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Field archaeology is a science in which the objects of study are often destroyed
during excavation. Historical monuments are often threatened by exposure to
the elements and other environmental influences. Documentation is therefore in-
dispensable in the former case and an essential part of the conservation process
in the latter.

Documentation methods are moving more and more into the 3D space, so it
makes sense to do more remote sensing in the third dimension as well. The
present work is a continuation of the authoris project ArchEye, which was one of
the first applications of Unmanned Aerial Vehicles (UAVs) for documentation tasks
in archaeology and one of the first archaeological uses of hobbyist multi-copter
technology when it started in 2009. It demonstrated the wide range of applications
for small drones in archaeology. The experience of this project clearly showed that
more automation could improve the efficiency of documentation. Consequently,
this thesis approaches this task by leaving behind traditional 2D photo stitching
and focusing on 3D recording using Structure from Motion (SfM) with the help of
UAVs. The experience of the ground-based SfM approach is outlined in the au-
thoris Masteris thesis entitled From photos to a 3D model: open-source close range
photogrammetry for use in archaeology* formed another essential basis for this work.

From the beginning, the aim of this thesis was to achieve a complete method
for this approach, because on the one hand a thorough 3D documentation with
UAVs and SfM requires specific strategies for the acquisition. On the other hand,
the analysis of the resulting 3D data requires tools and knowledge of what can be
achieved with them. The limitations of the proposed method are outlined in its
specific steps.

Therefore, this thesis presents the technical parts of the data acquisition with
UAVs and SfM, but also software and methods for documentation, which are elab-
orated on several examples. To put the results of the approach into perspective,
a comparison with other 3D recording methods is shown and discussed.

The structure is quite clear and rather concise to guide the reader through the
whole process.

1 In German: Vom Foto zum 3D-Modell: Open-Source-Nahbereichsphotogrammetrie im Einsatz f¢r die
Arch2ologie.
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Die Feldarch2ologie ist eine Wissenschaft, bei der die Forschungsobjekte w2hrend
der Ausgrabungen oft zerst®rt werden. Historische Denkm?aler sind h2ufig durch
Verwitterung und andere Umwelteinfl¢ sse gef2hrdet. Daher ist die Dokumentati-
onimersten Fall unerl2sslich und im zweiten Fall ein entscheidender Teil des Kon-
servierungsprozesses. Aktuelle Dokumentationsmethoden nutzen zunehmend die
Datenerfassung im 3D-Raum, so dass es sinnvoll ist, auch die Bauwerksdokumen-
tation auf die dritte Dimension auszuweiten.

Die vorliegende Dissertation setzt das Projekt ArchEye fort, das bei seinem Start
im Jahr 2009 eine der ersten Anwendungen von Unmanned Aerial Vehicles (UAVS)
f¢r Dokumentationsaufgaben in der Arch@ologie darstellte und eine der ersten
Anwendungen der Multikoptertechnologie aus dem Hobbybereich war. Es zeig-
te bereits die vielféltigen Einsatzszenarien kleiner Drohnen in der Arch2ologie.
Die Erfahrungen aus diesem Projekt machten deutlich, dass eine weitere Auto-
matisierung die Effizienz der Dokumentation steigern k®nnte. Die vorliegende
Arbeit greift dieses Themaauf, indem sie ¢ ber das traditionelle 2D-Photostitching
hinausgeht und sich auf die 3D-Datenerfassung mit Structure from Motion (SfM)
durch UAVs konzentriert. Die Erfahrungen mit dem terrestrischen Ansatz aus
der Magisterarbeit des Autors mit dem Titel Vom Foto zum 3D-Modell: Open-Source-
Nahbereichsphotogrammetrie im Einsatz f¢ r die Arch®ologie. bilden eine weitere Grund-
lage dieser Arbeit.

VVon Anfang an war es das geplante Ziel dieser Arbeit, eine vollst? ndige Metho-
de f¢r diesen Ansatz zu realisieren, denn zum einen erfordert eine umfassende
3D-Dokumentation mit UAVs und SfM spezifische Aufnahmestrategien. Zum an-
deren erfordert die Analyse der resultierenden 3D-Daten Werkzeuge und Kennt-
nisse dar¢ ber, was damit erreicht werden kann. Die Grenzen der vorgeschlagenen
Methode werden anhand der einzelnen Schritte aufgezeigt.

In dieser Dissertation werden daher neben den technischen Bereichen der Da-
tenerfassung auch UAVs und SfM, aber auch Software und Methoden zur Do-
kumentation vorgestellt und an mehreren Beispielen erl2utert. Um die Qualit®t
der Ergebnisse dieses Ansatzes zu untersuchen, wird ein Vergleich mit anderen
3D-Aufnahmeverfahren durchgef¢ hrt und verifiziert.

Die Struktur der Arbeit ist so klar wie meglich, eher kurz und pr2gnant, und
f¢,hrt den Leser Schritt f¢r Schritt durch die gesamte Methode.
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Years ago, when | was a student at
the Institute of Prehistoric Archae-
ology at the University of Heidel-
berg, Professor Joseph Maran had
an aerial photograph of the famous
Mycenaean fortress of Tiryns on dis-
play in the corridor. The photo,
taken in 1994 from a balloon or
blimp, is a really nice one, show-
ing the whole of the well-fortified

city. But I always thought it was a
pity that the blimpis rope running
down to the ground was clearly vis-
ible fig. 1. This picture was one of
the reasons for me to look for dif-
ferent ways to create such a view
without any interference.

This photograph and a certain
curiosity is the reason for this thesis.

It is intended as a comprehensive
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and structured overview for all sci-
entists who are interested in remote
sensing technology applied to cultural heritage, especially archaeology. The con-
tribution to the scientific progress lies in the development and evaluation of these
methods. Therefore, many parts of this thesis consist of things that cannot be
qguoted or cited. In the examples, the archaeological and historical sections are
kept short, there are many experts who can explain these topics much better than
| ever could. Therefore, the focus will always be on the methods and how to pro-
duce results that provide complementary information to support archaeological
documentation and, more generally, for all scientific studies dealing with similar
topics.
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The first chapter of this thesis introduces the topic by showing
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0N N oo o wN

10




CHAPTER 1. INTRODUCTION
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Documentation is one of the most im-
portant tasks in archaeology. The com-
mon tools for documentation are de-
tailed and thorough descriptions of all
features, sections and finds. In addition

to surveying, features are drawn (see
fig. 2) and photographed, sometimes
with photogrammetric 2D image rectific-
ation. In addition to surveying with ata-
chymeter, 3D surveying is mostly done
with TLS, but more recently the Struc-
ture from Motion (SfM) method presen-
ted here is being used more and more,

00000 O° OO Oo0onon oooooom oooooo oo |- inereasingly with drones.
0 0000100 0000000 00 000 000000 OO0 00 This thesis deals not only with docu-

. mentation in Field Archaeology, but also

with Building Archaeology, simply be-
cause Unmanned Aerial Vehicles (UAVs) and Structure from Motion (SfM) are very
useful for recording buildings. However, although many of the methods are re-
lated, they differ in detail.

In Building Archaeology, documentation is important to keep track of the condi-
tion of historical monuments. Documentation must be useful not only for further
research but also for the reconstruction, renovation and conservation of buildings
[000000I0 o0 OO0OO 1999, p. 11]. It is often very expensive, especially when the
buildings are large, and it is usually necessary to erect scaffolding to reach every
spot. Here we can use the fourth dimension of documentation d time. By flying
at long intervals it is possible to detect differences in the objects such as small
movements, erosion or missing parts.

In Field Archaeology, extensive documentation is necessary because of the de-
struction caused by the excavation itself and the irretrievable loss of features. This
Is particularly the case in rescue excavations, where everything has to be done




1.2. SCIENTIFIC OBJECTIVES

quickly, and once the archaeologist has completed his task, the excavators usu-
ally remove the historic remains irretrievably.

As the budget for archaeological excavations and documentation is very lim-
ited in many cases, and as time is often very short, the methods presented in this
thesis can help by improving the speed of documentation and by adding a three-
dimensional model to the documentation. Some features can be recorded that
would otherwise either go unnoticed, be difficult to grasp or, in the worst case,
simply get lost when using the description and photographs alone. It must be
made clear that they cannot replace work on the object, but they do add value.

SfM is the method of choice, because most of the tools for the recording are
already available on an excavation project: a camera and surveyed control points.
SfM is a recording method that is easily accessible to archaeological staff in the
field. Other methods of 3D data acquisition on the other hand, such as TLS (see
sec. 5.7.1, p. 65) and Structured Light Scanning (SLS) (see sec. 5.7.2, p. 66), require
longer training and more expensive equipment. A both are active measurement
systems, their accuracy is higher from a surveying point of view, but they have
other limitations and require trained experts for recording.

With the information on the importance of documentation in mind, the aims of
this thesis are presented in the next section.
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The use of Unmanned Aerial Vehicles (UAVs) has had aremarkable impact on the
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