool to communicate archaeological features and cultural knowledge,
not only to experts, but also to broad audiences of exhibitions or museums. A continuation of this trend for these public spaces involves digitized cultural heritage, in
order to enable people an immersive exploration [13] of "collections for inspiration,
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 262–276, 2010.
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learning and enjoyment". With the ongoing advancements on the field of virtual reality over the last decades [22], the coupling with digital cultural heritage has evolved
as a promising application for an effective and immersive communication of this
context-sensitive information. Here, the visualization with interactive 3D applications
opens a new degree of freedom beyond the mere presentation of static visualizations.
They allow a user to directly interact with 3D virtual environments and enable the
depiction and exploration of digital cultural heritage artifacts in real-time.
However, these scenarios mostly induce highly complex and massive data, as being
true to the original is one of the ultimate goals. Consequently, visualization concepts
and strategies are required that do not only permit an effective communication of these
context-sensitive information, but also guide a user throughout these scenarios, since
varying levels of experiences within interactive media can be assumed. Therefore, visualization techniques are required on both, technical level in order to allow a real-time
visualization of the reconstructions, and conceptual level for allowing users to interactively explore the environment and perceive this information intuitively.

Fig. 1. Exhibition of Roman Cologne at the Roman-German Museum in Cologne. This project
is used as feasibility study for the general concepts described in this work.

In this paper we present general concepts and implementations of visualization
techniques for interactive 3D reconstructions of digital cultural heritage in public
spaces, by example of the project Roman Cologne (Fig. 1). It describes the results
achieved by an interdisciplinary team of archaeologists, designers, and computer
graphics engineers with the aim to virtually reconstruct an interactive high-detail 3D
city model of Roman Cologne. It can be read as a guideline for similar future projects,
e.g., to setup a collaborative content creation process, select appropriate data exchange formats, or to apply the presented visualization and optimization techniques to
other domains of virtual archaeology [20].
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To summarize, this paper makes the following contributions to the scientific
community:
1.

We propose a concept for the communication of digital cultural heritage in
public spaces, such as museums or exhibitions. This basically comprises the
identification and justification of different visual presentation modes.
2. We further present the research results for a prototypical application and
implementation of a client-server model for information communication and
human computer interaction in public spaces.
3. We furthermore present the application of these concepts to the project
Roman Cologne that is currently and successfully presented as a permanent
exhibition in the Roman-German Museum in Cologne.

The remainder of this paper is structured as follows: Section 2 reviews related work
of the field virtual reality and digital cultural heritage. Section 3 presents the concept
of three presentation modes suitable for communicating digital cultural heritage in
public spaces using 3D virtual environments. Section 4 describes a client-server
model and concepts for guided navigation and interaction. Section 5 explains the
implementation of the previously described concept. Section 6 evaluates and discusses the preliminary results of the research project Roman Cologne and presents
ideas for future work. Section 7 concludes this paper.

2 Related Work
Subsequently, we briefly summarize related work that evolved in the areas of virtual
reality and communication of digital cultural heritage in the past.
2.1 Virtual Reality for Digital Cultural Heritage
Numerous projects have been proposed that involve the modeling and rendering of
digital cultural heritage in 3D virtual environments. Examples are the virtualization of
the great inscription of Gortyna (Crete, Greece) for 3D documentation and structural
studies [30], a reconstruction of ancient fresco paintings for a revival of life in ancient
Pompeii [24], the reconstruction of Peranakans and their culture [26] and the reconstruction of 19th century Koblenz (Germany) as a case study for a 4D navigable
movie [15].
However, only few projects have been presented so far that facilitate users to freely
roam inside these virtual worlds, i.e. exploring digital cultural heritage in real-time
and being fully navigable. In [9] the project Virtual Reality Notre Dame (VRND) is
presented that builds on a gaming-based 3D engine for facilitating a virtual tour guide
at real-time rates. With respect to the VRND project, [23] describe methodologies
how to use widely available standard programming languages and APIs to not base on
proprietary commercial 3D game engines, but still achieving visually compelling
results. In [21] 3D real-time virtual simulations of the populated ancient sites of Aspendos and Pompeii have been proposed, that facilitate from virtual reality and simulated dynamic virtual humans for an immersive experience.
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Beneath the mere reconstruction of virtual heritage in these environments, other research dealt with rendering techniques for enhancing the immersion aspect and increasing realism. In [12] light scattering is modeled including participating media for
enhancing the perception of sites by the example of the ancient Egyptian temple of
Kalabsha. Goncalves et al. make use of high dynamic range (HDR) imagery in order
to enhance viewing experiences and depicting environments towards a predictive
ancient lighting [10]. Furthermore, crowd simulation has been done to enhance realism regarding the population of these environments. In [28], a rule behavior system is
used to model such specific and complex behavior.
2.2 Communication in Public Spaces
The reconstruction of archaeological excavation sites, used in combination with an
interactive visualization in 3D virtual environments, emerged as a powerful tool to
communicate archaeological features and cultural knowledge, not only to experts, but
also to broad audiences of exhibitions or museums. Here, virtual reality offers new
communication channels, whose use statically increased in these environments over
the last years.
In 1994, a first application using virtual reality for heritage has been presented, that
allowed the audience to interactively explore a 3D reconstruction of Dudley Castle
(England) [4] on a regular screen. More sophisticated installations made use of the
CAVE system [8], where the illusion of immersion is sustained by the projection of
visuals on display screens of a cube and the audience positioned in the middle. Examples are the Dunhuang caves [18] and a reconstruction of an ancient greek temple in
Messene [7]. A third installation possibility is panoramic screens of cylindrical shape,
e.g. used in the Virtual Sculpture Museum of Pietrasanta (Italy) [6].
One of the most challenging issues when using these systems in public spaces is,
however, the installation of interaction devices that are on the one hand intuitive and
consistent, and on the other hand allow visitors to explore application-specific content
they should experience without restrictions. A variety of evaluations of interaction
devices for these environments exist, from regular 2D (mouse) and 3D (spacemouse)
input devices [25, 16] to tactual explorations [2] and visionary interaction techniques
like brain-computer interfaces [17].

3 Presentation Modes
This section describes the different presentation modes provided for the effective
communication of 3D digital cultural heritage in interactive 3D virtual environments.
Fig. 2 exemplifies the visualization of the following three modes: the reconstruction,
comparison, and findings mode.
3.1 Reconstruction Mode
The visualization of possible virtual reconstructions or artifacts can be considered as
main purpose for a system that communicates digital cultural heritage. It forms the
basis for the remaining two presentation modes. Such reconstruction visualization is

266

M. Trapp et al.

Fig. 2. Presentation modes for the communication of digital cultural heritage by the example of
Roman Cologne at a single hot spot: (A) reconstruction mode, (B) findings mode, and (C)
comparison mode that uses 360° horizontal panoramic views of the ancient and today's Cologne

the result of numerous projects that deal with interactive 3D virtual environments.
Fig. 2(A) shows such visualization by the example of Roman Cologne [19]. Basically,
there are two possibilities for the images synthesis of this visualization mode: photorealism vs. abstract visualization. For example, in the case of Roman Cologne people
often wish to have more realism in texturing and lighting, but archaeologist concerns
that this would imply a “finished” reconstruction to the user. We choose an abstract,
non-photorealistic, and simple coloring schema to communicate that the visualized
reconstruction is only one out of many realities.
3.2 Comparison Mode
Based on the reconstruction mode, the comparison mode enables the comparison and
dissemination of structural changes over time, i.e., between the reconstruction and
today’s state. We further observed, that this mode enable visitors with a local background a certain degree of entertainment.
There are several computer graphical approaches and rendering techniques of different implementation complexity to enable the image synthesis for such modes, e.g.

Fig. 3. Components for rendering the comparison mode of Roman Cologne
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3D magic lenses [3] can be used to combine different geometries within a single view.
Another possibility constitutes the usage of multiple viewports that contain images or
screenshots using the same or similar camera configuration.
For the visualization framework of Roman Cologne, we apply a simple imagebased approach that allows the side-by-side comparison of locations between the
modern Cologne and the ancient version (Fig. 2 (C)). Instead of planar images, we
create 360° horizontal panoramic images which are mapped onto two cylinders, each
rendered using a virtual camera with an orthographic projection (Fig. 5). To navigate
within this setup, the user can rotate both panoramic cameras at the same time.
3.3 Findings Mode
The purpose of this mode is the communication of the findings at their respective
locations, which lay the basis for the actual reconstructions. Our goal was to enable a
user to understand the relation between artifact and proposed 3D reconstructions performed by archaeologists and designers. As an example, Fig. 3 shows screenshots for
the reconstruction mode of the Dionysus villa within Roman Cologne. Approaches for
the communication of finding information embedded in reconstruction visualizations
have to deal with the following challenges:
1.

Multiple findings for a single reconstruction require interaction concepts and
rendering techniques for the selection and highlighting of an instance or a
group of finding objects.
2. The approaches require a concept that enables the communication of
different reconstructions that can be derived from a set of findings.
3. It is necessary to handle different graphical representations for a finding
object: 2D photographs, hand-drawn or digital images, as well as 3D
polygonal meshes or point clouds, which are obtained from laser scanning.
4. Textual descriptions likely the medium that conveys and communicates the
most context information. However, the depiction of text is limited by the
available screen space and rendering quality.

In contrast of the geometric models of the reconstructions, the finding geometry has
no textures assigned. Instead, we are using non-photorealistic lighting [11] in combination with unsharp masking the depth buffer [29] in order to support shape and depth
perception. In addition thereto, a grid is displayed that approximates the underlying
terrain (Fig. 3 (A)). It eases the perception which finding object was originally located
above or below the ancient terrain. To distinguish between selected and unselected
objects, simple color highlighting is used.
Fig. 4 (B) and (C) shows different reconstructions for a single set of findings.
These different versions can be mutually blended with the rendering of the highlighted findings. Here, the user can control the blending factor as well as the blending
speed. We experimented with an automatic decrease of the blending values over time,
but believe that this rather distracts the user. With respect to the textual descriptions
of findings, we choose not to embed these within the 3D visualization [19] but depict
them on an additional viewport. This functionality is described in the next section.
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Fig. 4. Finding mode of the visualization of Roman Cologne: (A) depiction and highlighting of
different findings at a hot spot, (B) blend-in of a reconstruction based on Fremersdorf, and (C)
the reconstruction of Precht. They differ, e.g., with respect to the number of floors.

4 Exhibition Concept
This Section describes the application of the proposed presentation concept by the
example of Roman Cologne. The permanent exhibition is located at the Roman
Germanic Museum in Cologne and is a constituent part. The main requirements
comprised the interactive exploration as well as guided interaction of the virtual 3D
reconstruction.
4.1 Conceptual Overview
Fig. 5 shows a conceptual architectural overview of the presented client-server system. The basic museum setup is shown in Fig. 1. It mainly consists of the following
two components:
Server: The server performs real-time image synthesis of the 3D content or scene,
which is then projected on a vertical surface. Depending on the scene complexity, this can be computational costly and thus requires corresponding
rendering hardware.
Client: The client offers the user control over the servers viewing configuration
(e.g., the presentation modes) via a touch-based user interface and a 3D
mouse. It displays additional information about the scene projected and is
adapted to the presentation modes respectively (Fig. 6).
The separation between server-side rendering/visualization and client-side interaction/visualization has two major advantages for systems that provide interactive installations within public places:
1.

2.

The two viewports of the server and client provides more physical space to
display various types of information that can be presented with an optimal
screen real-estate.
It enables guided interaction and navigation with the 3D virtual environment
using 2D touch events and an additional 3D mouse to control the virtual
camera and server state.
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Fig. 5. Conceptual overview of the proposed client-server system

4.2 Concepts for Interaction and Navigation
This Section focuses on the user interface of the client (Fig. 6) and the control of
server’s virtual camera. As a basic functionality, the touch interface enables the
switching between the three proposed presentation modes (Fig. 6 (d)).
The avoidance of “getting lost situations” [5] in 3D virtual environments is the major goal of the proposed interaction and navigation metaphors. This comprises a tradeoff between navigation aids or constraints and the total freedom to interact with the
system. The orientation of the user is enabled by an overview map (Fig. 6 (e)) that
contains a camera glyph indicating the position and orientation of the virtual camera
within the 3D scene. This map alters slightly in each presentation mode: an aerial
screen shot of the complete reconstruction visualization (Fig. 6 (1)(e)), a combined
abstract map of the ancient and modern Cologne (Fig. 6 (2)(e)), and an aerial image of
today’s Cologne (Fig. 6 (3)(e)). The 3D virtual camera and the camera glyph are synchronized (Section 5.3).
To ease the access to specific locations in the 3D virtual reconstruction, the touch
interface presents a number of hot spots (Fig. 6 (b)), which can be selected from a
scroll menu at the bottom. After selecting a hot spot the server’s virtual camera automatically approaches it by using automatic camera control, which is an important
feature for interaction within 3D virtual environments. It is applied for moving the 3D
virtual camera between hot spots and between different findings in the scene. Instead
of explicitly modeling more than 100 camera paths we decided to derive these paths
automatically.
Given the start and target camera settings, and the path duration, our system creates
the camera path in the following manner: 1) to avoid possible collisions with buildings,
the camera positions are interpolated on a parabolic path; 2) the viewing directions of
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Fig. 6. Structure and organization of the client-side user inferface for the reconstruction mode
(1), the findings mode (2), and the comparision mode (3) by the example of Roman Cologne

the virtual camera are interpolated linearly; 3) non-linear speed is used, which results in
a slow path start and end.
With respect to the interaction possibilities, we distinguish between two basic types
of hot spots: 1) an overview hot spot (Fig. 6 (a)) and local hot spots (Fig. 6 (b)). The
local one allows user interaction using an orbital camera model only, while the global
hot spot enables free navigation of six degrees-of-freedom via a 3D mouse. If in comparison mode, the 3D mouse can be used to rotate the panorama. In addition thereto,
the user can control the rotation via a slider (Fig. 6(3) (f)) on the touch interface. If
switching to the findings mode, the user faces a flow-menu from which he/her can
select an active finding (Fig. 6 (2)(f)). Successively, the server moves the camera
closer the findings and highlights it. A slider (Fig. 6 (2)(g)) can be used to blend-in
the available reconstructions for the respective hot spot. To avoid collisions between
the virtual camera and the scene objects, designers created an explicit collision model
for the complete scene. In contrast to derived bounding approximations, this gives
maximum control to the physics designer (Section 5.4).
4.3 Presentation Setup
We divide the presentation setup into two parts: A client and a server. These two
computers communicate with each other via a LAN (Fig. 1). The client is connected
with a touch screen by inputech (1920x1080px) based on Nextwindow technology
and runs a Core2Duo 3 GHz with 2 GByte RAM and a ATI Radeon 4650 (1 GByte
RAM). It is used for both, the display of context-specific information as well as terminal for controlling the server. The server runs a Core i5 750 2.66 GHz with 4
GByte RAM and a NVidia GTX 285 (2 GByte RAM) and is connected with a beamer
(1280x800 pixels) for displaying the 3D reconstruction on a vertical surface in front
of the terminal.
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5 Implementation
This Section briefly describes the implementation of the previously described concepts, with the main focus on the server-side image synthesis, content management,
and messaging. The client was implemented on Adobe® Flash® using object-oriented
action script.
5.1 Real-Time Image Synthesis
The server-side image synthesis can be performed in real-time using modern consumer graphics hardware [1]. Since the optimized geometric model (Table 1) fits into
the video memory, we use in-core rendering techniques instead of out-of-core rendering techniques. The complete process of mesh optimization is described in [20]. We
use a custom scene graph, shader programs [14] and a compositing pipeline for rendering. Therefore, each presentation mode represents a specific scene graph configuration. At loading time the geometric models are loaded and the scene graph is
constructed. The client commands (Section 5.3) triggers the respective reconfiguration of the scene graph.
5.2 Content Management and Content Creation
Since we have a separate data basis for 2D content of the client visualization and 3D
content of the server, special care is required for the synchronization between these
two. For the communication between client and server (Section 5.3), we use unique
global textual identifiers for modes, hot spots, and findings that are mapped by the
client and server individually to the respective local content repositories.
In addition to the content creation pipeline described in [20], the geometric representations of the finding meshes are explicitly modeled or triangulated point clouds
derived from laser scan data of the original findings. We choose a fixed aspect ratio
(16:10) for 2D content creation of the client to minimize sampling artifacts, which
would be introduced by rescaling the content otherwise. Both, client and server use a
XML data-based file format that allows for easy maintenance and extension. This
approach is also suited for a possible data-base binding later on.
The images required for the comparison mode can be obtained by photographs and
application screen shoots. In the case of Roman Cologne, we use panoramic images
with 360 degrees horizontal field-of-view. After relevant positions are determined
within the reconstruction, a photographer acquired real-world images, which are
aligned and stitched using Adobe Photoshop®. Our visualization system can acquire
panoramic images using a rendering technique described in [27].
5.3 Client-Server Communication
For the communication between the client and the server we implemented a simple
text-based protocol that can be easily extended and maintained. The textual messages
are exchanged via TCP/IP sockets, whereas the client controls state consistency and
initiates hand-shakes and resynchronization. The following messages are exchanged:
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Client-Side: The Adobe® Flash® interface performs the initial hand-shake, transmits mode-changes, hot spot changes, the rotation angle of the panorama, as
well as the blend factor for the reconstruction and the active finding. It further
issues the demo mode after a defined idle time span.
Server-Side: The rendering server confirms the execution of sent commands, and
sends the position of the virtual camera at a fixed interval, as well as automatically breaks a demo mode on user interaction.
All interactive controls, such as sliders or the flow-menu element, are sampled at a
user defined frequency in order to handle possible network latency and socket congestion correctly. In our implementation we achieve best result using a frequency of
70ms within LAN.
5.4 User Interaction and Collision Handling
A central component for implementing the user interaction is collision detection and
handling. It is used to preserve the intrusion of the virtual camera into buildings and
to compute intersection points required for the orbit navigation metaphor. For implementing collision handling we use the Bullet physics engine, which is an open source
software project. To increase the performance of the collision detection, we decided
to use explicitly modeled collision geometry consisting of 57,840 vertices and 95,409
faces (Fig. 7). This approach has the advantage of providing maximal control to design the collision bodies, but requires a complete update of the collision model if only
parts of the graphical model changes.

Fig. 7. Comparison between the geometry representation for visualization (A) and the collision
handling (B)

6 Results and Discussions
This Section describes the results and evaluation of the proposed system. We start with a
performance analysis and then describe preliminary observations with respect to the
users. The performance of a 3D reconstruction is an important issue when a smooth and
real-time experience for a user is aspired. The majority counts any application a real-time
application, as soon as it renders more than 30 frames per second in average. Table 1
summarizes basic statistics for each of the three modes presented in Section 3.

Communication of Digital Cultural Heritage in Public Spaces

273

Table 1. Statistics for the modes: reconstruction (Roman), comparison (Modern), and findings
Mode
Roman
Modern
Findings

Mesh
372
2
64

Vertices
15.465.030
136
327.842

Faces
21.132.616
128
291.988

Texel
1.307.049.984
12.987.912
4096

We measured the performance for the mode "Roman Cologne" on the setup described in Section 4.3. For the benchmark, we enabled view frustum, and backface
culling, and disabled vertical synchronization. As basis for measuring, we used four
different camera paths: Two paths that cover a bird's eye perspective and two paths
that cover a pedestrian perspective. Table 2 summarizes the performance for different
screen resolutions.
The results in Table 2 show that our system setup allows rates at real-time. We furthermore observe a higher frame rate of approximately 8% in pedestrian areas. A third
observation allows classifying our implementation regarding a limiting factor. As the
frame rate decreases with higher resolutions, the GPU can be seen as limiting device.
As a summary, our application is fill-limited, showing an increase of 15% when using
a resolution of 800x600 pixels instead of 1920x1200 pixels (Full HD).
The evaluation of the proposed system comprises two main steps: a test phase and
a reviewing phase. During the test phase, the systems setup is tested thoroughly offline. This includes the tuning of sensitivity parameters of the input device and the
physics engine. In the reviewing phase, the system is installed in the Roman-German
Museum and is tested by staff and visitors. The results of that phase (one month) are
then incorporated in the system. The preliminary observations during that phase basically yield positive response by the users, even if only a single user can interact with
the system, while others are watching or waiting. We observed that the modern mode
was very popular among most of the visitors.
Table 2. Performance evaluation for the mode “Roman Cologne” in frames-per-second (fps)

Resolution
1920 x 1200
1600 x 1200
1024 x 768
800 x 600

Bird’s Eye View [fps]
Avg.
Min
Max
65.2
46
72
68.9
57
75
72.7
43
81
74,7
40
83

Pedestrian View [fps]
Avg.
Min
Max
70.0
61
77
73.0
64
79
78.8
70
84
80.5
71
85

7 Conclusions and Future Work
This paper presents a concept and implementation for the interactive communication
of digital cultural heritage in public spaces by the example of the research project
Roman Cologne. The proposed concept makes use of a client-server architecture,
consisting of a 3D real-time rendering server and 2D touch sensitive user-interface to
enable guided user exploration of a 3D virtual environment and knowledge communication. We generalized the approach towards a visualization tool for digital cultural
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heritage. The systems turns out to be a success, thus, other cities are eager to install
similar approaches.
In order to enhance the usability of our system, we incorporated an additional statistics module that collects user data with respect to selected hot spots and the amount
of time spent within these. We hope to identify remaining possibilities for get-lost
situations and to rank features based on the importance to the users. We further strive
towards making the existing content interactively available via the world-wide-web
by using the recently standardized web-perspective view service (WPVS). In this
context, we furthermore plan to evolve the existing system into a framework, which
then can be used by third parties. Therefore, a data-base binding as well as out-of-core
rendering techniques in combination with level-of-detail approaches are required to
enable the interactive image-synthesis of geometrically even more complex data sets.
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Abstract. We introduce an online knowledge base for semantic representation
and annotation of a world heritage site in danger. For this purpose we designed
ontology inside the protégé tool with multiple metadata-based schemas to represent a knowledge base for heritage buildings and to annotate heterogeneous
data sources. The ontology schema also references multiple bibliographies so it
can gather the complex history of each building, or multiple coordinated locations of each building. We built an ontology-driven Website generation system
“Bam3DCG” based on the Resource Description Framework graph exported
from Protégé, and discuss practical problems for this type of system.
Keywords: Ontology Knowledge Model, Architectural Heritage, Heterogeneous
Data Resources, Ontology-Driven Website Generation.

1 Introduction
In cultural heritage Websites, the quality of data and the level of reliable information
it represents has an important role in increasing knowledge and proper awareness of
tangible or intangible heritage sites. Complex historical background, various physical
attributes, and different local and environmental characteristics give multiple-domainrelated features to cultural heritage sites. The questions are how to effectively represent such complex knowledge of cultural heritage sites in an online database.
Architectural heritage data, as part of tangible heritage, contains information on
heritage buildings. Historical background, constructional attributes, and location features represent information of a building. To represent such sophisticated information
online, it is important to recognize different categories of data and conceptualize them
in a standard schema. We introduce a metadata-based ontology knowledge model and
a generated Website that conceptualizes a world heritage site (Citadel of Bam) by
providing information of the site online.
The rest of the paper is structured as follows: Section 2 describes the attributes of
heritage buildings and characteristics of our ontology knowledge model. Section 3
introduces the metadata-based ontology knowledge model, Section 4 discusses the
generation of a Website for our target case study based on the ontology, and section 5
concludes the paper.
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 277–290, 2010.
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2 Semantic of Heritage Buildings
To capture the semantics of a heritage building, it is important to verify major topics
to precisely describe the building, such as its history, physical attributes, function,
location, ownership, and preservation process. We introduce three of these categories
that greatly influence the conceptualization of a knowledge model.
2.1 History and Dating
The first category, history, starts with a chronology of a particular building. An inscription can specify the construction date of a building, but in several cases such
information is not available. Studying the architectural style or reviewing historical
records can fulfill this goal. Type of decorations, constructional elements (arches or
vaults), material (bricks), or organization (presence of a courtyard) can provide the
necessary information to estimate the history of the building or its related period of
construction. A record in a travelogue manuscript, such as a description by Ibn
Hawqal [4] (travelled 943-969 AD) of the Citadel of Bam is another way to uncover
the history of a building. In many cases a building does not represent a short period of
time, but continues to change over different historical periods in different layers of
construction or areas of expansion. The Citadel of Bam has a history starting from
500 B.C. until 1925 A.D. The chronology of such sites is a challenge that requires a
multiple referencing approach.
Based on the above explanation, the history and dating of a building in a knowledge base has two characteristics: it must be able to give multiple dates or multiple
historical descriptions to a building and it needs to link each historical record to its
reference (both bibliographic or on site surveys) to validate the dating.
2.2 Physical Attributes
The type of building elements and structural components are important attributes for
specifying the physical appearance of a heritage building. For the Citadel of Bam,
these features represent desert architecture of the middle region of Persia. Most of the
walls are load bearing. The characteristic feature of building components is types of
coverings such as barrel, cloister or arched vaults. The type of arches also has a key
role in representing different historical periods. Other components consist of floors,
roofs and openings such as doors or windows.
Material and decoration are another subcategory and reflects the environmental
characteristics of the site or historical background. The major wall and coating material of the Citadel of Bam is mud brick, mud-straw or chalk. Decorations are important attributes for distinguishing buildings (such as the house of a commander) or
religious buildings such as mosques. The knowledge model for conceptualizing different categories of physical attributes of heritage buildings must provide a complete
list of elements in a systematic way based on metadata standards.
2.3 Heterogeneous Data
Architecture is a type of visual knowledge. Its language corresponds more with drawings
and images than with texts. Each database or knowledge base related to architectural
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heritage has a considerable amount of visual data with various data types. Architectural
drawings made using Auto CAD or Micro Station, 3D models made by 3ds Max or
Sketch Up, photogrammetric material made using Photo Modeler, different kinds of
images such as on-site, landscape, aerial, and satellite photos, and different kinds of videos, such as Quick Time Virtual Reality, walk through, and aerial views result in heterogeneous datasets.
Such heterogeneous data require proper management in a knowledge base. They
must be annotated by a standard attribute-set. Each piece of visual data needs to be
connected with the textual descriptions representing information of the building in the
knowledge model to disambiguate and validate it.
2.4 Knowledge-Based Schema for Heritage Buildings
We introduced different information aspects of heritage buildings needed for an advanced online web page. Any model for conceptualizing the above-mentioned aspects
must have these major characteristics:
1.
2.
3.
4.

Provide multiple schemas to cover different attributes such as history, physical
features, environment, management, and preservation.
Provide multiple bibliographic referencing.
Use metadata standards to describe building attributes or annotate the dataset.
Link every textual entity with visual data, such as images, movies, or
architectural drawings, to validate the textual descriptions.

When a target building is selected, it is important to connect the different schemas
mentioned above together with the visual dataset to easily navigate between various
topics and acquire as much information of the building as possible. Weaving cultural
heritage information into knowledge, which helps to develop an advanced knowledge
model proper for the semantic web [1], is accomplished using advanced knowledge
models. An ontology provides semantic relations between different topics in a hierarchical manner [3] and is appropriate enough to conceptualize information of heritage
buildings.

3 Ontology for Heritage Buildings
To acquire semantic of the Citadel of Bam, we designed an ontology knowledge
model called Bam 3D CG ontology using three major schemas: metadata-based
schema, which is conceptualized using different metadata standards, referencingbased schema, which provides location or bibliographic attributes, and lexical-based
schema, which provides terminological specifications for each heritage building. The
architecture of the Bam 3D CG ontology is described in Figure 1. In the target ontology designed using the Protégé knowledge acquisition tool [15] as an RDF file [13],
every piece of information or visual data is an entity connected to other entities by
semantic links. These links are descriptive attributes of entities. Each homogeneous
group of information is hierarchically categorized in classes with subclasses [10].
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Fig. 1. Architecture of Bam 3D CG Ontology

3.1 Metadata-Based Schemas of the Ontology
Metadata standards provide a widely accepted list of elements to describe an object or
data. A complete list of elements of metadata standards can help to precisely survey
data in heritage sites because collecting data at such sites is complicated. It is important not to miss any information during a field survey by using a complete list of required information and an appropriate metadata standard. It is important to note that
metadata standards are domain-based and focus on a specific field. If the target topic
requires multiple domains for complete annotation and description, it is necessary to
study different standards and select the desired topics and map between various metadata standards. For the heritage-building domain, we used part of the Core Data Index
of Object-ID standard and the Dublin Core metadata standard to annotate visual data
such as photos or videos. We describe how the schemas are modeled and connected in
our ontology.
Metadata of Heritage Buildings and Integration inside Bam 3D CG Ontology.
To describe the attributes of heritage buildings, we selected the Core Data Index,
which is part of the Object ID standard. “Object ID is an international standard for
describing cultural objects as a metadata standard containing specific items.” [5,6].
The Core Data Index to Historic Buildings and Monuments of Architectural Heritage
is a part of Object ID that focuses specifically on buildings.
The Core Data Index template inside the ontology provides the structure of data
input and is conceptualized as follows. Each of the nine headings, such as Names and
References, Location, Functional Type, and Dating, which are obligatory headings, is
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a class. Subclasses are those sub headings in the Core Data Index that have attributes
in the third sub level, such as Administrative Location, Address, and Cartographic
Reference, as subclasses of location. Every subheading that has attributes is a property or slot in the ontology. Each of the nine headings is defined as slots and takes
instances from the class with the same name from the template. The template class
provides the schema and structure, and the property class provides connections between different headings by using instances to weave every piece of information
together.

Fig. 2. Interconnected instances of Core Data Index template of Bam 3D CG ontology, bazaar

In conceptualizing properties or slots inside the schema, it is important to note
which kind of information will be collected under it. If it is an explanation, then the
slot value will be a string, and data is directly input (such as coating material in
Figure 2). If several pieces of information with different attributes are available, the
slot value will be an instance. This instance will be a link to connect different pieces
of attributes. The form on the left side of Figure 2 is connected to the slot Material
and Technique by an instance. This instance specifying main material and technique
is adobe and coating material is mud and straw. Instances can connect several pieces
of attributes and their information in the schema and can be freely selected from different classes. We integrated the Core Data Index schema inside the Bam 3D CG
ontology. We modified the complete schema of the Core Data Index and selected
those headings that had available information, as shown in Figure 2.
Metadata of Buildings Digital Data and Integration inside Bam 3D CG Ontology.
To describe and catalogue visual data, consisting of photos, videos, architectural drawings, and sketches, we used the Dublin Core Metadata Element Set, which is a standard
vocabulary of fifteen properties for use in resource description [14]. The Dublin Core
element set is less complicated to conceptualize inside the ontology schema than the
Core Data Index of Object ID since one level of headings is available. We defined a
class named Dublin Core, and each element, such as Contributor and Creator, is a slot
with a value-type string and directly gathers information about the data.
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Figure 3 shows integration of the Dublin Core element set inside the Bam 3D CG
ontology. We had several images taken of the Citadel of Bam before and after the
earthquake. Each photo is annotated using the Dublin Core schema as presented in the
first box. It is important to note that we modified the slot values of the Dublin Core
schema for those attributes that are related to the names of persons from slot value
string to instance since they take instances from another schema related to people
inside the Bam 3D CG ontology, as shown in properties of “Rights” in Figure 3. All
data is restored in the repository and linked with the ontology schema as a file path in
the local file system (slot image in Figure 3).The schema resolves syntactic differences between different distributed heterogeneous data sources. The Resource
Description Framework (RDF) converts all types of data into RDF data using the
reference ontology [8].
3.2 Referencing Schemas of Ontology
For online representation of the information of each heritage site, two major references are necessary. The first one specifies the location of the target site using the
standard Spatial Referencing Systems. The second one that provides referencing to
multiple bibliographies is necessary to validate historical research.
Geo reference of Heritage Buildings. As part of the ontology schema from the Object-ID Core Data Index, we provided the X, Y, and Z coordinates of each building
located in the Citadel of Bam according to the Universal Transverse Mercator (UTM)
Spatial Referencing System (Figure 4). For each property, a string slot is created and
the complete schema is connected by an instance to the main body of the ontology by
the slot that takes its name from the Core Data Index sub heading, named Cartographic Reference, as part of the heading Location. For each building one location is
proposed as the middle point of the courtyard (as shown in Figure 4), or middle point
of major dome on the roof. If the building is linear, such as the surrounding wall,
several points on the edges are proposed.

Fig. 3. Part of ontology for annotation of photo using the Dublin Core Element Set
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Fig. 4. Instances of coordinate referencing of building, commander’s house

The location schema of Bam 3D CG ontology provides the UTM coordinates for
around 52 buildings inside the Citadel of Bam (provided by the 3D Cartographic Map
as IFCA project between (CNRS) and (NCC)). In the Website generated using this
ontology, each location instance is referenced on the Google earth satellite images of
the Citadel of Bam before and after the earthquake, as shown in Figure 4.

Fig. 5. Historical summery linked with multiple references

Multiple Historical References Bibliographic Attributes. We previously described
the conceptualization process of bibliographic schema of the ontology [7]. Its main
characteristic is the ability to provide multiple referencing to historical material to
determine the dating and history of each building by defining different instances, as
shown in Figure 5. The bibliographic schema is linked to the body of the ontology
together with the lexical schema that gives semantics to each building type.
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3.3 Lexical Schemas of Ontology
The multilingual lexical schema of the ontology provides the semantics of each building in different languages. We previously described this schema and its constraints in
detail [7]. In the Bam 3D CG ontology for each building type, the multilingual equivalents accompanied by their lexical information are provided as shown in Figure 6.

4 Ontology-Driven Website Generation
To browse the RDF graph created on Protégé, we designed a Website generation and
maintenance system so that people can browse knowledge bases using a standard
Web browser. The Website “Bam3DCG” (http://dsr.nii.ac.jp/Bam3DCG/) has been
open to the public since December 2008.

Fig. 6. Instances of multilingual building name in Bam 3D CG website

4.1 Architecture of Website
Referring to the model proposed in Intelligent Information Presentation System (IIPS)
[9], we divide our system into three components, an ontology editor, ontology manager, and Website generator. For the ontology editor, we decided to use Protégé off
the shelf to reduce the cost of developing a new system. A Web interface for managing ontology, such as WebProtégé and Ontowiki, were still premature at the time of
system development, so we decided to use a stand-alone version of Protégé. This
raises the problem of synchronizing ontology between the client and the server.
Insert, update, and delete actions on the knowledge base are done in the client side,
and they have to be reflected on the server side to update the knowledge base on the
Website. The update of the ontology can only be done offline, and users cannot update the ontology on the Web interface to avoid inconsistencies of the ontology. This
is not a problem in our case because the Website is mainly designed for browsing, but
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Web-based ontology management should be considered in a future version of Bam
3D CG as a portal to improve the usability of the system.
For the ontology manager and Website generator, we designed our ontology-driven
Website generation system in a hierarchical layer structure, as depicted in Figure 7.
The base layer is the Web application server, Tomcat, and we installed Web application frameworks, namely Apache Click and Velocity, on top of Tomcat. The RDF is
managed using the semantic Web framework, Jena, and the RDF graph is stored in
PostgreSQL. This architecture was chosen because of the ease of integration of various tools. We manage the data using the following steps. First the RDF graph exported from Protégé is uploaded to the system. The RDF graph is then parsed by Jena,
and after applying some pre-processing steps, RDF triples are stored in PostgreSQL.
The problem is that the RDF graph cannot manage binary objects, such as images
and videos, and can only maintain pointers to binary objects such as a file path in the
local file system. This means that we need a separate uploading interface for binary
objects in addition to the RDF graph. Currently, we use Secure Copy (SCP) for uploading binary objects and Hypertext Transfer Protocol (HTTP) for uploading the
RDF graph. After pre-processing of the RDF graph and binary objects, they are stored
in the database to support on-the-fly generation of HTML pages from stored data.
This uploading process, however, is not fully automated, and deletion or update
sometimes requires administrator’s intervention to manage existing data. Hence, we
may need dedicated uploading software in the future that can manage both the RDF
graph and binary objects using protocols such as Web-based Distributed Authoring
and Versioning (WebDAV).

Fig. 7. Architecture of Website

The Web interface is designed using Cascading Style Sheets (CSS) and Javascript.
The interface has five classes (Fig. 1) and four views, list (class), instance, hierarchy,
and map. Instance view displays binary objects on the HTML page when it needs to
display images and videos. Map view uses Google Maps to render spatial location of
instances whenever they have spatial coordinates. We also introduced two satellite
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image layers into Google Maps so users can compare the Citadel of Bam before the
earthquake, just after the earthquake, and the current status (default). Finally we also
provide two searching interfaces, 1) search by terms for general users and 2) search
by SPARQL (SPARQL Protocol and RDF Query Language) for advanced users.
These functions also help users obtain resources directly from other resources.
4.2 Discussion
Representation of Resources. RDF is defined as a link of resources, so the natural
unit of representation is a resource. We discovered, however, that this strategy does
not produce intuitive representation in terms of HTML page generation. This is especially true for binary objects such as images and videos.
On the RDF graph, an image or a video is a resource that is linked from another resource. Hence, the representation of a non-binary resource may have a link to a binary
resource, and traversing a link to a binary resource displays the binary object. This is
not what a user expects, however. For example, the resource of a building and image
resources of that building refer to the same real-world building (entity), so a user
expects to see images and videos of the building on the HTML page of a building. If
we follow the one-resource-per-HTML-page principle, however, a user needs to traverse links each time to see images and videos of the building.
Our solution to this problem is pre-fetching and embedding of resources that are
linked from the resource in focus. That is, we do not just show a link to the resource,
but actually fetch (upon request) the resource and embed it with a simple description.
Figure 8 is an example of a resource page, on which users can see the image resource
without traversing to the image resource page. From our experience this method is
especially effective for multimedia resources such as images and videos.

Fig. 8. Pre-fetching and embedding of multimedia objects
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This can be explained by the problem of entity identification. Photographs of a
building and the description of the building actually describe the same real-world
building using different representation forms. Another explanation is that photographs
and videos are “appearance” variants of the entity specified by the resource. Hence,
we feel that they should be viewed in the same HTML page to facilitate comparison
and interpretation of the real-world entity. To support this idea, we need to differentiate the relationship of appearance variants from the general links that represent
different entities.
Representation of Spatial Objects. Spatial objects are now represented with a point
in a spatial coordinate. As a spatial reference system, we used both UTM coordinates,
obtained from the 3D cartographic map (IFCA project between NCC and CNRS), and
World Geodetic System 84 (WGS84), obtained by identifying buildings on Google
Earth. We discovered, however, that WGS84 and UTM coordinates do not represent
the same point on earth. The reason may be 1) UTM coordinates depends on a domestic datum, 2) coordinates on Google Earth (so-called Google Earth datum) are different from WGS84. We have not investigated this reason, but we decided to keep both
coordinates, and use Google Earth coordinates to represent the point of buildings on
Google Earth/Maps, as illustrated in Figure 9.
Another problem with spatial objects is the specification of regions. Currently,
buildings are represented with points, but this is not enough, especially when representing a large building. A more problematic case is the surrounding walls of the
citadel, because the wall surrounding the whole site cannot be represented by a single
point. The system should support a mechanism to specify the geometry of an object
on the map. One possible solution is to use Scalable Vector Graphics (SVG) to represent spatial objects. By providing an interface for drawing the boundary of spatial
objects with polygons or polylines, and exporting the geometry into a SVG file, we
can render the boundary of a geometric object on the map as a clickable element.
Practical Problems with Protégé. We used Protégé as the ontology editor. Here we
discuss the problems we had with version 3 of the protégé. The first problem was on
making the multilingual version of RDF. This is not a limitation of RDF as a specification but a limitation of Protégé, which does not support multilingual labels for instances. This problem may be solved using a Web Ontology Language (OWL) plug-in
for Protégé, which supports multilingual labels. This solution is not easy, however,
because we need to transform RDF to OWL. The second problem was, as already
stated, the issue of binary objects. There are no built-in mechanisms to maintain the
consistency of pointers to binary objects, so we use filenames of binary objects as one
property of a resource. This is obviously not a good design, however, because this
process is error-prone and tends to be inconsistent. One possible solution is to use a
separate data management system, which maintains the Uniform Resource Locator
(URI) and an access method of the object. The third problem was that Protégé treats
the collection of properties as a bag of properties, but a user actually needs a sequence
of properties because properties often have an intuitive order of importance. There are
no mechanisms to support this requirement, so we implemented mechanisms to manage the order of properties when generating HTML pages. Another limitation involves the description of classes and properties because the RDF created on Protégé
does not have a simple mechanism to do this.
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Navigation for Browsing RDF Graph. The purpose of the Bam3DCG Website is to
help users browse the RDF graph. The simplest implementation of the Website is to
render each subject as one HTML page in which links to objects or literals are shown
with predicates. This design is not easy to use, however, because information is fragmented into too small pieces, preventing users to understand information in a broader
context. For the same reason, this interface design requires users to traverse links several times back and forth, and users gradually feel lost in the complex structure of the
RDF graph. We tried to design a proper graphic site view specially for five major
classes (digital reconstruction, reference, research, outcome, people). Each class is
presented by a photo in the main page that is repeated on top of every page so the user
can recognize the main category of information that is browsed (upper part of figure 9).
Another solution is the pre-fetching and embedding approach described previously.

Fig. 9. Displaying spatial objects on Google Maps

4.3 Toward Linked Data
The current RDF graph is specially designed for our project. However, on the concept
(class) level, we introduced domain ontologies developed in other communities to
enhance interoperability between communities, as described in the previous sections.
The next step is to enhance interoperability on the data (instance) level to integrate
our knowledge base with a global information space called linked data. Linked data
refers to a set of best practices for publishing and connecting structured data on the
Web, leading to the creation of a global data space containing billions of assertions –
the Web of Data [16]. For this purpose, we need the following four steps [12].
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Use URIs as names for things.
Use HTTP URIs so that people can look up those names.
When someone looks up a URI, provide useful information, using the standards.
Include links to other URIs, so that they can discover more information.

In our case, task 1 is satisfied by using the ontology editor. Task 2 is superficially
fulfilled, but still has an essential problem from the viewpoint of cool URIs [16]. The
current URIs contains irrelevant information, such as date created and sequential
numbers, which are not related to “things” as introduced in the step 1 of cool URIs.
Hence they do not satisfy the policy of cool URIs such as simplicity, stability, and
manageability. Task 3 is not satisfied because the current Website returns information
only in HTML format, but not in RDF format. Finally, Task 4 is still in a preliminary
stage. We incorporated some ID systems into our ontology, but we have not started
linking with other linked data initiatives such as DBpedia. More important future
contribution is to open our Website so that other people can link to our URIs.

5 Conclusion and Future Work
We introduced ontology-driven Website generation for semantic representation of
knowledge of a World Heritage Site in Danger, the Citadel of Bam. We discussed
multiple schemas of the ontology designed using different metadata standards or referencing systems and the interconnected entities linked with properties of each
schema. We discussed the architecture of the ontology-driven generation of our target
Website, Bam 3D CG, and the constraints in the process of converting the RDF file of
the ontology linked with binary objects, such as photos, to HTML pages that a user
can browse easily. The metadata schema designed in Bam 3D CG ontology is extensible to collect knowledge of other architectural heritage buildings. Our ontologydriven Website generation software is based on open source software libraries, so it is
extensible to other heritage Websites. Our software was not designed as a general
framework for heritage Websites, but some components are domain independent and
allow reuse for such Websites. Finally, scalability of the Website largely depends on
the RDF store shown in Figure 7. We are currently using PostgreSQL for the RDF
store. PostgreSQL is a relational database management system (RDMBS), and it is
well known that RDF, which is a collection of triples, does not match with the data
model of a relational database, which is a collection of tuples. We can replace the
RDF store to one optimized for triples, and this will improve the performance of the
system to achieve scalability.
The Bam 3D CG Website presents information on the Citadel of Bam in an advanced knowledge model and links it with visual data such as photos or maps. We
still have several studies to conduct regarding linked data, which is an important future step in making our infrastructure valuable to researchers and people around the
world. We will also investigate how to extend ontology-based approach from a Website to a portal to which heritage-building experts can contribute and annotate data of
cultural heritage by a web server for managing the ontology.
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Abstract. This investigation, funded by the Digital Curation Centre (DCC) and
conducted in the Humanities Advanced Technology and Information Institute
(HATII) of the Glasgow University, is part of the activities within the Data Asset Framework (DAF) to provide research organisations with an online tool to
identify, locate, describe and assess how they are managing their research data
assets. This research has produced a metadata set fitted for the implementation
of curation and preservation policies in small research institutions. In this paper,
the DAF DDI profile will be exposed and explained. Further, it will be discussed, the advantages this metadata set offers to the small Cultural Heritage institutions for supporting curation and preservation policies. The DAF DDI
profile is the first example of a DDI 3.1 implementation in a general curatorial
context, that is not disciplinary specific, and its integration with PREMIS 2.0 is
the first published mapping of PREMIS to DDI.
Keywords: DAF Interactive Tool, DCC, Metadata, DDI, PREMIS, Digital
Curation and Preservation.

1 Introduction
This investigation, funded by the Digital Curation Centre (DCC) and conducted in the
Humanities Advanced Technology and Information Institute (HATII) of the Glasgow
University, is part of the activities within the Data Asset Framework (DAF) to provide research organisations with an online tool to identify, locate, describe and assess
how they are managing their research data assets.
This study was aimed at developing a metadata set to ease the satisfaction of the
requirements attached to the DAF interactive tool redevelopment, that is a) the possibility for the users to extend and customize its audit forms, b) the improvement of the
analysis tools, such as for example implementing automatic recommendations facilities, c) and the interoperability with the DRAMBORA tools, available at
http://www.repositoryaudit.eu/ (accessed 14 June 2010). In particular, the need for
extensible and customizable audit forms has been interpreted here as the need for a
metadata set flexible, modular and extensible, while to address the interoperability
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 291–305, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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and reuse of data across the DCC framework, the researched metadata set has been
expected to be interoperable and pertinent to the entire curatorial lifecycle of digital
assets.
Featuring all these characteristics, the DDI 3.1 metadata set has been chosen as a
basis for this study. In effect, from DDI 3.0, this metadata set supports a lifecycle
model, the “Combined Lifecycle Model”, including as curatorial steps the conception,
creation, ingestion, storage, access and reuse. Further, the DDI 3.1 offers a modular
structure made of 21 XML namespaces, which can be assembled without restrictions
but maintaining the consistence of the hierarchical relationships among their schemas,
and allows for external extensions as long as the general DDI profile is not altered.
This characteristic makes the DDI 3.1 easily interoperable with other metadata sets,
for example the DCMI elements have been integrated in the DDI documentation
within a specific namespace and mappings to other sets have been already released by
the DDI developers.
So, at the beginning of this study the DDI structure has been analysed evaluating
its use to document the curation and preservation practices. This investigation has
demonstrated a weakness of the DDI set managing the assets' preservation and its
need for the integration with a metadata set specifically designed for preservation
purposes. For this reason, a mapping of the PREMIS 2.0 core elements to DDI 3.1 has
been developed to compensate these shortcomings: a major accomplishment of this
research since it is the first mapping between these metadata set to be so far completed and published. Then, the researched metadata set has been designed as a DDI
profile resulting from the selection of DDI elements accomplishing the objectives of
this investigation.
In this paper, the DAF DDI profile will be exposed and the selection process of its
elements will be explained giving prominence to the mapping of PREMIS to DDI.
Further, it will be discussed, the advantages this metadata set offer to the small Cultural Heritage institutions for supporting curation and preservation policies.

2 DDI 3.1 as Basis for the DAF Metadata Set
Looking in this study for a metadata set modular, customizable and extensible, the
DDI 3.1 set appeared to be the fittest option. That assumption was comforted by its
wide adoption in prestigious institutional archives; nevertheless, because of its disciplinary specialisation, this metadata set was expected to cause difficulties being implemented in a general framework such as the one of the DAF methods and tools.
Thus, in this study, the implementation of the DDI 3.1 as basis for the researched
metadata set has been assessed against its shortcomings serving the curation and preservation purposes of a repository from a research institution.
2.1 DDI Shortcomings Serving the Curation and Preservation Purposes
The DDI set is claimed by its creators to support the productive lifecycle of the digital
assets rather than its archival part and, in effect, from the “Combined Life Cycle
Model” proposed in the “Overview” a lack of attention for all the curatorial processes
but the access and reuse of assets is evident: the “Data Archiving” step in this lifecycle
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model is just accessed through an alternative path on the way from “Data Processing”
to “Data Distribution” and in this way the management duties of repositories are completely obliterated [1].
Thus, the DCC Digital Curation Lifecycle model, because of its general and holistic approach to curation [2], has been chosen as methodological background to analyse the DDI shortcomings recording a complete curatorial lifecycle disciplinary
unspecific.
In more detail, the classification of the metadata has been limited to the sequential
actions of the DCC lifecycle model, that is the curatorial steps “Create and Receive”,
“Appraise and Select”, “Ingest”, “Preservation Action”, “Store”, “Access Use and
Reuse” and “Transform” since the full time and the occasional ones appeared to be
respectively too general and too specific for the purposes of this study.
From this analysis emerged, firstly, a bias toward few specific functions and events
affecting the digital assets resulting in the insufficiency of descriptions for general
curation purposes in the “Ingest”, “Store”, “Access Use and Reuse” and “Transform”
sections, and second, the lack of concentration on preservation issues.
In effect, while many DDI descriptors allow to record, aiming at their reuse, the
structure of statistical data and to reference their data structures and collection procedures, the element <LifecycleInformation> is the only descriptor available to describe
the relevant events of the curatorial steps “Ingest”, “Store” and “Preservation action”.
In a similar fashion, DDI offers just <FundingInformation> and <LifecycleInformation> to record the appraisal and the disposal of the assets in an unspecific curatorial
context while a more accurate technical appraisal of the digital objects' quality is possible just for statistical data through the descriptors of <ProcessingEvent> and <CollectionEvent>. Similarly, at the “Access Use and Reuse” step, the DDI set offers
many administrative and structural metadata especially related to quantitative analysis
for social sciences to manage accessibility and reuse of the assets but no descriptors to
record their reuse apart from referencing elements such as <source>, <OtherMaterial>and <Comparison>.
On the preservation's side, the descriptors of <LifecycleInformation> allow a listing of events in the lifecycle of a data set or collection but do not offer specific descriptors to facilitate the automation of this kind of report, nor the sufficient guide for
a human being to relate his description to preservation levels and curatorial policies,
that is to assess his activity on the repository and to scale his efforts according to feasibility considerations.
2.2 The DDI 3.1 as a Basis for the Researched Metadata Set
The disciplinary specialisation of this metadata set is evident also considering its
structure.
Offering 6 specific namespaces to allow the computational reuse of quantitative
social sciences data, the structure of the DDI metadata reflects its main application's
field. In effect,
“ddi:physicaldataproduct_ncube_normal:3_1”,
“ddi:physicaldataproduct_ncube_inline:3_1”,
“ddi:physicaldataproduct_ncube_tabular:3_1”,

294

R. Lancia

“ddi:physicaldataproduct_proprietary:3_1”,
“ddi:logicalproduct:3_1”
and
“ddi:datacollection:3_1” describe coding and variables of the assets supporting verification and reuse of quantitative researches.
Similarly, this set of metadata aims at being interoperable with other metadata
standards such as Dublin Core, MARC, ISO11179 (metadata registries), SDMX (data
exchange), and geographic standards such as FGDC (Federal Geographic Data Committee) and ISO 19115 which are widely diffuse in the social sciences archives.
Nevertheless, the DDI set's interoperability depends on its modularity, which allows also the creation of metadata registries, the import of external namespaces and
the grouping and versioning of both data and documentation. Further, the modular
approach of this metadata is due to the adoption of a data lifecycle model which, although defective dealing with the preservation management, offers these advantages
for a curatorial framework: a) to allow the capture and preservation of metadata generated by different agents at different points in time; b) to track changes and updates
in both data and documentation; c) to enable investigators, data collectors and producers to document their work directly in DDI; d) to benefit data users who need information from the full data lifecycle for optional discovery, evaluation, interpretation
and reuse of data resources [3].
In this way, the DDI 3.1 allows also a strong customization adopting its descriptors
through the identification of a profile, that is a selection of descriptors common to a
collection or group, and at the same time enough flexibility to render compliant also
incomplete records, supporting the feasibility of its implementation. Moreover, the
DDI content can be integrated in digital repository systems, such as DSpace, e-Prints
and Fedora, into data search system allowing queries across multiple modules, and
into data search and manipulation tools, in doing so fostering the implementation of
automated curatorial procedures.
For these reasons, considering the benefits offered by DDI complementing its
shortcomings, DDI 3.1 has been chosen in this research as basis for the researched
metadata, which has been designed as a DDI profile.

3 Integrating PREMIS in DDI
Since the researched metadata set has been considered mainly intended for small research institutions in a very early stage of their curatorial procedures’ implementation,
the DDI profile resulting from this research was expected to be a light metadata
model aiming less at the completeness of the recorded information than at the feasibility of its implementation. Thus, despite the modular structure of DDI allows external
extensions, a mapping to other metadata sets with a specific curatorial interest has
been considered the fittest option to obtain a DDI profile retaining the adequate information to support curatorial procedures in small contexts. Otherwise, the extension
would had caused expansive redundancies of the information that if resolved, for example selecting the metadata elements to be imported as DDI extension in a separate
namespace, would had caused partial validations of the metadata records.
In particular, since the release of DDI 3.0, the PREMIS standard has been reported
to have been analysed for mapping to the DDI model in order to face the preservation
issues arising in research repositories [4]. Encouraged by this previous attempt, in this
research it has been decided to integrate the PREMIS semantic units in the DAF DDI
profile through a mapping.
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3.1 Difficulties Integrating PREMIS Semantic Units in DDI
The structural differences between PREMIS and DDI cause many difficulties mapping the one into the other. In effect, the linking among the five core entities proposed
by the PREMIS model, that is “Intellectual Entities”, “Objects”, “Events”, “Rights”
and “Agents”, compared to the horizontal description offered by DDI, implies a considerable loss of information in the translation.
Further, despite the stated limit of the PREMIS 2.0 to offer descriptive metadata,
the granularity this set offers by individuating the entities’ “typologies” as “representations”, “files” and “bitstreams” is not repeated in DDI 3.1 (PREMIS, 2008). As suggested in a draft of the mapping of PREMIS 1.0 to DDI 3.0 released in December
2007 in the ICPSP online forum [5], the asymmetry between those metadata set is
best controlled by considering the entire information on the assets related just to the
“file” typology.
Similarly, also significant information for the long-term preservation of the assets
is inevitably lost through the integration of PREMIS in DDI, that is the semantic units
“1.3 preservationLevel”, “1.5.1 compositionLevel” (especially “1.5.2 fixity”, “1.5.3
size” and “1.5.6 inhibitors”), “1.8 environment” (a part from its sub-unit “1.8.4 dependency” ) and “1.9 signatureInformation”. In effect, these descriptors record respectively the information indicating the policy on the set of preservation functions to
be applied to an object, the context in which the policy was made, the technological
environment supporting the use of the object and the authoritative quality of the
assets.
Because of the limited preservation policies small research institutions are likely to
apply, this kind of information’s incompleteness concerning the digital assets’ preservation has been considered tolerable for the researched DDI profile. For this reason,
the selection of the PREMIS semantic units to be mapped to DDI has been narrowed
down to the elements declared mandatory by the PREMIS XML schema.
The vast majority of the information requested by this schema concerns the entity
“Objects” and is repeated, if applicable, for the files, the files compound and the bitstreams in order to obtain a granular curatorial description of the intellectual entities'
components. The basic description of each file includes its identifier and its format
through the elements <format> of <objectCharacteristics> and <objectIdentifier>, as
it could be noticed reading the relative selection of units from the PREMIS XML
schema featured below, see http://www.loc.gov/standards/premis/premis.xsd
(accessed 14 June 2010):
<xs:complexType name="file">
<xs:complexContent>
<xs:extension base="objectComplexType">
<xs:sequence>
<xs:element ref="objectIdentifier" minOccurs="1"
maxOccurs="unbounded"/>
<xs:element ref="objectCharacteristics" minOccurs="1"
maxOccurs="unbounded"/>
</xs:sequence>
<xs:attribute name="xmlID" type="xs:ID"/>
</xs:extension>
</xs:complexContent>
</xs:complexType>
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<xs:complexType name="objectIdentifierComplexType">
<xs:sequence>
<xs:element ref="objectIdentifierType" minOccurs="1"
maxOccurs="1"/>
<xs:element ref="objectIdentifierValue" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
<xs:attributeGroup ref="xlink:simpleLink"/>
</xs:complexType>
<xs:complexType name="objectCharacteristicsComplexType">
<xs:sequence>
<xs:element ref="format" minOccurs="1"
maxOccurs="unbounded"/>
</xs:sequence>
</xs:complexType>
<xs:complexType name="formatComplexType">
<xs:sequence>
<xs:choice>
<xs:sequence>
<xs:element ref="formatDesignation" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
<xs:element ref="formatRegistry" minOccurs="1"
maxOccurs="1"/>
</xs:choice>
</xs:sequence>
</xs:complexType>
<xs:complexType name="formatDesignationComplexType">
<xs:sequence>
<xs:element ref="formatName" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
</xs:complexType>
<xs:complexType name="formatRegistryComplexType">
<xs:sequence>
<xs:element ref="formatRegistryName" minOccurs="1"
maxOccurs="1"/>
<xs:element ref="formatRegistryKey" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
<xs:attributeGroup ref="xlink:simpleLink"/>
</xs:complexType>
Although in the PREMIS 2.0 data dictionary <storage> is listed erroneously as
mandatory, in the PREMIS XML schema this element is not considered fundamental,
thus, it has not been mentioned here. The absence of the mandatory element <compositionLevel> is motivated by the assumption that since in this mapping the digital
objects are described just at the file level there is little need to indicate if the object is
subject to processes of decoding; indeed, its default value, 0, indicates that the object
described is a base object not subject to further decoding, and that could really be
more often the case of the assets the DAF prototype is intended to deal with.
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The “Rights” entity has a slightly less complex description concentrated on the
copyright, licenses, and statute description of each object aimed at determining
whether a repository has the right to perform a certain action on its assets in an automated fashion:
<xs:complexType name="rightsComplexType">
<xs:choice minOccurs="1" maxOccurs="unbounded">
<xs:element ref="rightsStatement"/>
</xs:choice>
<xs:attribute name="xmlID" type="xs:ID"/>
</xs:complexType>
<xs:complexType name="rightsStatementComplexType">
<xs:sequence>
<xs:element ref="rightsStatementIdentifier" minOccurs="1"
maxOccurs="1"/>
<xs:element ref="rightsBasis" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
</xs:complexType>
<xs:complexType
name="rightsStatementIdentifierComplexType">
<xs:sequence>
<xs:element ref="rightsStatementIdentifierType"
minOccurs="1" maxOccurs="1"/>
<xs:element ref="rightsStatementIdentifierValue"
minOccurs="1" maxOccurs="1"/>
</xs:sequence>
<xs:attributeGroup ref="xlink:simpleLink"/>
</xs:complexType>
The “Agent” and the “Event” entities have structures far more simple than the previous entities: the first offers just one mandatory element, <agentIdentifier>, while the
second adopts the elements <eventType>, <eventDateTime> and <eventIdentifier> as
minimum describers:
<xs:complexType name="agentComplexType">
<xs:sequence>
<xs:element ref="agentIdentifier" minOccurs="1"
maxOccurs="unbounded"/>
</xs:sequence>
<xs:attribute name="xmlID" type="xs:ID"/>
</xs:complexType>
<xs:complexType name="eventComplexType">
<xs:sequence>
<xs:element ref="eventIdentifier" minOccurs="1"
maxOccurs="1"/>
<xs:element ref="eventType" minOccurs="1" maxOccurs="1"/>
<xs:element ref="eventDateTime" minOccurs="1"
maxOccurs="1"/>
</xs:sequence>
<xs:attribute name="xmlID" type="xs:ID"/>
</xs:complexType>
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3.2 Cross-Walk from PREMIS Core Elements to DDI
The following table (Table 1) summarise the proposed mapping of the PREMIS mandatory elements to DDI:
Table 1. Cross-walk from PREMIS core elements to DDI

PREMIS
2.0
semantic unit Name
(1.1) objectIdentifier
(1.1.1)
objectIdentifierType
(1.1.2)
objectIdentifierValue
(1.5)
object
Characteristics
(1.5.4)
format
(1.5.4.1)
format
Designation
(1.5.4.1.2)
formatName
(1.5.4.2)
formatRegistry
(1.5.4.2.1)
formatRegistryName
(1.5.4.2.2)
formatRegistryKey
(2.1)
eventIdentifier
(2.1.1)
eventIdentifierType
(2.1.2)
eventIdentifierValue
(2.2)
eventType
(2.3)
eventDateTime
(3.1)
agentIdentifier
(3.1.1)
agentIdentifierType
(3.1.2)
agentIdentifierValue

core

DDI
3.1
–
Complex Element
<DDI
Instance>

DDI 3.1
Element/
attribute
@id

Value

–

xs:
string

<Item>

<Format>

xs:
string

X

X

X

X

X

X

X

X

X

<Lifecycle
Event>

@id

xs:
string

<EventType>

xs:
string
xs:
string
xs:
string

<Lifecycle
Event>
<Lifecycle
Event>
<Agency
Organization
Reference>

<Date>
<ID>
<URN>

or
or

URN
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Table 1. (continued)

(4.1)
rightsStatement
(4.1.1)
rightsStatementIdentifier
(4.1.1.1)
rightsStatementIdentifier
Type
(4.1.1.2)
rightsStatementIdentifier
Value
(4.1.2)
rightsBasis

<Citation>
and
<DCElements>

<Copyright>
and
<rights>,
respectively

xs:
string

But, the mapped elements are not structurally equivalent, as it is particularly evident considering the elements describing the file formats and the rights statement
associated to the instances.
In effect, PREMIS, taking into account the use of extensions to apply descriptive,
structural and administrative metadata, adopts a system of external references and
pertinent descriptors for each of its five core entities. In this way, the “formatRegistry” unit identifies the format of an instance by reference to an entry in a format
registry and the “rightsStatementIdentifier” locates the rights statement within a preservation repository system. Nevertheless, these units are options of a mandatory selection and their partners, “formatDesignation” and “rightsBasis”, can be effectively
expressed through the values of <Format> and <rights>. In particular, this latter
would supplement the information recorded by the entity <Copyright> that might be
used to express thoroughly the rights statement that would be usually referenced by
“rightsStatementIdentifier”.
Similarly, the units “objectIdentifier” and “eventIdentifier” can be mapped to the
identifier attributes of the entities <DDIInstance> and <LifecycleEvent> despite the
flattening of the information in the passage from PREMIS to DDI. The unit “agentIdentifier” can be mapped to the elements <ID> or <URN> of the entity <AgencyOrganizationReference> narrowing down the possibilities for the unit “agentIdentifierType” to
either ID or URN.

4 The DAF DDI Profile
The DDI, at its minimum configuration, does not demand any other element than the
“id” attribute of the <DDIInstance> and the entity <UserID>, other elements become
mandatory in a specific DDI profile as consequence of the selection of other elements
they are hierarchically bound with.
Thus, the elements selected for the DAF DDI profile depended both on the characteristics this study decided in advance to attribute to the researched metadata set and
on the very DDI structure.

300

R. Lancia

4.1 Selecting the DDI Elements for the DAF DDI Profile
Since the first objective of this research was designing a metadata set allowing the
management of a complete general curatorial lifecycle model, the fist elements which
have been included in the researched DDI profile have been the mandatory PREMIS
units previously mapped to DDI, that is the complex elements <Item>, <LifecycleEvent>, <AgencyOrganizationReference> and <Citation>. In particular, since the
system of URN references appeared too ambitious for the expected users of the DAF
tools, the element <ID> has been chosen as unique descriptor for <AgencyOrganizationReference>. Further, the inclusion of <LifecycleEvent> and <Item> in the DAF
DDI profile implied that, on the one hand, their containers, the complex elements
<Group> and <Archive>, were added to the selection and, on the other, that the
elements <LifecycleInformation>, <Description>, <Date>, <ArchiveOrganizationReference> and <OrganizationScheme> would have been inserted to complement the
description of the one, while, the elements <ArchiveSpecific>, <ArchiveOrganizationReference> and <OrganizationScheme> to refine the description of the other.
Then, aiming at improving the compatibility of the first DAF interactive tool with
the data from future audits, since 11 elements out of 16 of its set are borrowed from
the DCMI but the element <Purpose>, the entities of the complex <DCElements>
have been added to the DAF prototype’s profile as complementary descriptors for the
entity <Citation> and the element <Purpose> has been inserted among the descriptors
of <DDIInstance>.
But, where the DDI schemas did not influence the selection of the descriptors,
some conceptual refinement were applied to specify the use of the selected elements
in the researched DDI profile.
That was the case of <OrganizationScheme>, which would be validated by a parser
even if not containing further descriptors but its “id” attribute; thus, the elements
<OrganizationSchemeReference> and <Description>, bearing the ideal minimum
information describing the organisation acting as archive, have been added to the
selection.
Similarly, the descriptors contained in <DCElements>, as it is stressed in the DDI
technical specifications, are not sufficient to obliterate identical DDI elements from
<Citation> since the Dublin Core is not used as main citation mechanism in DDI and
its use is aimed just at supporting applications which do not understand DDI; for this
reason, within <Citation> have been included also <Creator> and <Copyright> while
within <Item> the element <Format>. To ease the research of text documents it has
been included also the element <Abstract> of <Citation>.
Other elements have been included being pertinent to the curatorial procedures implemented within research institutions and to their needs for more adequate curation and
preservation policies. In effect, the elements <LocationInArchive> and <ArchiveModuleName> have been selected to complement the records concerning the ingestion process when this takes place on movable media physically stored in the repositories, as it
happens in many institutions [6] In the same way, the elements <AccessTypeName>,
<AccessPermission>, <Restrictions> and <AccessRestrictionDate> have been selected
to offer a support for the implementation of formal procedures, while the element
<EventType> of <LifecycleEvent> has been inserted to support the use of vocabularies
corresponding to formal curatorial procedures. The elements <CollectionCompleteness>
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and <OriginalArchiveOrganizationReference> of <Collection>, and <FundingInformation> have been selected to encourage the implementation of selection and disposal
procedures through the assessment of the digital assets value.
4.2 The DAF DDI Profile
Given these premises, below is transcribed the XML resulting from the researched
DDI profile:
<?xml version="1.0" encoding="UTF-8"?>
<DDIInstance xmlns="ddi:instance:3_1"
xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
xsi:schemaLocation="ddi:conceptualcomponent:3_1
file:/your_location_for_the_DDI_schema/instance.xsd"
id="">
<UserID xmlns="ddi:reusable:3_1" type=""></UserID>
<Citation xmlns="ddi:reusable:3_1">
<Title></Title>
<Creator></Creator>
<Copyright></Copyright>
<DCElements xmlns="ddi:dcelements:3_1">
<title xmlns="http://purl.org/dc/elements/1.1/"></title>
<creator
xmlns="http://purl.org/dc/elements/1.1/"></creator>
<type xmlns="http://purl.org/dc/elements/1.1/"></type>
<format
xmlns="http://purl.org/dc/elements/1.1/"></format>
<date xmlns="http://purl.org/dc/elements/1.1/"></date>
<source
xmlns="http://purl.org/dc/elements/1.1/"></source>
<identifier
xmlns="http://purl.org/dc/elements/1.1/"></identifier>
<rights
xmlns="http://purl.org/dc/elements/1.1/"></rights>
<relation
xmlns="http://purl.org/dc/elements/1.1/"></relation>
<subject
xmlns="http://purl.org/dc/elements/1.1/"></subject>
<description
xmlns="http://purl.org/dc/elements/1.1/"></description>
</DCElements>
</Citation>
<Group xmlns="ddi:group:3_1" id="">
<Abstract id="">
<Content xmlns="ddi:reusable:3_1"></Content>
</Abstract>
<Purpose id="">
<Content xmlns="ddi:reusable:3_1"></Content>
</Purpose>
<Archive xmlns="ddi:archive:3_1" id="">
<ArchiveModuleName></ArchiveModuleName>
<ArchiveSpecific>
<ArchiveOrganizationReference>
<URN xmlns="ddi:reusable:3_1"></URN>
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</ArchiveOrganizationReference>
<Item>
<LocationInArchive></LocationInArchive>
<Format></Format>
<Access id="">
<AccessTypeName></AccessTypeName>
<AccessPermission></AccessPermission>
<Restrictions></Restrictions>
<AccessRestrictionDate>
<SimpleDate xmlns="ddi:reusable:3_1">xxxx-xxxx</SimpleDate>
<User xmlns="ddi:reusable:3_1"></User>
</AccessRestrictionDate>
</Access>
</Item>
<Collection>
<OriginalArchiveOrganizationReference>
<URN xmlns="ddi:reusable:3_1"></URN>
</OriginalArchiveOrganizationReference>
<CollectionCompleteness></CollectionCompleteness>
</Collection>
<FundingInformation xmlns="ddi:reusable:3_1">
<AgencyOrganizationReference>
<ID></ID>
</AgencyOrganizationReference>
<Description></Description>
</FundingInformation>
</ArchiveSpecific>
<OrganizationScheme id="">
<OrganizationSchemeReference>
<URN xmlns="ddi:reusable:3_1"></URN>
</OrganizationSchemeReference>
</OrganizationScheme>
<LifecycleInformation xmlns="ddi:reusable:3_1">
<LifecycleEvent id="">
<EventType></EventType>
<Date>
<SimpleDate>xxxx-xx-xx</SimpleDate>
</Date>
<AgencyOrganizationReference>
<URN></URN>
</AgencyOrganizationReference>
<Description></Description>
</LifecycleEvent>
</LifecycleInformation>
</Archive>
</Group>
</DDIInstance>

5 The DAF DDI Profile for Cultural Heritage Institutions
Apart from supporting the adoption of policies and the implementation of procedures
for the curation of digital assets, the DAF DDI profile can significantly benefit small
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Cultural Heritage institutions, such as museums and government agencies, by contributing to both the enhancement of the repositories' information quality and the sustainability of the Digital Curation and Preservation practices.
5.1 Metadata Quality
DDI satisfies all the characteristics that are commonly attached to quality metadata in
regards to their semantic and syntactic structures, to their data values, and to their
context of use.
These characteristics concern a) the completeness of the information, b) its accuracy, that is its coherence, c) the provenance of the metadata set and its logical consistency, d) its synchronization with the instances and its maintainability, e) and the
accessibility of the information in respect to its context of use. As explained above,
the DDI modular structure allows for coherence control in the records, versioning and
access management, and, despite being designed for the quantitative researches in
social sciences, its application in a general context is still adequate because of the
relatively exhaustive information conveyed. In effect, the completeness of a metadata
set for the Cultural Heritage institutions should be assessed against the needs of the
growing federation of digital resources in this field [7].
It has been reported that immediate local needs, such as for example disciplinary
ones, have often taken priority over the needs of interoperability in Cultural Heritage
institutions [8]. As a result, a tension between efficient cataloguing and quality cataloguing has become particularly evident in this context undermining the integration of
resources, for example, harvested adopting the OAI protocol. The difficulties suffered
by the aggregator and the service providers maintaining metadata consistency in a
federated environment demonstrate that shareable metadata are crucial for the data
accessibility and very detailed records are not the results of quality metadata.
The discipline unspecific approach to curation of the DAF DDI profile, the integration of DCMI elements within its descriptive metadata, and the lightness of the
records produced facilitate the interoperability of this set. In adjunct, the semantic
structure of the DDI DAF profile is fostered by its predisposition to implement controlled vocabularies while its syntactic consistency by the very structure of the DDI
set which avoids ambiguities and incoherence in the data values.
Furthermore, the versioning control granted by DDI is particularly valuable for the institutions aiming at employing their resources in digital academic practices, such as for
example the emerging non-linear scholarly publications and the e-learning initiatives.
5.2 Contribution to the Sustainability of Curatorial Practices
The digital Cultural Heritage initiatives tend to trigger preoccupations about their sustainability in small institutions; as a result the main focus of information and communication technology development in the Heritage sector concentrates on medium to
larger institutions [9] The nature of this problem is mainly organisational and depends
on a frequent lack of business plans and other planning tools that exposes small institutions to failure rendering operational digital cultural projects because of the resulting inadequate resources and untenable staff workloads [10].
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The DAF DDI profile promotes and eases curatorial planning for the entire lifecycle of digital assets and in doing so helps improving also the internal business processes. In effect, adopting this DDI profile, small institutions would be led to create an
accurate curatorial planning involving in particular the assessment of the economical
value of the digital assets stored in their repositories, especially through the information recorded by <FundingInformation>, and the evaluation of the benefits obtainable
from their exploitation, through the management of the intellectual rights. In this way,
and taking advantage of the DDI control on data versioning, the small institutions
could also implement formal practices of disposal of their obsolete and not profitable
assets.
Further, the integrability of DDI in the major DMS improve the feasibility of the
implementation of curatorial procedures in small institution since its users in this way
can have recourse to robust products, easy to use, well serviced and stable, that is
cheap to be implemented and maintained.

6 Conclusions
Reconstructing its design process, the DAF DDI profile has been demonstrated being
a quality metadata for the integrated management of digital assets, that is the management along their entire lifecycle, and especially fit for the framework of federated
digital resources.
A part from serving the redevelopment of the DAF interactive tool, the DAF DDI
profile has been shown facilitating, in the context of the small Cultural Heritage institutions, the adoption of preservation and curation policies, of business plans, and the
implementation of curatorial procedures, also through its integration in the major
DMS.
Further, the DAF DDI profile is the first example of a DDI 3.1 implementation in a
general curatorial context, that is not disciplinary specific, and its integration with
PREMIS 2.0 is the result of the first published mapping of PREMIS to DDI.
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Abstract. Cultural heritage forms the local and national identities. It shapes relationships between neighbors and other communities around the world. The
sweet wine named “Commandaria” is part of Cypriot heritage and currently
holds a protected destination of origin within European Union, USA and Canada. In the framework of the Commandaria project we managed to gather an
enormous amount of data, related to Commandaria wine, corresponding to photographs, scanned documents and videos. The need of a method for efficient retrieval of these data based on their actual content was mandatory. The data were
appropriately indexed through a multilevel labeling scheme allowing access
from various modalities and for a variety of applications. Despite the huge efforts for automatic characterization and classification human intervention is the
only way for reliable multimedia data annotation. Manual data annotation is an
extremely laborious process and efficient tools developed for this purpose can
make, in many cases, the true difference. In this paper we present the CulHIAT,
a cultural heritage item annotation tool, which uses structured knowledge, in the
form of XML dictionaries, combined with a hierarchical classification scheme,
to attach semantic labels to image and video segments at various levels of
granularity. Finally, XML dictionary creation and editing tools are available
during annotation allowing the user to always use the semantic label she/he
wishes instead of the automatically created ones.
Keywords: Cultural Heritage Documents, Video Annotation, Hierarchical
Classification, XML Dictionaries, Data Clustering.

1 Introduction
Cultural heritage is the legacy of physical artifacts and intangible attributes of a group
or society that are inherited from past generations, maintained in the present and bestowed for the benefit of future generations. The heritage that survives from the past
is often unique and irreplaceable. Commandaria wine, is for many years one of most
important Cypriot cultural heritage items. In the context of the Commandaria project
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 306–317, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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[1] huge amounts of literature work have been scanned, true stories, relics, tools and
related items were recorder or animated, and agriculture photographs were captured to
provide better access to researchers in the area of Humanities, to primary and secondary school teachers, to university students and the great public in general.
No more than twenty years ago we faced the problem of information unavailability
or inaccessibility; today we face issues related to data overflow and information filtering, which make users’ investigation for relevant information cumbersome [2]. The
growing amount of digital video and images are driving the need for more effective
methods for indexing, searching, and retrieving of video and images based on their
content. While recent advances in content analysis, feature extraction, and classification are improving capabilities for effectively searching and filtering digital video
content, the process to reliably and efficiently index multimedia data is still a challenging issue. Besides, in order to learn audio-visual concept models, supervised
learning machines also require ground truth labels being associated with training
videos [3].
In consistency with the broader digital multimedia domain, manual annotation is
the predominant way of attaching description and indexing information to digitized
cultural heritage items [4]. Manual annotation, however, is a laborious, time consuming and expensive task. Furthermore, the terminology and description of cultural heritage are often too technical and difficult for nonprofessional users of the domain [5].
Thus, annotation based on a dictionary according to the different knowledge levels of
users is a critical aspect of annotation enhancement. The use of an integrated system
which can provide the dictionary creation and data annotation can greatly simplify the
process.
In this paper we present the CulHIAT cultural heritage item annotation tool which
is based on MPEG-7 standard [6], [7], [8]. It supports image, video and digital data
annotation though a highly interactive panel. Video annotation at lower levels of
granularity is supported through automatic video segmentation into shots while shots
are combined into scenes through clustering with the aid of a Genetic Algorithm
scheme. A new XML dictionary based on the Commandaria taxonomy was created to
attach semantic labels to an enormous amount of images, videos and other digitized or
digital documents related to the Commandaria wine with the aid of this tool. Although
many annotation tools are publicly available, few of them can be used to annotate data
in multiple levels of granularity as required, for example, for audiovisual documents.
Annotation can be performed in several manners, ranging from completely manual
to tool-assisted to fully automatic. VideoAnnEx MPEG-7 annotation tool is implemented by IBM for collaborative multimedia annotation task in distributed environment [3]. MovieTool is developed by Ricoh for creating video content descriptions
conforming to MPEG-7 syntax interactively [9]. Multimodal Annotation Tool is a
release of IBM’s Multimedia Mining Project, which is derived from an earlier version
of VideoAnnEx with special features with audio signal graphs and manual audio
segmentation functions [10]. Microsoft Research Annotation System (MRAS), which
is a web-based system for annotating multimedia web content [11]. Synchronous
Multimedia and Annotation Tool (SMAT) is used to annotate images and there is no
granularity for video annotations nor controlled-term labels [12]. A4SM (Authoring
System for Syntactic, Semantic and Semiotic Modelling) developed a semi-automated
annotation tool for audio-visual media in news [13]. The European Cultural heritage
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Online (ECHO) is developing a multimedia annotation tools which allows people to
work collaboratively on a resource and to add comments to it [14].
While the majority of the above tools are very well-developed and efficient they
emphasize on a particular medium, usually video. Furthermore, the annotation lexicons that are used to attach labels to the data are predefined and non-editable. Modifications to these lexicons or creation of new ones cannot be done in “context” (during
the annotation process) and require the use of external tools. This is clearly a limitation since the annotator rarely stops the annotation process to modify the lexicons
(even if we assume that he/she is allowed to do so). Lexicon enrichment, on the other
hand, is an important facility and must be preserved because it leads to more effective
data indexing and data retrieval.
The remaining of this paper is organized as follows: Section 2 gives a brief description of the Annotation Tool, while the dictionary creation and annotation procedure are described in Section 3. In Section 4 we present the algorithm that is used for
shot clustering. Finally, conclusions are drawn and further work hints are given in
Section 5.

2 CuLHIAT Annotation Tool
The CulHIAT annotation tool was developed based on MPEG-7 standard using MATLAB. The tool boasts a user-friendly Graphical User Interface allowing the management
of multimedia content (images, videos or any other digital or digitized document), video
segmentation into shots and scenes, video and image annotation, image watermarking
and creation of XML dictionaries. Any PC or workstation can be used as far as the
hardware is concerned, although as expected, the more computing power the better
performance level it will reached. In particular, a large amount of RAM memory will
help to improve the performance of video segmentation and classification.
The GUI consists of three major panels. The Video Panel provides the video or
animation segmentation and annotation while the Image Panel provides the image (or
scanned documents) annotation and watermarking. The dictionaries used for annotation are created via the third panel named Dictionary Panel. A brief description of
each panel follows.
2.1 Video Panel
An example screen of Video Panel is shown in Fig. 1. The Panel consists of three
tabs. The first and second ones provide the manual and automated segmentation respectively, while the third accords the video annotation.
Video Segmentation: Video segmentation is required to split a video sequence into
smaller video units. As shown in Fig. 1, the user can select one of two available modes
for video segmentation: manual and automated. The video sequence displayed in the
window on the upper left-hand corner during manual segmentation. The user can explore it and set the shots boundaries by specifying the first and last frame of each shot.
Then she/he might choose and set key-frames. Key-frame are representative images of
the video shot, and offer an instantaneous recap of the whole video shot. The shot
frame boundaries and key-frames of each shot along with any other annotation information are saved in an XML-file related with the particular video sequence.
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Fig. 1. Video Segmentation panel. The frames shown present a segment from an animated video
clip created to present a production phase of Commandaria. It represents real Commandaria
production procedure at LINOS, a renovated wine press located at Lania village in Cyprus.

Fig. 2. Video Annotation panel. This figure presents the annotation of a frame shot, taken from
Commandaria production phase, video. The dictionary panel was defined based on Commandaria taxonomy structure.

Automated shot detection is also supported with the aid of the Color Histogram
Differences algorithm [15]. The algorithm is one of the most trustworthy variants of
histogram-based detection algorithms and is based on the idea that the color content
rapidly changes across shots. So, hard cuts and other short-lasting transitions can be
detected as single peaks in the time series of the differences between color histograms
of contiguous frames or of frames a certain distance k apart.
Let pi (r, g, b) be the number of pixels of color (r, g, b) in frame Ii of N pixels. Each
color component is discretized to 2B different values, resulting in r, g, b ∈ [0, 2B -1].
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Usually B is set to 2 or 3 in order to reduce sensitivity to noise and slight light object
as well as view changes. Then the color histogram difference CHDi between two
color frames Ii-1 and Ii is given by:
1 2 −1 2 −1 2 −1
. ∑ ∑ ∑ p i ( r , g , b ) − p i −1 ( r , g , b )
N r =0 g =0 b = 0
B

CHD i =

B

B

(1)

If within a local environment of radius Ic of frame Ii only CHDi exceeds a certain
threshold, then a hard cut is detected. As presented in [15], for particular type of hard
cut which consists of one transitional frame, in a pre-processing stage double peaks
(i.e. groups of Sc=2) contiguous CHDi exceeding threshold were modified into single
peaks at the higher CHDi.
A video clip can simply annotated by describing its content in its entirety. However,
when the video sequence is large, indexing particular video segments is invaluable.
Smaller video units might correspond to video shots or a collection of similar video
shots usually referred to as scene. Shot detection has already been described earlier
while scene construction is performed using shot clustering as described in Section 4.
Given the shot boundaries, the annotations are assigned for each video shot by using the Video Annotation Tab. The tool uses a specific type of dictionaries based on
MPEG-7 descriptions made via the Dictionary Panel. To be more precise the video
annotation is performed through the following three steps.
Video Annotation: First, the annotation dictionary (XML) that will be used to annotate the key-frames of each shot is loaded. Annotation dictionaries can be created
using the Dictionary Panel as will be explained in Section 2.3. Each dictionary can be
divided up to three main categories, as illustrated in Fig. 2, usually corresponding to
different annotation contexts or annotation perspectives. This choice was made for
space fitting purposes since every main category can be further divided to any number
of subcategories and any subcategory to any number of nodes and so on, providing a
hierarchical annotation tree.
Second, the segmented video resulted from the video segmentation procedure is
loaded and its shots are shown in shot axes at the upper right-hand corner. After
choosing a shot, its key-frames are shown in the four axes below the shot axes. The
user can choose a key-frame in order to annotate it. The chosen key-frame can be seen
in the axes at the left-hand corner.
Third, the key-frame annotation can be implemented using the dictionary categories presented in list-boxes on the bottom left corner of the video annotation panel.
The user ticks the boxes of the most representative labels and adds if needed free text
and key-words using the corresponding edit boxes. Annotations are shown in the listbox on the bottom right corner and are saved into an XML file in the video directory.
2.2 Image Panel
CulHIAT provides the capability of annotating and embedding information into an
image, scanned document or digital item via the Image Panel. A screen shot of the
Image Panel is shown in Fig. 3. The input image and its features are presented on the
top left corner of the panel. The user can choose between Image Annotation and
Watermarking.
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Fig. 3. Image Annotation. The image shown presents the grape collection procedure during
grape collection season, which is usually starts early September and ends late October.

Fig. 4. Dictionary Panel. The shown dictionary was created based on Commandaria taxonomy
and involves six main sections.

Image Annotation: An image can be simply annotated following the three steps
described in the previous section. The three categories of the annotation dictionary are
presented in the list-boxes (under left-hand) and the chosen image is shown at the
upper left-hand axes. The user can annotate the image by ticking the most appropriate
annotation boxes of the three lists. Free text and keywords edit boxes can be used for
a more detailed annotation. The saved annotations are shown in the list-box on the
right-hand corner and are saved into an XML file.
Image Watermarking: The selected image can be watermarked and saved in any
image format and in any scaling using the Watermark tab. After the watermark selection, the user defines the wanted width and height. The watermarked image can be
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seen in the left-corner axes and can be saved in any image format. The chosen image
also can be rescaled and saved in any format, without being watermarked using the
Save Image tab.
2.3 Dictionary Panel
Dictionaries used for annotation via the CulHIAT are created using Dictionary Panel.
As mentioned earlier each dictionary consists of three different categories as presented in Fig. 4. Categories can be divided in subcategories, subcategories into nodes,
nodes into subnodes, etc, providing an hierarchical structure. The user can create a
new dictionary from scratch or add/delete a node at any level in the hierarchy. During
the annotation process any number of node-labels at any level can be used to characterize the data. However the selection of a node-label implies also the selection of its
ancestor node-labels. Dictionaries are saved in an XML file.

3 Cultural Heritage Data Annotation
An enormous amount of data was collected in the framework of Commandaria project. Some of these data date back Homer’s era indicating the historical value of
Commandaria wine. Proper annotation of collected data items was an absolute requirement in order to allow efficient information retrieval related to Commandaria for
various categories of users including students, tourists, scientists, wine producers, etc.
The Commandaria data collection consists approximately of 7500 files. The 3500
files are digitized manuscripts and scanned papers from books, journals and official
legislating documents, while the remaining 4000 files are images and videos. Most of
the images are taken using a digital camera, from visits towards the Cyprus agriculture and well known wine villages. Video files correspond to interviews with experienced wine producers as well as recordings of Commandaria production cycle steps.
Additionally, project archives consist of short clips presenting agriculture tools and
places, used for wine production. Some of the Commandaria production cycles were
modeled using 2D and 3D animations.
Currently the size of data collection is around 35 GB but it continuously grows.
The value of the collected information is priceless for Cyprus heritage, therefore the
collection, proper preservation and easy access to this information is a task of tremendous importance [1]. Efficient indexing and retrieval of this information requires
accurate and rich annotation of data; this annotation was done with the aid of CulHIAT. For example, an important evidence discovered during the data collection
process, is the interview with a resident of the Cypriot village Kornos (Fig. 5(a)) who
found at his grandfather’s house (Fig. 5(b)) a substance in almost solid form which is
probably Commandaria in concentrated form (Fig. 5(c)-5(i)). The condensed substance, which, as reported by the resident, dates more than one hundred years, was
generated from a natural evaporation of alcohol and water. The Commandaria existed
for many years in wooden barrels until 1976, when the majority was sold and a small
part was transferred to glass bottles, preserved until today.
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(e)

(f)

(g)

(h)

(i)

Fig. 5. Photographs taken from the Cypriot village Kornos during the interview with the resident found the 100 years old wine. (a) Mr. Sergides is the person that owns the old wine, (b)
family house where the solid wine found. (c) The traditional wine making tool, so called “Pithari”, which stored the wine for so many years. (d), (e), (f) present the internal content, taken
from different angles. (g), (h), (i) show the solid situation of the wine, after so many years kept
in a big jar.

It is clear that the observing the images shown in Fig. 5, the overall story and the
important of this evidence cannot be understood. Proper annotation of these images
allows not only the classification and indexing according to the Commandaria devised
taxonomy [1] but also the attachment of free text description which enables and
deeper appreciation of the discovered item.
As mentioned earlier, the CulHIAT annotation tool was used to characterize the
Commandaria documents. For this purpose a new XML dictionary based on the
Commandaria taxonomy was created using the tool, as described in section 2.3. An
example of this dictionary is shown in Fig. 6.
The dictionary includes all the possible sources of the collected data, the users or
producers of these data, the related historical period, production cycle or any other
related information. In the production cycle we annotate images related to the production of Commandaria, starting from the grapes cultivation wine consumption. A
large number of images were related to wine producers’ interviews, places of Commandaria region and people working during the Commandaria production. All the
collected data fall into a specific time period, therefore a relevant category was created to help us separate the corresponding information based on the historical period
they belong to.
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Fig. 6. An XML dictionary example

4 Shot Clustering Using Genetic Algorithm
In this section we present a genetic algorithm which is used for shot clustering in
order to create scenes. Scenes are composed of conceptually similar shots. Shots belonging to the same scene must be abutted each other. The algorithm assumes that the
input data is divided into a desired number N c of clusters. We assume also that the
input data is already annotated with aid of method presented in the previous section.
We define the set K = { K 1 , K 2 ,..., K N } of data points with a data point K i correk

sponding to cluster C i . Let us define a vector of integer values in increasing order:

{

Idx ( i ) = Idx 1( i ) , Idx 2( i ) ,..., Idx N( i c)−1
j = 1,..., N c −1 .

1 < Idx (ji ) < N k ,

with
tion P

(i )

{

= P , P ,... P
(i )
1

(i )
2

(i )
Nc

}, of set K with

{ K Idx ( i ) ,... K Idx ( i ) −1 } , while P
j −1

j

(i )
1

{

= K

(i )
1

Each
P

(i)
j

,..., K Idx ( i ) −1
1

}

(2)

vector

Idx (i ) defines

a

parti-

corresponding to a set of data points

} and

{

}

(i )
PN( ic ) = K Idx
,..., K N K . Given
(i )
N c −1

that each data point corresponds to a cluster, the partition P ( i ) defines a possible division of input data into N c clusters. The task of the genetic algorithm described next is
to find a partition P ( ξ ) which creates the optimum division of input data into N c clusters given a properly defined metric.
4.1 A Genetic Algorithm for Shot Clustering
Genetic Algorithms are adaptive optimization methods that resemble the evolution
mechanisms of biological species [16]. Feature selection is one of the areas that GAs
present excellent performance. The main advantages of GAs are:
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- They do not require the continuity of parameter space and,
- They are able to efficiently search over a wide range of parameters /parameter
sets.
In a GA, the search begins from a population of PN possible solutions (in our case
strings corresponding to integer vectors Idx (i ) , i = 1,..., PN of length N c − 1 , with integer
values limited to the interval [1 N k ], and not just one possible solution. Solution refers
to a partition P ( i ) as explained in the previous section. A population of solutions guarantees that search will not be trapped in a local optimum, especially if significant diversity
exists among the various solutions. The population of solutions tends to evolve toward
increasingly better regions of the search space through the use of certain randomized
processes, called genetic operators. Typical genetic operators are the selection, mutation
and recombination. The selection process chooses strings with better objective function
value and reproduces them more often than their counterparts with worse objective
function value. Thus, a new population is formed consisting of the strings that perform
better in their environment. The recombination (crossover) operator allows for the mixing of parental information, which is then passed to their descendants. The initial population is randomly acquired; this means that the first and major degree of diversity is
introduced in this stage of the GA. The second and lesser degree of diversity is introduced when mutation operator acts upon each string of the population. The whole evolution process stops after a predefined maximum number of iterations (generations) is
reached or the variation among population of solutions is too small.
Once the initial population has been created the process of creating new generations starts and consists, typically, of three stages:
- A fitness value (measure of optimality) of each string in the random population is
calculated.
- Genetic operators, corresponding to mathematical models of simple laws of nature, like reproduction, crossover and mutation are applied to the population and result in the creation of a new population.
- The new population replaces the old one.
In our case the fitness function F is a metric of similarity between data points corresponding to the same cluster divided by the similarity of data points corresponding
to different clusters. Equation 3 gives the mathematical notation of the fitness function Fi corresponding to the string Idx (i ) ( . refers to the second norm of a multidimensional matrix):

∑

⎛
Kl − Km
⎜
K l , K m ∈P j( i ) ,l ≠ m
⎜
Fi =
⎜
Kl − K p
j =1 ⎜
⎜ K ∈P i , k ≠ j
⎝ l k
Ns

∑

∑

⎞
⎟
⎟
⎟
⎟⎟
⎠

(3)

The objective is to find the string that maximizes the fitness function F . The realization of the genetic operators (reproduction, mutation and crossover) is as follows:
Reproduction. The fitness function F is used in the classical “roulette” wheel reproduction operator that gives higher probability of reproduction to the strings with better
fitness according to the following procedure:
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1.

An order number, say q, is assigned to the population strings. That is q
ranges from 1 to PN , where PN is the size of population.

2.

The sum of fitness values ( Fsum ) of all strings in the population is calculated.

3.

The interval [0 Fsum ] is divided into PN sub-intervals each of one being
[ SFq −1 SF q ] where
q −1

SFq −1 = ∑ Fi , q > 1

(4)

i =1

( SFq −1 = 0 for q = 0 and q = 1 )
q

SFq = ∑ Fi , ∀ q
i =1

(5)

Fi is the value of fitness function for the i − th string (see equation 3).

4.
5.
6.

A random real number R0 lying in the interval [0 Fsum ] is selected.
The string having the same order number as the subinterval of R0 is selected.
Steps (4) and (5) are repeated PN times in order to produce the intermediate
population to which the other genetic operators will be applied.

Crossover. Given two strings (parents) of length

N c −1 an integer number
1 < r < N c −1 is randomly selected. The two strings retain their gene values up to gene
r and interchange the values of the remaining genes creating two new strings (offspring). Obviously the integer numbers in offspring must be reordered so as to correspond to vectors of integer values in increasing order.

Mutation. This operator is applied to each gene of a string and it alters its content,
with a small probability. The mutation operator is actually a random number that is
selected and depending on whether it exceeds a predefined limit it changes the value
of a gene. If gene r is to be mutated, the allowable values Idx r(i ) for it are those in the
interval ( Idx r( i−)1 Idx r( i+)1 ).

5 Conclusions and Further Work
In this paper we presented an annotation tool for Cultural Heritage documents named
CulHIAT. CulHIAT can be used for annotation of digital or digitized data, including
video and animations, at various levels of granularity. XML dictionaries are used as
predefined lexicons while the tool provides an easy to use interface to modify these or
create new dictionaries. An enormous amount of data related to the sweet Cypriot
wine Commandaria was annotated using this tool with the aid of newly created XML
dictionary based on the Commandaria taxonomy.
CulHIAT allows for semantic labeling using structured knowledge in the form of
XML dictionaries and provides a powerful algorithm for shot detection algorithm
which minimizes the human intervention for video segmentation at lowest level. In
addition, with the aid of an intelligent clustering algorithm shots are grouped together
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to form conceptually similar video units, called scenes. Our future work includes
ontology support, incorporation of key-frame selection methodologies and the automatic creation of a list of semantic labels which will be proposed to the user, for the
annotation of key-frames and shots, based on machine learning processes.
Acknowledgements. This work was undertaken in the framework of The History of
Commandaria: Digital Journeys Back to Time project funded by the Cyprus Research
Promotion Foundation (CRPF) under the contract ANTHRO/0308(BE)/04.
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Abstract. The aim of the study is to validate hyperspectral ground data for the
detection of buried architectural remains. For this reason spectro-radiometric
measurements were taken from an archaeological area in Cyprus. Field spectroradiometric measurements were undertaken from March to May of 2010. Spectro-radiometric measurements were taken over the previously detected magnetic
anomalies using the GER 1500 spectroradiometer and they were found to be in
a general agreement with the geophysical results. The results of the subsequent
excavations which took place in the area verified partially the geophysical and
spectro-radiometric measurements. However, the results obtained from the insitu spectro-radiometric campaigns were found very useful for detecting spectral vegetation anomalies related with buried features. This is an issue which the
authors will continue to investigate since it has proven that local conditions of
the area, such as geology, is a key parameter for the detection of buried architectural remains.
Keywords: Spectro-radiometric measurements, hyperspectral data, detection of
architectural remains.

1 Introduction
Remote Sensing techniques, including ground spectro-radiometric data, offer new
perspectives in archaeological research [1-3]. High multispectral resolution satellite
images indicate that changes of the spectral signature of vegetation may have occurred due to the presence of buried architectural remains. Lasaponara and Masini [4]
in their study have successfully identified subsurface monuments from high multispectral resolution satellite images using spectral signature anomalies (Fig. 1). The
use of hyperspectral satellite data has been applied successfully in different studies in
order to identify architectural remains [5-8].
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 318–331, 2010.
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Fig. 1. Spectral signature of vegetation under certain conditions (Lasaponara R., Masini 2007,
fig. 1)

However Parcak [9] noted that if soil cover is not uniform then the use of satellite
hyperspectral data can be problematic. Such problems are presented from Crete in the
study of Rowlands and Sarris [10].
This can be avoided if ground hyperspectral data are provided. The use of ground
spectro-radiometers can minimize such errors including atmospheric absorption,
scattering a.o.
The use of spectro-radiometer in not a recent development. However the novelty of
this paper is based on the fact that field spectroscopy has been widely used for research
in different scientific fields and applications (e.g. agricultural monitoring), yet the use of
field spectroscopy for archaeological applications is still an open research question.
The first use of field radiometry was carried out by Penndorf [11] in order to study
human vision. During the 1960s, many applications were carried out for the study and
understanding of photosynthesis [12]. Some of these instruments were designed to
capture a range of wavelength [13, 14 and 15] while other investigations were focused
on specific regions of wavelengths [16].
Scientific interest later shifted to studying geological rocks [17]. Similar studies
were presented by Hunt [18-19] who classified various rocks using spectral signatures. At this time the first airborne scanner was developed for monitoring vegetation
and vegetation stress based on wavelength variations in the red edge range [20].
Spectroscopy fluctuations from different angles are a special case of radiometer.
One such case is the PARABOLA system, which investigates the characteristics of
angle- radiation in vegetation areas. A historical overview of such systems is presented in detail in Milton et al. [21].
Research by Kriebel [22] in spectral signature of vegetation indicates there is a distortion of the radiation by 1% change in the change of 1o of the zenith angle (of the
sun) and also 1% change for every 10% change of the aerosol optical thickness. Robinson and Bielh [23] found a difference of about 3% of radiation at 0.5 - 0.6 mm in a
hazy day (visibility = 8 Km).
Recently spectroscopy is used for taking accurate real spectral signatures which are
necessary for the radiometric calibration of satellite and airborne scanners [21]. Although there are several applications which investigate the correlation of the spectral
signature of an object, in the majority of the applications the aim is exactly the opposite:
the study and identification of "unknown" targets through the spectral signature [12].
This process, however, requires special attention, particularly in vegetation since two
different types of plants can have identical spectral signatures due to other factors [24].
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2 Case Study Area
The Kouklia Palaepaphos site was selected as the case study area for application of
ground spectro-radiometric measurements. It is located on the SW coast of Cyprus
(Fig. 2) and is an extensive yet insufficiently defined archaeological landscape. Kouklia Palaepaphos is considered an important archaeological site since it contains many
important monuments. Its few visible secular and sepulchral monuments and its famous open-air sanctuary to an aniconic deity, who was to become known as Aphrodite, are scattered over an area of two square kilometres.
In the last few years systematic archaeological investigations are carried in Palaepaphos area, following the results of geophysical surveys that were carried out in
different sections of the site [25-26].

Fig. 2. Palaepaphos archaeological site (Google Earth©)

The results of the geophysical surveys identified areas of interest which contain potential subsurface monuments. One such area is in the locality of Arkalon in Kouklia,
just east of the village (Fig. 3). The results showed the presence of architectural remains identified as a rectangular structure with high magnetization. Linear features
appear to be aligned in N-S and W-E directions delineating a rectangular structure
that extends for more than 70 m.

Fig. 3. Magnetic anomalies near Arkalon, Kouklia (Iacovou et al., 2009)
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3 Methodology
In situ spectroscopy measurements were held in Arkalon during the life cycle of cereals (October to May) which are grown in the area and they were taken in locations
where the geophysical anomalies were detected.
Spectro-radiometric measurements were carried out along transects above the detected anomalies (Fig. 4). The first three visits were performed when cereals were still
in flower while the other two when the cereals had already begun to dry. The visits
covered a two months period, from March to May of 2010. Each date is recorded in a
database and a short description of weather conditions, photographs of the cereals a.o.
The spectro-radiometric results are presented as spectral signatures diagrams were at
the X axis is plotted the wavelength from visible to near infrared spectrum and in Y
axis is the reflectance given in percentage.

Fig. 4. Location of the transects (indicated with arrows) in which spectroscopic measurements
were taken over the magnetic anomaly (indicated with lines) (background image Google Earth ©)

For the exact location of the magnetic anomalies a Global Positioning System
(GPS) was used. The characteristic points indicating the possible architectural remains were identified with a precision of ± 2cm.
The radiometric instrument that was used to register the spectral signature was the
GER 1500 (Fig. 5). This instrument can record electromagnetic radiation between 350
nm up to 1050 nm. It includes 512 different channels and each channel cover a range
of about 1.5 nm. The field of view (FOV) of the instrument is 4o. The instrument was
recently calibrated and the accuracy provided from the manufacturer of radiometric
measurements was: 400nm: ± 5%, 700nm: ± 4% and 1000nm: ± 5%.

Fig. 5. GER 1500 used in this study with its calibration target
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4 Spectro-Radiometric Results
4.1 In Situ Measurements 05/03/2010
The first visit was carried out in 05/ 03/2010. In this day four transects, as shown in
Fig. 6, were carried out. The sections A - C were applied in the southern anomaly
from west to east and the section D was performed in the N-S anomaly.

Fig. 6. Sections in 05/03/2010

Section A

Section C

Section B

Section D

Fig. 7. Spectro-radiometric measurements in 05/03/2010. Each diagram corresponds to a cross
section (A-D) while the spectral signature indicated with an arrow corresponds to the subsurface geophysical anomaly.
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The spectral signatures of the sections (A-D) results are shown in Fig. 7. The
measurement which corresponds to the subsurface anomaly is indicated with an arrow
in the diagrams.
The results were very encouraging since in all cases a high or low reflectance was
recorded which is particularly evident in the infrared wavelength (750nm). In sections
A-C, which cover the southern architectural feature, the spectral radiation, tends to be
lower from the surrounding area at 750 nm. Contrary to section D, related to the architectural N-S feature, spectral radiation is higher than the rest measurements along
the transect.
4.2 In Situ Measurements 12/03/2010
The next visit was at 12/03/2010 and three sections were carried out (E-G). In the first
section (section E) measurements were taken perpendicular to the southern anomaly,
while in section F measurements were taken along the direction of subsurface anomaly. Finally, in the third section (section G) measurements were taken perpendicular
to the N-S anomaly (Fig. 8).

Fig. 8. Sections in 12/03/2010

The spectro-radiometric results of the sections (A-C) are shown in Fig. 9. The
measurement which corresponds to the subsurface anomaly is indicated by arrow in
the chart (except for section B).
An anomaly at about 750 nm was detected in section E and G where the measurements were over the magnetic anomaly. At this area the reflectance is lower than in
the surrounding area. The measurements in section F, which were taken along the
subsurface architectural remains, showed different variations.
Moreover, an infrared thermometer (Fluke 62 Mini) was used in order to measure
the temperature of the soil (Fig. 10). The idea of this application is based on the
differences of temperature that may occur due to sub-surfaces anomalies. The measurements showed that the temperature over the anomaly was one of the largest one
obtained in the area of interest (Fig. 11).
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Section E

Section F

Section G

Fig. 9. Spectro-radiometric measurements in 11/03/2010. Each diagram corresponds to a cross
section (E-G) while the spectral signature indicated with an arrow corresponds to the subsurface geophysical anomaly.

Fig. 10. The infrared thermometer Fluke 62 Mini
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Fig. 11. Ground temperature. The measurement which corresponds to the subsurface anomaly
is circled.

4.3 In Situ Measurements 24/03/2010
In the next visit to Arkalon on 24/03/2010, six spectro-radiometric measurements
were carried out in cross sections (H – M) perpendicular to the southern anomaly. The
diagrams of these sections are shown in Fig. 12.

Fig. 12. Sections in 24/03/2010

The results of the spectro-radiometric measurements are shown in Fig. 13. The
measurement which corresponds to the subsurface anomaly is indicated by arrow in
the chart.
Five of the six spectroscopic measurements (sections H-I and sections K-M)
showed that vegetation had the highest or lowest reflection in vegetated areas over the
magnetic anomaly (at 750 nm). In section J, the reflectivity was greater than other
measurements except one.
Infrared thermometer was also used for measuring the temperature of the ground.
Five cross sections were performed over the anomaly and the measurements showed
that the temperature over the anomaly was the lowest one (Fig. 14).
4.4 In Situ Measurements 28/04/2010
Subsequent measurements were conducted in 28 /04 /2010. In this period the cereals
were already yellowing and measurements were made in order to determine whether
the spectral signature anomaly could still be detected.
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Section H

Section I

Section J

Section K

Section L

Section M

Fig. 13. Spectro-radiometric measurements in 24/03/2010. Each diagram corresponds to a cross
section (H-M) while the spectral signature indicated with an arrow corresponds to the subsurface geophysical anomaly.
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Fig. 14. Ground temperature as measured by the infrared thermometer. The measurement
which corresponds to the subsurface anomaly is circled.

Section N

Fig. 15. Spectro-radiometric measurements in 28/04/2010. The characteristic vegetation curve
in the infrared band is not apparent.
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Spectroscopic measurements showed that barley had no longer the characteristic
curve in the near infrared (NIR), which occurs in plants with healthy vegetation (Fig. 5).
4.5 In Situ Measurements 04/05/2010
The last measurements were made on 04/05/2010. While previous measurements
(28/04/2010) had not shown encouraging results it was considered appropriate to
make another visit and take more spectro-radiometric measurements since the previous days (02-03/05/2010) it was raining in the area. As it was found from the literature the days after a rain are the most appropriate for investigating an archaeological
site through remote sensing techniques (Lasaponara and Masini 2007).
From the measurements (Fig. 16) it appears that in the last part of the cereal life
cycle the distinction of the subsurface features was relatively difficult.
From the measurements (Fig. 16) it appears that the subsurface defection was difficult to find based on the spectral signature in the last part of the cereal life cycle.

Section O

Section P

Fig. 16. Spectro-radiometric measurements in 04/05/2010. Each diagram corresponds to a cross
section (O-P) while the spectral signature indicated with an arrow corresponds to the subsurface
geophysical anomaly.

5 Archaeological Excavations
Archaeological excavations in Arkallon locality were carried out in June of 2010 by
the Archaeological Research Unit of the University of Cyprus. Excavations squares (4
x 4 m) were carried out over different parts of the magnetic anomaly as indicated in
Fig. 17.
The archaeological excavations did not confirm either the magnetic anomalies or
the spectro-radiometric measurements. However in area A (Fig. 17) a small architectural remain was found. In the eastern excavation square of area B (Fig. 17) –where
the spectro-radiometric measurements were taken- loose stones were found in a depth
of 0.50 m. This could explain the differences occurred in the spectral signatures of the
cereals.
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A

B

Fig. 17. Excavation squares at Arkalon locality

6 Conclusions
The paper aimed to introduce the ground spectroscopy capabilities for detection of
buried architectural remains. It was found that spectroscopy was able to confirm the
results of the geophysical surveys that have been carried out in the region. Field spectroscopy can be an alternative tool for monitoring spectral signature anomalies over
vegetated areas where subsurface archaeological architectural features may exist.
Moreover, field spectroscopy can support post-processing techniques intended to
enhance satellite images. Ground spectro-radiometric measurements may combine
with time-series multispectral satellite images and geophysical surveys in order to
provide auxiliary information. However the real benefit of the use of ground spectroradiometric data is the fact that in this way it will be able to find a “window” in the
spectrum were vegetation anomalies, occurred form buried architectural remains, can
be recognized. In this way satellite hyperspectral and multispectral satellite images
can be used for vast archaeological areas and not only in Cyprus.
Ground infrared thermometer had shown similar results as the spectro-radiometric
measurements. However the main target of the methodology applied is still open and
more experiments are needed. Ground spectroscopy measurements and geophysical
surveys were not verified by the archaeological excavations. This is an issue which
the authors will continue to investigate since it has proven that local conditions of an
area are a key parameter for the detection of buried architectural remains.
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Abstract. The island of Crete is an area with continuous habitation for more
than 6 thousand years consisting of a variety of archaeological sites. The vulnerability of those archaeological sites is extremely high due to the changing
land-use practices and various natural disasters. The use of modern technologies
such as Geographical Information Systems (GIS), Remote Sensing (RS), and
Global Positioning Systems is considered to provide a valuable tool for the protection of cultural heritage from human and environmental threats. Additionally, sophisticated classification methods based on fuzzy and neural networks
theory contribute to a more detailed and precise mapping of the archaeological
regime of the island.
Keywords: GIS, Crete, Archaeological Sites, Fuzzy Logic, Neural Networks.

1 Introduction
Nowadays it is well known that the conservation of the archaeological heritage is
endangered by different environmental and human factors such as landfills, fires,
seismicity, land use practices and urbanization [2, 18]. Thus, Geographical Information Systems (GIS) are used to combine several different factors in order to proceed
to the construction of a risk assessment model. The use of GIS provides the most
effective methodology for such kind of integrated analysis based mainly on spatial
information [1].

2 Study Area, Data and Methodology
The study area covers the western part of the island of Crete and especially the prefectures of Chania and Rethymno. It is an area with a rich record of prehistoric and historic archaeological sites. The climate of study area is sub – humid Mediterranean
with humid cold winters and rather warm summers [17].
M. Ioannides (Ed.): EuroMed 2010, LNCS 6436, pp. 332–342, 2010.
© Springer-Verlag Berlin Heidelberg 2010
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Initially, digitization of 1:50,000 scale topographic and geological maps of the
Geographic Service of the Hellenic Army and of the Institute of Geological and Mineral Exploration were accomplished respectively. The original Digital Elevation
Model (DEM) of the study area with 20m pixel size was based on SPOT satellite
stereoscopic images. Τhe geological formations of the geological maps were reclassified and all the geomorphologic attributes and details of the above maps, such as
rivers, lakes, faults and modern villages were also digitized and superimposed on the
particular background layers.

3 Analysis of Environmental and Human Factors in GIS
Environment
The risk assessment model was separated to two different parts regarding the environmental and the human factors. Initially, each agent was analyzed separately and at
the end they were combined to provide a final risk assessment model.
3.1 Environmental Factors
The main environmental factors that were used to the risk assessment model were
seismic risk, erosion risk, landslide risk, and distance from the coast. These agents
have been proved to cause major problems to the archaeological relics.
3.1.1 Seismic Risk of Archaeological Sites
Crete is located on the apex of the Hellenic arc and it is characterized from the often
occurrence of earthquake [9-11]. Thus, the seismic activity has been selected as one

Fig. 1. Regional seismicity of Crete and application of spline interpolation method to the
seismic intensity parameter
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of the most crucial natural hazards that could cause severe damages to the archaeological sites of western Crete. The seismological data of the specific research were
collected from the digital archives of the Aristotle University of Thessaloniki and the
Geodynamic Institute of Athens. These data concerned the last century’s seismic
activity focusing in the wider region of Crete since May 2005. The data regarded the
epicenters of earthquakes of magnitude larger than 4R and its corresponding density.
The following equation was used to relate intensity with magnitude [12]: Io = a + bM,
where a =1.23 and b=1.1 for the surficial earthquakes in the area of Greece.
In order to present the intensity factor through a continuous raster image the spline
interpolation method was used (Fig. 1). In the end of the process, a sigmoidal membership monotonically increasing function based on fuzzy theory was applied to the
final interpolated image to classify the values from 0 to 1 indicating a continuous
increase from non membership to complete membership. Examining the statistics it
was obvious that most of the archaeological sites fall inside a moderate earthquake
risk zone.
3.1.2 Landslide Risk Assessment of Archaeological Sites
Landslides are considered to be extreme natural hazards worldwide, causing human
losses and severe damages to the modern facilities [3, 6]. The specific study used the
landslide model derived from the work that has been carried out during the course of
the EMERIC project [5, 16]. Different environmental data such as geological data
from the unified geological map of IGME, slope data derived from stereoscopic
SPOT satellite images, hydrolithological data, average precipitation and a database of
geological and tectonic faults were used for the construction of the final landslide risk
assessment model.
The geologic regime of the study area is quite complicated. All the formations
were digitized in GIS environment and the final map was simplified to 12 main geological formations. The great majority of archaeological sites was established on carbonate formations.
The average rainfall data of 65 meteorological stations of the National Meteorological Service and the Ministry of Agriculture for the period of 1991 – 2000 were
obtained and recorded. Average annually rainfall maps were created through the use
of interpolation methods to create final continuous raster maps. At the end 3 main
categories of rainfall data were considered: 224-600mm, 600-1000mm and >1000mm
of rain.
The landslide risk assessment model was based on a three different synthetic agent
model. The first model was related with hydrolithology, precipitation and slope (M1)
of the study area. Hydrolithology-precipitation relation was established by giving an
increasing weight factor from gypsum and karst formations and relatively high to
medium hydropermeability and low precipitation levels to non permeable formations
with relatively low permeability and high levels of precipitation. Slope inclinationrainfall interaction was established by assigning a rising weight factor from lower
inclination and low levels of precipitation to higher inclinations (>50 degrees) and
high levels of precipitation. The algebraic multiplication of the two weighted surfaces
provided the first category of landslide agents (M1).
The second agent was based on the relation between geology and inclination (M2)
and the third agent was based on the relation between geology and distance from fault
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areas (M3). A low weight factor was applied to areas with low inclination. Medium to
high weight factors were assigned to neogene formations and quaternary deposits with
a relative average inclination (~30-70 degrees), while large weight factors were assigned for almost all formations (except carbonates and plattenkalk) belonging to high
sloping areas. Regarding the third agent, buffer zones of 1000m and 500m were created around each active and non active tectonic fault correspondingly and the geologic regime of each buffer zone was weighted accordingly. All the fault buffer zones
that were located within neogene and quaternary deposits, flysch and phyllites received a high weight risk factor.
The final landslide risk model was computed by using the below equation (Eq. 1).
Risklandslides = a1*M1+a2*M2+a3*M3 .

(1)

All the coefficients were specified based on past landslide occurrences in the island of
Crete. In the final model, the landslide risk map was classified to three main categories, from 1 to 3, indicating the increasing landslide susceptibility (Fig. 2). At the final
results, 76 sites fall within the moderate landslide risk zone and only 5 historic and 4
prehistoric sites fall inside high risk zone.

Fig. 2. Landslide risk assessment model

3.1.3 Distance of Archaeological Sites from Coast
The archaeological sites that are established along the coastlines environments are
always threatened by shoreline erosion, sea wave storms, tsunamis and sea level rise
[14]. In the case of the western Crete many different types of archaeological relics
are close to the coast. In order to search the regime for the risk of the coastal environment, a buffer zone of 500m with a risk value of 1 was created around the coastline of western Crete with direction to the inlands (Fig. 3). Examining the statistics,
17 archaeological sites were found within this buffer zone.

336

D. Alexakis and A. Sarris

Fig. 3. Erosion risk assessment model

3.1.4 Affection of Soil Erosion to Archaeological Sites
Regarding soil erosion, the specific phenomenon should never be ignored because of
its importance in affecting landscape sustainability [6, 19, 20]. However, at Crete
terracing has contributed from the ancient times to decrease soil erosion rates.
Regarding the data for the specific study, all were digitized in GIS environment
and the final maps were reclassified to 7 erosion rate classes (Fig. 4). The vast

Fig. 4. Coastline risk assessment model
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majority of both historic and prehistoric sites are established in low erosion risk areas.
At the final raster archive, a fuzzy logic algorithm was applied to normalize the values
from 0 to 1.
3.2 Human Factors
Considering the treat of cultural heritage, various parameters can be attributed to the
human driven agents. The continuously expanding cities and villages, the industrialization and development works, the agricultural fires, the land use and cultivation
practices, the proximity to landfills and other waste disposal areas and air pollution
can be attributed as main human risk factors. In the specific model, four agents were
considered, namely agricultural fires, proximity to landfills and urban and tourist
centers and land use.
3.2.1 Agricultural Fires Risk Assessment
The estimation of agricultural fires risk assessment was based on the results of
EMERIC project [15, 16]. Satellite imagery was used (9 Landsat-5 thematic mapper
and Landsat-7 enhanced thematic mapper images period of 1985to 2003) to provide
information regarding the changing vegetation patterns for the last 20 years. The images were classified to highlight changing patterns of land use, followed by an objectoriented classification to produce a digital image of vegetation types based on more
than 1000 ground-control points.
The final fire risk assessment model was based on a classification of risk based on
the evaluation of certain parameters such as the vegetation distribution (based on the
reflectance of Landsat TM5 images at the NIR (0,76 - 0,90μm), the vegetation type
(based on the object-oriented classification of the Landsat images), the fire potentiality of the major types of vegetation, the historical registries of fires (area extent and
frequency) and the Digital Elevation Model (DEM). All these parameters were applied on specific training sites and three categories (low, moderate and high) of fire
risk assessment were derived. These categories were further expanded to the rest of
the satellite image through supervised classification algorithms. The final fire risk
model was derived for the year 2010 based on the changes of the land use practices,
the logarithmic increase of population, the percentages of moisture and temperature
and the altitude and slope of the terrain. Finally, about 50 historic and 16 prehistoric
sites were found to be located within regions with a high fire risk (Fig. 5a).
3.2.1 Proximity of Archaeological Sites to Landfills
It is well known, that landfills are seriously affecting the degradation of the landscape.
However, except the national or municipal controlled landfill areas, there are also a
number of illegally operating landfills that endanger the archaeological reserves and
parks.
After an extensive GPS survey 55 legal or illegal landfills were registered in the
prefectures of Chania and Rethymno. According to the Greek legislation, a landfill
site should not be located within a distance of 500m from an archaeological site. The
final landfill impact zone was created by applying a buffer zone of 500m around each
landfill. At the final results, only 3 archaeological sites were found inside the specific
buffer zone (Fig. 5b).
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Fig. 5. (a). Fire risk assessment model. (b). Landfills risk assessment model.

3.2.3 Urbanization and Land Use Practices
During the last centuries, urbanization and agricultural cultivation seem to have an
important impact on the preservation of the archaeological sites. A buffer zone of
1500m was created around towns and villages to identify the areas under urbanization
pressure. About 19 sites were found to fall within these regions (Fig. 6a).
The land cover regime of the study area was examined through the use of the Corine
Land Cover (CLC) database. The cartographic layers of CORINE were re-projected to
the Greek Geodetic Reference System (GGRS’87) and the land use categories were
reclassified to 3 levels of low, moderate and high risk. Most of the registered archaeological sites were found within the moderate risk cultivated lands (Fig. 6b).

Fig. 6. (a) Urbanization risk assessment model. (b) Corine land use classification scheme.

4 Application of Fuzzy and Neural Network Algorithms to the
Final Maps
After having applied a specific rating to the subcategories of each agent, the weights
of significance of the variables were specified based on the statistical analysis of the
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risk agents in terms of the location of the archaeological sites. The environmental
parameters constructed the first category including seismic activity (Se), erosion (Er),
landslides (Ls) and distance from the coastline (Co), while the second category included agricultural fires (Fi), proximity to landfills (Lf), land use practices (Lp) and
urban pressure (Ur). The intermediate steps involved the construction of maps (Fig.
8a and Fig. 8b) presenting the above mentioned risks, by summing up through the use
of Boolean algebra the product of each category with the corresponding weight of
significance (Eq. 2).
Environmental Model = 0.3*Se+0.2*Er+0.4*Ls+0.1*Co .
Human Model=0.3*Fi+0.2*Lf+0.4*Lp +0.1*Ur .

(2)

The final risk assessment model was computed by the sum of the environmental and
anthropogenic risk maps. However, two models were created, one calculating an
equal participation of the agents (50 – 50%).
In the final stage, a neural network algorithm was applied to all risk maps to provide a finer tuning of the classification. Artificial neural networks are non linear mapping structures that are mainly based on the structure of human brain [8]. A major
advantage of the neural networks is that they are independent of the statistical distribution of the data used [13]. For this study, a neural network that is based on ART

Fig. 7. (a) Environmental risk assessment model. (b) Anthropogenic risk assessment model. (c)
Final risk assessment model.
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Table 1. Statistical Results of the Risk Assessment of the Archaeological Sites of West Crete
after the application of Neural Networks Classification Method

Environmental (Env)
High
Moderate
Low
Anthropogenic (Anthr)
High
Moderate
Low
0.5*(Env)
+
0.5*(Anthr)
High
Moderate
Low

Number of
Prehistoric
Sites

Number
of
Historic
Sites

Sum
of
Sites

Risk
Area
(km2)

Percent
of Risk
Area (%)

10
9
15

24
20
38

34
29
53

1034.5
1482.7
1296.3

27
39
34

9
11
14

12
30
40

21
41
54

929.4
1890.7
991.6

24
50
26

11
9
14

20
31
31

31
40
45

756.1
1647.8
1407.8

20
43
37

architecture (Adaptive Resonance Theory) named fuzzy ART&ARTMAP neural
network was used [9, 21]. An unsupervised fuzzy ART&ARTMAP method was applied so as the final network to be composed from 2 different layers: The input layer
(F1) that receives the input data and the recognition layer (F2) that stores the final
classes (clusters). The number of F2 neurons is automatically determined so as the F2
layer can begin with few layers and can grow in greater number during the learning
procedures [4].
After applying several different vigilance parameters to each image, ten different
classes were produced. The first 4 classes (0-4) were categorized to low risk rate, the
three next (5-7) to moderate risk rate and the final 3 (8-10) to high risk rate (Fig. 7a
Fig. 7b, Fig. 7c). The final results of the classification regarding the risk areas and
their relationship to archaeological sites are demonstrated in Table 1.

5 Conclusions
This study brought out the fact that human and environmental factors can contribute
with equal or different percentage to the degradation of archaeological monuments.
Human factors such as agricultural fires and urbanization expansion may contribute to
the degradation of the cultural landscape. On the other hand environmental factors
such as earthquakes and landslides can provoke violent and severe damages to the
sites. Regarding the final results, the environmental risk model recorded most of the
high level risk areas to be located mainly in the plain regions of western Crete. However, there was not any clear demarcation of the areas with high level of human
driven risk.
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The results of this study can be used as a road map for taking specific actions regarding the protection of the archaeological monuments in the island of Crete. The
application of fuzzy ART&ARTMAP algorithm proved to be really efficient, making
the final classified results more unbiased for archaeological interpretation.
Additionally, it is really important to mention that a high percent (more than 50%)
of the archaeological sites are established to moderate high risk areas. The GIS module used in this study provides the opportunity to the researchers to enter flexible
more and different parameters to the final model.
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