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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 authorõs project ArchEye, which was one of
the first applications ofUnmanned Aerial Vehicles (UAVs) for documentation tasks
in archaeology and one of the first archaeological uses of hobbyist multi-copter
technologywhen it started in 2009. It demonstrated thewide 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-
thorõs Masterõs thesis entitled From photos to a 3D model: open-source close range
photogrammetry for use in archaeology1 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 andmethods 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
Archªologie.
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Die Feldarchªologie ist eineWissenschaft, bei der die Forschungsobjektewªhrend
der Ausgrabungen oft zerstºrt werden. Historische Denkmªler sind hªufig durch
Verwitterung und andere Umwelteinfl¿sse gefªhrdet. Daher ist die Dokumentati-
on im ersten Fall unerlªsslich und imzweiten Fall ein entscheidender Teil desKon-
servierungsprozesses.AktuelleDokumentationsmethodennutzen zunehmenddie
Datenerfassung im 3D-Raum, so dass es sinnvoll ist, auch die Bauwerksdokumen-
tation auf die dritte Dimension auszuweiten.

Die vorliegendeDissertation setzt das ProjektArchEye fort, das bei seinemStart
im Jahr 2009 eine der ersten Anwendungen von Unmanned Aerial Vehicles (UAVs)
f¿r Dokumentationsaufgaben in der Archªologie darstellte und eine der ersten
Anwendungen der Multikoptertechnologie aus dem Hobbybereich war. Es zeig-
te bereits die vielfªltigen Einsatzszenarien kleiner Drohnen in der Archªologie.
Die Erfahrungen aus diesem Projekt machten deutlich, dass eine weitere Auto-
matisierung die Effizienz der Dokumentation steigern kºnnte. Die vorliegende
Arbeit greift dieses Thema auf, 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
derMagisterarbeit desAutorsmit demTitelVomFoto zum 3D-Modell: Open-Source-
Nahbereichsphotogrammetrie imEinsatz f¿r die Archªologie. bilden eineweitereGrund-
lage dieser Arbeit.

Von Anfang an war es das geplante Ziel dieser Arbeit, eine vollstªndigeMetho-
de f¿r diesen Ansatz zu realisieren, denn zum einen erfordert eine umfassende
3D-Dokumentationmit UAVs und SfM spezifische Aufnahmestrategien. Zum an-
deren erfordert die Analyse der resultierenden 3D-Daten Werkzeuge und Kennt-
nisse dar¿ber,was damit erreichtwerden kann.DieGrenzender 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 erlªutert. Um die Qualitªt
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 mºglich, eher kurz und prªgnant, und
f¿hrt den Leser Schritt f¿r Schritt durch die gesamte Methode.
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Years ago, when I 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 blimpõs 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
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
quoted 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
I 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.

III



?ailmujcbcekclrq

This dissertation has been supported by many people, both from universities,
state offices and private individuals. It would also not have been possible without
the support of my fellowship within a Twinning project from the special funds
of the Program Scientific Computing of the Institutional Strategy of the University
of Heidelberg, financed by the German Research Foundation (DFG). I am also
very grateful for this opportunity and for the support of the Heidelberg Gradu-
ate School of Mathematical and Computational Methods for the Sciences (HGS
MathComp).

I am very grateful for all of this support.

I would also like to thank my family and friends for always having my back
and going on many adventures with me.

IV



Amlrclrq

?`qrp_ar G

Xsq_kkcld_qqsle GG

Dmpcumpb GGG

?ailmujcbekclrq GGG

/, Glrpmbsargml /
1.1. The Importance of Documentation in Archaeology . . . . . . . . . . 2
1.2. Scientific Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Outline & Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4. Preliminary work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5. Related projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

0, Bmaskclr_rgml gl Asjrsp_j Fcpgr_ec //
2.1. General Archaeological Documentation Techniques . . . . . . . . . 12
2.2. The Documentation Process in Building Archaeology . . . . . . . . 16
2.3. Remote Sensing in Archaeology . . . . . . . . . . . . . . . . . . . . . 16

1, B_r_ _lb F_pbu_pc Gldp_qrpsarspc /7
3.1. Data Structures for 3D Applications and GIS . . . . . . . . . . . . . 20
3.2. Data Transfer Infrastructure . . . . . . . . . . . . . . . . . . . . . . . 22
3.3. Computing Infrastructure . . . . . . . . . . . . . . . . . . . . . . . . 24

2, Slk_llcb Tcfgajcq 03
4.1. Unmanned Ground Vehicles . . . . . . . . . . . . . . . . . . . . . . 26
4.2. Autonomous Water Vehicles . . . . . . . . . . . . . . . . . . . . . . 26
4.3. Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . 27
4.4. UAVs Used in This Thesis . . . . . . . . . . . . . . . . . . . . . . . . 37

3, Qrpsarspc+dpmk+Kmrgml 25
5.1. Introduction to Cameras and Sensors . . . . . . . . . . . . . . . . . . 49
5.2. Ground Sampling Distance . . . . . . . . . . . . . . . . . . . . . . . 51
5.3. Cameras Used in This Thesis . . . . . . . . . . . . . . . . . . . . . . 52
5.4. Resolution and Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.5. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.6. Practical Workflow by Example . . . . . . . . . . . . . . . . . . . . . 55
5.7. Related Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

V



4, Qmdru_pc 47
6.1. Flight Planning Software . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.2. Structure from Motion Software . . . . . . . . . . . . . . . . . . . . . 75
6.3. Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.4. Presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5, 1B+Bmaskclr_rgml ?nnpm_af 63
7.1. Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2. Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6, ?l_jwqgq $ Npcqclr_rgml /./
8.1. Analysis by Data Type . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.2. Specific Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.3. Presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

7, A_kn_gelq $ Pcqsjrq ///
9.1. Troizen (GR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
9.2. Lorsch, Abbey and Kingõs Hall (DE) . . . . . . . . . . . . . . . . . . . 125
9.3. Gelnhausen, Kaiserpfalz (DE) . . . . . . . . . . . . . . . . . . . . . . . 134
9.4. Worms, Jewish Cemetery Heiliger Sand (DE) . . . . . . . . . . . . . 143
9.5. Wetzlar, Kalsmunt Castle (DE) . . . . . . . . . . . . . . . . . . . . . 145

/.,Bgqasqqgml _lb Amlajsqgml /33
10.1. Discussion of Collection & Analysis Methods . . . . . . . . . . . . . 156
10.2. General Quality Assessment of SfM . . . . . . . . . . . . . . . . . . 161
10.3. Quality Assessment of Selected SfM Results . . . . . . . . . . . . . . 162
10.4. Comparative Analysis of Selected SfM Results . . . . . . . . . . . . 172
10.5. Benefits for Archaeological Documentation . . . . . . . . . . . . . . 175
10.6. Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
10.7. Synopsis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

?nnclbgv /6/

?, Jgqr md Dgespcq /6/

@, @g`jgmep_nfw /75

VI



Af_nrcp /,

Glrpmbsargml

Chapter content

1.1. The Importance of Documentation in Archaeology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2. Scientific Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3. Outline & Contribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1. Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2. Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4. Preliminary work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1. Project ArchEye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4.2. Magister Thesis: Structure from Motion for Archaeology . . . . . . . . . . . . . . . . 8

1.5. Related projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Chapter description

The first chapter of this thesis introduces the topic by showing
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explained. The chapter concludes with the previous and related
work.
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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 a ta-
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,
increasingly with drones.

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 BuildingArchaeology, 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
[ ð 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 ð 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

2



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.

/,0, Qagclrgdga M`hcargtcq

The use ofUnmanned Aerial Vehicles (UAVs) has had a remarkable impact on the
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