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Traditionally, building archaeology is conducted by creating and interpreting 2D documentation, even
though the spatial properties of a building are not fully expressed in 2D. The third dimension has been
mostly neglected, due to technical limitations that can be overcome through the rapid progress in 3D
technology.

This study shows how a 3D GIS can be applied from the outset of a building archaeological study to create
a three-dimensional information system connected to a geometrically accurate 3D model of a structure.
The building under investigation was Lund Cathedral (Sweden), whose long and complex history has been
studied for two centuries. Gaining an understanding of all interventions, as well as managing the
heterogonous datasets, is a challenge.

In order to overcome these difficulties, various datasets and their relevant metadata were imported into the
ArcGIS software and linked to a geometrically accurate 3D model of the church, placing all pieces of
information in their correct spatial position. Thus, data that was previously impossible to view
simultaneously and in the same space can be displayed together, creating a unique holistic oversight of
the available material. Through the flexibility and versatility of the system, information can be displayed
and queried at will, as well as updated continuously, greatly facilitating interpretation and making it an
important resource throughout the entire building archaeological study.
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1. INTRODUCTION

For decades, GIS has been an integral part of archaeological practice and its many advantages and
uses in visualizing and managing archaeological data have been discussed as well as examined from
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a critical and theoretical perspective [Lock 2001; Wheatley and Gillings 2002; Conolly and Lake 2004;
Frischer 2008; Hacigiizeller 2012]. The potential for using a three-dimensional environment and 3D
data in a GIS has also been part of this discussion. The first attempts in using a 3D GIS on an intra-
site level was through the characterization of archaeological features with polylines, polygons, points
or volumes, visualized in a three-dimensional environment of a GIS [Doneus and Neubauer 2005;
Losier et al. 2007; Katsianis et al. 2008]. Even though accurate three-dimensional models through
laser scanning or photogrammetry were available, it was difficult to implement them in a GIS due to
the limited visualization capacities of geometrically-complex 3D models; even so, some attempts
have been made to combine 3D models with GIS [Allen et al. 2004; Doneus and Neubauer 2005].

Many of the 3D models generated within building archaeology, be they reconstructions with CAD or
mesh from photogrammetry or laser scanning, were not implemented in information systems but
used for other purposes, for example, to generate 2D documentation [e.g., Jones 2011]. Nevertheless,
the potential of linking 3D models of buildings to additional information was recognized, but, owing
to the difficulties in implementing such models into a GIS, other ways of realizing this were found
with game engines and web applications [De Luca et al. 2011; Kurdy et al. 2011; Agugiaro and
Remondino 2014].

Thanks to recent technical developments, the implementation of complex texturized three-
dimensional geometries in a GIS software is now possible; several case studies have explored the
new possibilities that this advance has brought to archaeological research [Forte et al. 2015; Dell'Unto
et al. 2016; Landeschi et al. 2016]. The present study will contribute to this line of research by
investigating how heterogeneous datasets connected to a building archaeological study can be
implemented directly into one geographical information system, while also exploiting the three
dimensionality of the work space and the object of study fully. This has been accomplished by linking
multi-resolution models of the building under investigation, Lund Cathedral, with heterogeneous
data, using the models as “containers” and context without resorting to hyperlinks.

1.1 The case study: Introducing Lund Cathedral

Lund Cathedral is situated in the heart of the city Lund in the south of Sweden. The Romanesque
church dates back to the twelfth or thirteenth century and soon became the ecclesiastical center of
Scandinavia. During its history, it has been modified and renovated multiple times as well as
investigated from an architectural and archaeological point of view [Rydén and Lovén 1995]. The
large amount of data created in these studies is now being expanded by the interdisciplinary
research project “Lund Cathedral 2023", which has been initiated in light of the upcoming 900th
anniversary of the church in 2023. The aim of this project is to collect, revise and update the
knowledge that has been gathered around Lund Cathedral. Managing and gaining an understanding
of such large datasets, comprising also point clouds from a recent laser scanning and
photogrammetry acquisition campaign, constitute a challenge. The availability of the 3D
documentation of the entire structure made Lund Cathedral an ideal case study for testing the
implementation of 3D models of an entire building into a GIS, making it the center of a three-
dimensional information system containing heterogeneous datasets.
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2. CREATING A THREE-DIMENSIONAL INFORMATION SYSTEM

For the development of the three-dimensional information system we chose to use ArcGIS Pro from
ESRI, which offers a good performance for visualization and manipulation of data in a 3D
environment.

The different datasets that were incorporated into the system comprised 3D models, 2D data
generated from the 3D models, excavation maps and sections, archaeological drawings, text
information and photographs (Fig. 1). The heart of the system is the 3D models that functioned as
‘containers” and as context for the rest of the data. Due to the size of the cathedral and the dataset
and the limited timeframe of the study, it was necessary to restrict the area of research to the crypt
in the eastern part of the cathedral. The crypt was chosen because it constitutes a closed
environment in itself and its size is manageable for the time period of the project.

Data -

Figure 1. The heterogeneous datasets implemented in the system: 3D models, 2D data generated from the 3D
models, excavation maps and sections, archaeological drawings, text information and photographs.

2.1 3D models

Three different resolutions of 3D models from three different acquisition campaigns were imported
into the system and georeferenced. The first model (Fig. 2), which serves as a visual and contextual
reference for the others, was received from the Lund Cathedral 2023 project. It is a low-resolution
model of the entire cathedral that was created through image-based modeling and from pictures
taken by a drone. It was georeferenced by aligning it to a partial model of the cathedral, created by
the author also through image-based modeling and georeferenced in Photoscan with GPS points. All
the other models were aligned to this model, and thus georeferenced as well, in the open source
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software CloudCompare, which can visualize georeferenced models and save the correct coordinates
without shortening them.

Figure 2. Low-resolution 3D model of the entire cathedral.

On the next level of resolution is a 3D model of the entire crypt that is quite accurate in its detail and
is based on laser scan point clouds from an acquisition by Lund University (Fig. 3). The point clouds
were cleaned and meshed in the open source software Meshlab. In order to be able to import such a
detailed mesh to the GIS it was necessary to divide it into four models, each with around five million
faces.

Figure 3. 3D model of the crypt, divided in four smaller parts with each one around 5 million faces.

The models with the highest level of detail are the walls of the crypt, divided into smaller sections
with each one having about 2 million faces (Fig. 4). These models were made from the high-density
point clouds from a laser scan acquisition by the company SWECO, which was commissioned by the
Lund Cathedral 2023 project to scan the entire cathedral. They were cleaned and meshed in the
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software CloudCompare, which is more adapted to very large point clouds compared to Meshlab. A
very high resolution was necessary for these models in order to allow users to distinguish single
stones in the walls. This makes it possible to make a wall analysis directly on the 3D model by
identifying and characterizing with polygons different phases in the wall (see Fig. 4). These polygons
are linked to an attribute table that can be customized and contains additional information about a
specific wall part, such as the dating, the level of degradation, etc.

Figure 4. High-resolution models of the walls in the crypt that allow users to distinguish single stones in the
walls. Polygons (in purple) were drawn directly on the 3D model, characterizing repair works from the
nineteenth century.

2.2 2D data from 3D models

3D models of structures and buildings are often used to create traditional documentation like plans
and sections. These can be integrated as well into the GIS, visualizing them together with the 3D
models. As an example, for this study, sections of the crypt at regular intervals of 50cm were created
in CloudCompare. They were imported into the GIS as raster, georeferenced and then moved on the
z-axis to the height at which they were taken (Fig. 5).

Studies in Digital Heritage, Vol. 1, No. 2, Publication date: December 2017



1:230 M. Polig

; :

Figure 5. Section generated by a cut through the 3D models of the cathedral and visualized with the 3D models
at the height at which it was taken.

2.3 Excavation maps

Studies of buildings often also include excavation documentation. In case of Lund Cathedral, there
were several excavations conducted within and outside the church over the last century. A
cumulative excavation plan that shows all the excavation trenches of the twentieth century was
imported as a raster and georeferenced in the GIS (Fig. 6). Trenches of more interest were vectorized
by drawing polygons and then connected with additional information through the attribute table
(year, findings, etc.). In this way, the original cumulative excavation map has become much more
easily readable and clearer, with single excavations represented as layers, which can be visualized
and queried at will. If more detail is necessary, the individual trenches can easily be integrated with
further related excavation material in form of maps, sections or finds.

Studies in Digital Heritage, Vol. 1, No. 2, Publication date: December 2017



3D GIS for Building Archaeology 1:231

Figure 6. Cumulative excavation map imported into the GIS and visualized with the 3D model of the entire
cathedral in transparency and the crypt. Trenches of interest were redrawn with polygons and connected to an
attribute table. The different colors of the trenches symbolize different years of excavations.

2.4 Sections

Even though sections are part of traditional excavation documentation, they have been treated
separately from the maps in this study because they constitute vertical and not horizontal
information. The possibility of working in a three-dimensional environment is of particular
importance with sections, because it allows us to visualize them with their true orientation and in
relation to horizontal information.

As an example, a section of an excavation trench in the corner between the northern side aisle and
the northern transept of the cathedral was chosen (Fig. 7a). The scanned drawing of the section was
imported, scaled and vectorized in the GIS. Additional information, e.q. about the material, was added
in the attribute table. The drawing was then exported into AutoCad to perform the necessary rotation
to put it in a vertical position, an operation that is unfortunately not yet possible in ArcGIS Pro. After
being reimported in the GIS it was put in its correct position.
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Unfortunately, there was no exact information about the position of this section available other than
a description of its location on the drawing itself (Fig. 7c). Nevertheless, it was possible to place the
drawing accurately thanks to an alignment with a 3D model of the cathedral. In fact, the drawing
shows also part of the wall of the cathedral above ground that was acquired through laser scanning.
A highly detailed mesh of the relevant part was created and aligned to the low resolution overall
model of the entire church. The stones visible in the mesh and on the drawing were then used as
references for placing the drawing correctly in the space.

LUNES DOMEVREA. G ) S i tagat &«]
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Figure 7. (a) The original drawing of a section at the northern transept with the area above ground visible also
on the 3 D model highlighted in pink. (b) The section visualized together with the overall 3D model of the church,
encircled with red. (c) A close up of the section and the high-resolution model used to position the section. It
was decided to visualize the different materials of the stones (information stored in the attribute table) with
different colors.

2.5 Archaeological drawings

Archaeological drawings are part of the traditional documentation material available on the
cathedral, and it was necessary to find a way to incorporate them directly into the GIS. This can be
achieved by applying the drawings as textures on the 3D models.
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A drawing of the southern niche in the northern chapel of the crypt was chosen; it was created in the
first half of the twentieth century. It depicts decorations in and around the niche that are now only
partially visible and only in certain light conditions. A low-resolution model of the niche and the
surrounding wall was created in Meshlab. The drawing was added to the scene in Meshlab and
draped over the model as texture. The texturized model could then be imported into the GIS, where
the drawing can be visualized and placed in the context of the rest of the crypt (Fig. 8).

Figure 8. Archaeological drawing of a niche in the northern part of the crypt imported into the system by using
it as a texture on a 3D model of the niche.

2.6 Text information

The literature about a structure may also contain information about things or elements that have a
specific position in relation to the structure (burials, specific decorative elements, inscriptions and
graffiti, etc.) but have for one reason or another never been visualized in a drawing. In the case of the
cathedral in Lund there are several researchers [e.g. Rydbeck 1953; Cinthio 1957] who discuss the
stonemason signs in the cathedral, sometimes with detailed descriptions of the location of some of
the signs. However, only a few archaeological drawings of other architectonic elements exist on
which the signs have also been represented and no map or drawing is available that shows all the
signs. This is most likely due to the difficulty of representing with traditional means the hundreds of
signs that are distributed over the entire church and at various heights.
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In the GIS system, each stonemason sign can easily be represented by a point on its exact position
on the 3D model. Information about the dating and type of sign can be stored in the attribute table
(Fig. 9).
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Figure 9. Stonemason signs mapped directly onto the 3D models as points, along with the corresponding
attribute table, which contains information about the dating and a picture of the type of sign for each point.

2.7 Photographs

Photographs were also incorporated into the system, by implementing them directly into the
attribute table. In this way, each feature can have one raster associated with it. It is of particular use
in cases where a feature is not or only poorly represented as a 3D model and it is thus not possible to
have an immediate visual understanding of what it looks like. This can be the case when a mesh is
not detailed enough to properly represent a certain element, for example, the decoration on some of
the capitals in the crypt (Fig. 10). If something that is not present anymore in the buildings is signed
in with a polygon or a point (e.g. finds), or if it is too small to show on a 3D model, for example, the
stonemason signs in this case study, adding a photograph serves as an aid to immediately
understand what is referred to (Fig. 9).
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Figure 10. Capitals and column shafts characterized with simplified geometries of respectively rectangles in
yellow and cylinders in red. The only capital with a decoration of acanthus leaves in the crypt is selected (light
blue rectangle) and its attributes made visible, including also an image.

3. DISCUSSION

The aim of this study—to test how different kinds of datasets typically associated with building
archaeology can be implemented in a 3D GIS linking them directly with 3D models of a building—was
successfully achieved. All datasets could be inserted into the system, benefitting directly from its
three-dimensionality. The only exceptions are the excavation maps and the photographs, which
could also be inserted in the same way in a 2D space and would only profit from the third dimension
by being visualized in relation to the rest of the data. Once all the data was imported it could be
manipulated and investigated to promote interpretation and understanding through queries and
measurements and by creating new data.

However, the implementation of certain datasets has already created an additional value impossible
to achieve without 3D. A part of the 3D models themselves and the archaeological drawings which
were attached to the 3D models as textures; this is the case for sections taken from the 3D models
which can be added at the exact position at which they were taken, showing how the thickness of
the walls varies at different heights (Fig. 5). In this category also belong the excavation sections,
which can be imported vertically and could, coordinated with maps of the trench in question, restore
a three-dimensional view of the excavation. Likewise, the stonemason signs have to be mentioned,
which could be visualized for the first time and whose distribution pattern within the crypt can be
easily understood in this way.

The imported data can be explored further by querying the attribute table connected to it or changing
the visualization of specific attributes within a layer in order to recognize patterns. In the case of
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stonemason signs, only the sign associated with one stone mason could be highlighted, so as to
visualize the areas of construction in which he was active. An example of the recognition of patterns
by changing the visualization of a specific attribute is a different representation of the material of
the stones in the foundation wall visible in a section (Fig. 7).

The available datasets can also be used to create new quantitative or interpretational information.
The former can be produced, for example, from the vectorized section drawings of the previous
examples. More specifically, the stones, which are now represented as polygons, have been
automatically stored in the attribute table, along with their size. This data, if extended to larger parts
of the church, can then be used to generate and compare the average size of building stones in
different areas or time periods of the structure. New interpretational data can be created by
structuring elements of interest (architectonic, decorative, etc.) into different layers, associating
them again with more information through their attribute tables (e.g., Fig. 10). Furthermore, wall
analysis can be performed directly by drawing on the 3D models (Fig. 4), which constitutes a powerful
tool for understanding the building process when it is combined with the visualization and query
tools already described.

Visualization is playing a key role in the above described uses of a 3D GIS. In fact, archaeological
research depends heavily on discovering patterns and identifying and defining relationships and
connections, all of which is heavily influenced by how the available information is visualized. For
Llobera, it is surprising that there has not been given much more attention to visualization in
archaeology and he argues that itsimportance and capacities have not been fully acknowledged and
explored [Llobera 2011]. Frischer [2008] also emphasized the significance of visualization, citing the
information specialist Colin Ware [2004: 3], who describes five ways in which visualization can
facilitate understanding and interpretation:

It may facilitate the cognition of large amounts of data

It can promote the perception of unanticipated emergent properties
It sometimes highlights problems in data quality

It makes clear the relationship of large-and small-scale features

It helps us to formulate hypotheses

Thus, being able to visualize all the available data on a case study in one environment constitutes a
great advantage in interpretation. If and how all the above five points can be addressed in practice
by 3D GIS, as presented in this study, has still to be investigated when the system is put to a test and
used by archaeologists to answer specific research questions. In order for the system to be fully
functional, it has to be expanded and data concerning the entire building has to be integrated. Of
crucial importance is also the development and formulation of an adequate ontology. In fact,
according to Niccolucci et al, who advocate the importance of ontologies for an efficient and
meaningful interpretation, “..data cannot be compared, if the data structures have no clear semantics
(identity of concepts employed for data structures), and the provenance of knowledge is not
transparent”’ [2015: 3].
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4. CONCLUSIONS

This study has shown how old and new datasets related to building archaeology, acquired with
different methods and over a time period of a century, can be integrated into one three-dimensional
platform. The implemented data can be visualized, queried and manipulated in novel ways that
would not be possible without the use of a 3D GIS. Of crucial importance is the simultaneous
development of an ontology and an appropriate data structure for the system in order to exploit its
full potential.

The goal of such a platform is to facilitate interpretation and understanding of the information and
material concerning a building for researchers. Thanks to the flexibility of the software and its
independence of scale, it is possible to create information systems in a wide range of level of detail,
from dataregarding entire building sections, to single stones or even marks on stones. Consequently,
the amount of data as well as the amount of time and work spent in creating the system will vary
substantially. Incorporating all the available datasets on a structure might not be necessary or even
desirable, depending on the questions asked. It is thus up to the researcher to decide the level of detail
for a project and which combination of datasets are interesting to explore and to integrate into the
system.
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