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By the term ‘archaeological diagnostics’, we mean
a whole array of methodologies and approaches to
the survey of archaeological sites, mainly refer-
ring to those that do not imply excavations or at
least only very limited ones. ‘Non-destructive’ or
‘non-invasive’ approaches to the investigation of
ancient landscapes have always been available to
archaeologists, since the first methodological defi-
nitions of the discipline were drafted (e.g. Bradford
1957; Clarke 1977, 1990; Pasquinucci and
Trément 2000; Renfrew and Bahn 2000). Among
the most traditional methods, the collection of his-
torical documentation and the field survey are
undoubtedly the best developed, but aerial archae-
ology also provided a boost as soon as photogra-
phy and flying machines came into use (Chap. 2
by Ceraudo, in this volume). The use of ancient
sources, archive research and toponymy for the
investigation of cultural landscapes is so rooted
that it has not been possible here to devote specific
chapters to these branches of archaeological
research. Robust new GIS processing of historical
cartography could surely have merited special
attention (some reviews of recent case studies are
in Corsi and Vermeulen 2007 and Borner et al.
2012). However, we have decided to limit the
already wide spectrum of this volume to the new-
est technological developments achieved in remote
sensing and geophysical surveying and to the most
recent methodological innovations that have been
introduced to the broad approach of the archaeo-
logical survey of greenfield sites.

A very important section of this volume deals
with aspects related to the visualisation of survey
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data and their valorisation. In the field of digital
technologies for virtual reconstruction and data
visualisation, recent years have seen not only
spectacular developments but also a growing
awareness of the need for ‘regulation’ and the
delineation of standards and guidelines. In this
regard, we present here the up-to-date results of
the international debates that have produced the
indispensible ‘charters’ of London and Seville.

When we attempted this enterprise, we were
obviously aware of the fact that the themes
encompassed would be very extensive and that
this collective work could not hope to be compre-
hensive, neither in the range of topics nor in the
technicality of the contributions. Our intention
was, and still is, primarily to report on the inten-
sive exchange and collaboration carried out in
recent years and secondly to offer an up-to-the-
minute hint for further discussion.

Not least, our intention is also to provide an
instrument to young researchers and students as a
starting point for the framing these nowadays
very popular subjects of discussion and training
and to offer them the possibility of deepening
their knowledge of the aspects that they feel are
closest to their interests and suitable to their
talents.

We have taken care to avoid overlaps with
the much more technical manuals about specific
techniques, such as the very popular Seeing the
Unseen: Geophysics and Landscape Archaeo-
logy, edited by Salvatore Piro and Stefano
Campana (Campana and Piro 2009) and the
manual by Armin Schmidt entitled Geophysical
Data in Archaeology: A Guide to Good Practice
(Schmidt 2001a, 2013; see also Schmidt and
Ernenwein 2013) or the Arts and Humanities
Data Services Guides to Good Practice (2004,
available online at: http://www.ahds.ac.uk/
guides/). These indeed cover several fields, but
there is no framing of the disciplines, only guide-
lines for good practice in archiving and data
management. In the most recent book by Imma
Ollich-Castanyer, Archaeology, New Approaches
in Theory and Techniques (Ollich-Castanyer
2012), non-destructive approaches and the visu-
alisation and valorisation of complex sites do not
get any attention. About ‘cyberarchaeology’ and
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virtual reconstruction, we can only list the books
edited by Maurizio Forte (Forte 1997; Forte and
Williams 2002), Juan Barcelo et al. (2000), Gary
Lock (2003) and Mark Greengrass and Lora
Hughes (2008), just to mention a handful.

Instead, we have tried to cover the two main
spheres of our work: research and valorisation. We
have sought to provide a good coverage of the dif-
ferent methods of data capture, all possibly
included in the definition of ‘remote sensing’, and
we have provided an insight into the different
approaches to data integration. At the same time,
by mainly examining the aspects related to the
interpretation and visualisation of data and via
the discussion of specific management plans for
the valorisation of this peculiar category of site
where most evidence is ‘invisible’ to visitors, we
intend to lay the ground for a discussion about the
essential aspects of cultural heritage management.

The discussion about the basic principles of
the digital reconstructions has been extended on
several occasions to specialists and the wider
public. We are, of course, aware of the dangers,
but at the same time we want to stress how much
not only interdisciplinary teamwork but also 3D
visualisation has enhanced our comprehension of
spatial phenomena and relationships. Surely a 3D
digital reconstruction is more effective and ‘con-
vincing’ than a plan reconstructing the layout of a
town; however, it is not necessarily more ‘inven-
tive’” or less scientific.

1.1 Making a ‘Radiography’

of the Past

This book constitutes the final and possibly most
durable ‘deliverable’ of the project Radio-Past
(www.radiopast.eu), the Marie Curie/People
Industry and Academy Partnerships and Pathways
(IAPP) project entitled, ‘Radiography of the past:
Integrated non-destructive approaches to under-
stand and valorise complex archaeological sites’
that has aimed to join together different resources
and skills to improve, refine and validate inten-
sive archaeological surveys on complex sites,
with a special focus on abandoned ancient urban
sites in the Mediterranean.
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To fulfil the objectives of the programme, the
consortium of seven partners was composed of
academic institutions, University of Evora (P),
Ghent University (B), University of Ljubljana
(SL) and the British School at Rome (UK), and
private companies, 7Reasons Media Agency (A),
Past2Present (NL) and Eastern Atlas (D).

The Radio-Past project has sought to integrate
different methodologies in the widely developed
field of non-destructive survey technologies as
applied to archaeology, and it has also pursued
the validation of the results through innovative
methods of visualisation and the development of
strategies for the efficient management of the
cultural heritage sites studied. One of the main
objectives of this project was to allow a multi-
plicity of methods and research approaches and
to generate methodological guidelines for archae-
ological diagnostics. The idea was to develop a
standard set of survey approaches, based on a
series of already widely used methods as well as
more innovative methods such as active low-
altitude aerial photography, geophysical prospec-
tion, light detection and ranging (LiDAR) surveys
and geomorphological observations, which can
in the future be efficiently used in a comparable
and integrated way on a wide range of complex
sites in Europe.

Furthermore, the project was also concur-
rently targeting the development of effective sci-
entific systems for the dissemination of survey
results. In particular, the combination of high-
resolution fieldwork with computer-based means
of mapping and data visualisation allows the vir-
tual reconstruction of buried towns or large set-
tlements within a relatively short space of time,
as opposed to the more traditional excavation-
centred approach where it can take generations
before a broader view of the site becomes
available.

With these aims in mind, a link-up was pur-
sued between the project and the EU policies for
cultural heritage and landscape management.
The core field research done within the frame-
work of Radio-Past is fully compliant with
Article 3 (ib) of the European Convention on the
Protection of Archaeological Heritage, better
known as the Treaty of La Valletta 1992, where it

is stated that ‘to preserve the archaeological heri-
tage and guarantee the scientific significance of
archaeological research work, each Party under-
takes: ... to ensure ... that non-destructive meth-
ods of investigation are applied wherever
possible’. Cultural heritage management authori-
ties will benefit widely from this approach as
such integrated surveys of complex sites will
provide them with a very effective tool for gaug-
ing the degree of archaeological survival on sites
in their care and for choosing appropriate conser-
vation strategies.

The operative strategy that the consortium
decided to apply is the creation of ‘open laborato-
ries’, that is, archaeological sites where fieldwork
was ongoing over several years, if not decades,
and where the partners were involved at different
levels. These sites are spread over the
Mediterranean, including the Atlantic Lusitania
(Ammaia in Portugal), the Tyrrhenian coasts
(Mariana in Corsica and Portus at the mouth of
the River Tiber), Adriatic Italy (Potenza Valley),
the Aegean Sea (Boeotia) and reaching beyond
the Alps to Carnuntum along the Danube
(Austria). The idea was to test and validate meth-
odologies and strategies and discuss results and
interpretations. The Roman town of Ammaia was
the most important ‘open lab’ of the project; here,
all the teams gathered periodically for survey
campaigns and carried out processing, interpreta-
tion and visualisation and even training activi-
ties. Strategies for the validation of the results
were developed in all the partner institutions,
while dissemination activities were conducted
regularly at all levels.

For this reason, the Ammaia case study has
played a key role in some of the papers col-
lected here. However, we have always been
concerned to develop standards and guidelines
for good practice that can be extended to every
type of ‘complex archaeological site’. It is
undoubtedly true that all archaeological sites
are complex, but we would like to stress here
that by this definition we mean large settle-
ments where structures, buildings and infra-
structures are developed and where a long
occupation has possibly brought with it trans-
formations and overlapping changes.



The authors of the contributions have been
selected from among the research ‘staff’ of the
project but they also include internationally
known specialists who were involved as speakers
at the two international events organised in the
framework of the project (the Valle Giulia
Colloquium of Rome, 2009; the Colloquium of
Ghent, 2013) and the three Specialisation Fora,
the high formation training activities organised in
2010, 2011 and 2012.

In this way, this volume offers contributions
on different aspects of the full research process
(data capture, data management, data elabora-
tion, data visualisation, site management, dis-
semination and communication and even data
presentation), setting out the most up-to-date and
state-of-the-art guidelines for good practice in
each field.

1.2  Data Acquisition Versus

Understanding

However, the intention of this collective work is
to go beyond the aspects of ‘archaeological diag-
nostics’ that have already been carefully explored
in depth. We have sought, indeed, to bid for the
deeper disclosure of possibilities offered by the
integration of these different survey techniques,
going beyond the data capture procedures to pen-
etrate the most important aspects of interpreta-
tion and understanding.

Too often in fact we are confronted with ‘revo-
lutionary discoveries’ that are instead just puz-
zles of data without any historical in-depth or
methodological criticism. Knowledge is very dif-
ferent from data collection, and aspects related to
interpretation should be carefully and openly
discussed.

A recent essay by Martin Millett offers a very
good résumé of the contribution of geophysical
surveys to the understanding of complex sites
and specifically of Roman towns. Yet, when
describing the methodological framework, he
mentions only the surface collection and topo-
graphical survey as approaches used ‘to investi-
gate a full range of Roman urban centres’ in
central Italy. These approaches are considered
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‘antagonists’ of the previous archaeological work
focused on excavation and study of above ground
architectural remains, which produced ‘high-
resolution’ data about very limited parts of the
settlements. Within this framework, I consider
that the contribution of the full panoply of non-
invasive instruments of research should not be
underestimated, which is — to resume our com-
parison with the medical diagnostic — the anam-
nesis part of it. Neglecting historical sources and
historical cartography and ignoring previous
research do affect our understanding of the settle-
ments and of the human beings who populated
them, of the social structures which animated
them and of the processes and the activities which
took place there.

So, if it is true that remote sensing and geo-
physical surveys in archaeology are undergoing
increasingly sophisticated technological devel-
opment and achieving increasingly reliable
results and that the rapidity of the process of
acquisition and analysis of data have achieved
unprecedented quality and unparalleled resolu-
tion, it is also true that the methodology of
research cannot only be inspired by the objective
of the ‘maximization of data collection across as
broad an area as possible’ (Millett 2012, p. 26):
historical criticism and the distinction between
data acquisition and the generation of knowledge
have always to be kept in mind. The methodolog-
ical framework for this type of research still has
to be considered, and much more theoretical
elaboration is needed when (and if) we formulate
the scientific questions behind our research.

It is intended that this volume should make
ripples in the stagnant pond and stake out the
ground for further discussion.

1.3 A Question of Integration

We fully agree with the warning by Keay et al.
(2009, pp. 154-155) that it is simplistic and
superficial to think that applying only a single
technique of geophysical surveying can enhance
our ‘understanding’ of a certain ancient site, pro-
viding a bi-dimensional ‘accurate and high-
resolution representation of archaeological and



1 Good Practice in Archaeological Diagnostics: An Introduction 5

geomorphological features’. Only an integrated
survey ‘can furnish the researcher with a variety
of data sets and provide a more nuanced and
complex representation of a site’.

In this sense, it is possibly more proper to
refer to data fusion and to the problems related to
it (an issue relatively recently discussed by Armin
Schmidt 2001b). Data fusion, mostly undertaken
when data capture has been carried out using the
same parameters and resolution, has proved to be
very efficient at enhancing the quantity of
detected features and the quality of their
interpretation.

However, our idea of integration goes deeper
into the complexity of the reconstruction of an
‘invisible’ or yet almost completely buried settle-
ment, starting from understanding the reasons for
its birth and for its abandonment, grasping its
three-dimensional characteristics, going through
its rise and decline and its changes and transfor-
mations and understanding the material culture
and the daily life of its inhabitants.

For these reasons, when carrying out field-
work, we have sought to apply the widest range
of approaches, and in this volume we assembled
papers from specialists in different disciplines.
The underlying philosophy is that only a real and
strong integration of approaches and techniques
can bring about the understanding of a complex
site, and for these reasons, in the project Radio-
Past and in this book, we have pulled together
researchers from disparate fields (archaeology,
geophysics, geology, geomorphology, ICTs,
CAD and virtual reality, cultural heritage man-
agement, chemistry, archaecometry, etc.).

This extended concept of ‘integration’ brings
out a theme raised by Jeroen Poblome during the
closing panel of the Radio-Past Colloquium, held
in Ghent in January 2013. I share the worry that
the increasing level of specialisation and techno-
logical mastery is promoting the idea that a ‘stan-
dard’ research requires all these branches of
science to be mastered at the highest level and
that no decent project can be carried out without
deploying a full array of expensive techniques,
which require the most specialised know-how
and the state-of-the-art instrumentarium. This is
obviously not true, but it is undeniable that

multidisciplinary teamwork and the integration
of staff and resources are necessary to tackle
research agendas in a well-designed and well-
managed project.

Related to this aspect of research agenda and
guidelines, some words have to be said about the
structuring of ‘workflows’. We intend this term in
its widest meaning, as planning the full process
from data collection and fieldwork to the
archiving and data processing phases, from the
visualisation of results to the communication and
dissemination to all kinds of audiences, until the
valorisation and management of the sites.

When drafting the proposal for the project
Radio-Past, this aspect of the valorisation of
these very peculiar sets of survey data was spe-
cifically taken care of. Archaeology cannot post-
pone anymore the urge for society of playing a
‘social’ role, for sustainable development and for
the valorisation of our cultural heritage and of
our historical landscapes. The public widely per-
ceives archaeology is synonymous only with
excavations, and people interpret the mission of
archaeologists as only having as its aim a ‘find-
ing’, and they do not see it as a process of ‘under-
standing’ our past. The elaboration of targeted
management plans for sites where most of the
archaeological evidence is ‘invisible’ is a first
step toward the sustainable integration of archae-
ology into the social and economic texture of
smaller and wider regions.

1.4  Size Matters

When attempting the survey of a complex site,
we have to face the matter of the °‘scale’.
Townscapes and landscapes require different
ranges of resolution, but whatever the case, high
resolution of smaller fields or lower resolution of
larger extents is unavoidably related to huge
amounts of data, bringing with it troubles with
data archiving, processing and retrieving.
Technological developments, starting with digi-
tal cameras and the diffusion of low-altitude fly-
ing devices like drones for remote sensing and
real-time kinematic (RTK) automatic or mechan-
ical sensors for geophysical surveys, have



exponentially increased the amount and the reso-
lution of data available for each site. Most ICTs
and GIS processing has also dramatically
enhanced the quantity and quality of information
that we can retrieve from ‘traditional’ sources,
like historical cartography and pictorial urban
and country landscapes views.

The relationship between the time invested in
the survey and the extent of the surface area sur-
veyed or the resolution of each unit of surface has
increased enormously, which means that in the
same time span, we can now investigate much
wider terrains or in the same time span obtain a
much higher resolution. But the processing time
has not been cut down at the same rate, and data
management is becoming a higher priority in our
workflow. This raises the issue of complexity: the
availability of more data can surely enhance the
quality of the result but can at the same time raise
more questions for interpretation.

1.5  The Fourth Dimension

The term ‘complexity’ occurs very frequently in
our discussion, and it can be applied to most fac-
ets of the general interpretation of sites investi-
gated mainly by means of non-destructive
approaches. With rapidly increasing experience
and know-how, the availability of very extensive
comparative research and the technical and tech-
nological improvements in hardware and soft-
ware have made the interpretation of individual
features faster and easier; but we have to admit
that we are still too often powerless when we
have to understand the fourth dimension.

Diachronic evolution can be in most cases be
snatched by collecting surface artefacts, and rela-
tive chronology can be glimpsed with the help of
a ground-penetrating radar (GPR) survey. But
absolute chronology is still the exclusive domain
of traditional excavations, and therefore it is lim-
ited to the few ‘windows’ that we can open to it in
a complex and large site.

This consideration does not have to spoil the
enthusiastic atmosphere that is at the moment
animating the teams working on these themes,
but there is a challenge at stake here.

C.Corsi

For the time being, there will be continue to be
a topic of discussion about whether it makes
sense to search for the standardisation of proce-
dures in archaeological surveys. We are aware
that geographical and cultural peculiarities,
which have been shaped by the elapsed centuries
of different types of land use, make each archaeo-
logical site a case study in itself, but we are keen
to prosecute the delineation of guidelines for
good practice in archaeological diagnostics.

If archaeological diagnostics aspires to be con-
sidered a science in all respects, this is a process we
have to endure. It has worked with the stratigraphic
excavation methodology — why not with survey?
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Fig. 2.1 Oblique aerial photograph of Paris taken by
Nadar in 1858 (Piccarreta and Ceraudo 2000)

and widespread adoption that might have been
expected. In other countries like the UK and
Germany, instead, developments of instruments
(cameras and aircrafts) and know-how (photo-
interpretation techniques) were progressively
achieved.

With the outbreak of the First World War,
aerial photography became a key tool in military

reconnaissance, and consequently the procedures
useful for the reading and interpretation of photo-
graphic images began to be codified and refined.
From the large quantity of aerial photographs
taken for military purposes in those years, les-
sons were learned that would also be of use to
studies of archaeological topography (Fig. 2.6).
In Italy however with the exception of a few
attempts by Giuseppe Lugli, effective and rigor-
ous applications of this tool began to be seen only
after the Second World War with the fundamental
work of Ferdinando Castagnoli, John Bradford,
Giulio Schmiedt, Dinu Adamesteanu, Nereo
Alfieri and others.

In the interwar period, the use of aerial photo-
graphs for archaeological purposes saw signifi-
cant development, including on a theoretical
level.

Between 1925 and 1932, important research
was conducted at the behest of Father Antoine
Poidebard, particularly in Syria (Fig. 2.7). This
soldier and clergyman, nicknamed the “Flying
Priest”, established the foundations of archaeo-
logical photo-interpretation and provided valu-
able insight concerning the timing and the
techniques required in order to ensure the appear-
ance of certain archaeological features in the
photographic images.

By then, the utility of aerial photography in
desert contexts, where the continuity of settle-
ment had been interrupted, was well established.
In contrast there remained much doubt about its
potential for areas that are still inhabited and cul-
tivated today, where it was assumed that succes-
sive human transformations must have obliterated
any trace of their most ancient phases. However,
the studies by O.G.S. Crawford conducted in
Great Britain from 1922 onwards demonstrated
the extensive applicability of the method even in
areas characterised by long-standing continuity
of settlement. In several European countries, and
in many of the lands included in their expanding
colonial domains, aerial photography for archae-
ology was applied by amateur pilots but also in
the framework of governmental-supported aerial
reconnaissance programs.

The start of the Second World War led to the
interruption of the research, but it also provided
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Fig. 2.2 The captive balloon of Brigata Specialisti of the Military Engineers of Italian Army inside the central nave of
the Basilica of Maxentius (early 1900s) (Ceraudo 2004)

researchers with an enormous quantity of photo-
graphic material that had been acquired for mili-
tary reasons (Fig. 2.8). The result was a
considerable boost for this type of study, which
by then was well past its pioneering stage. Indeed,
a substantial quantity of images from that time is
held by a number of important aerial photogra-
phy archives throughout Europe.

The numerous images acquired in those years
today provide us with historic testimony concern-
ing the organisation of territories before the
extensive urbanisation and infrastructure build-
ing that was to profoundly alter the agrarian land-
scape of Italy and Europe as a whole in the
post-war period. Paradoxically, these images
were in some ways more representative of the
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Fig. 2.3 Excavation campaign in the central part of the forum (area of Comizio and of Niger Lapis) recorded by
G. Boni on a captive balloon of Brigata Specialisti of the Military Engineers of Italian Army (Ceraudo 2004)

ancient layout of places than of the modern
situation.

In the subsequent period, from 1960
onwards, Europe saw growing interest in the
various techniques used in aerial photography
as applied to archaeology. In Italy, however,
such images were mostly limited to vertical
photos of the military type, more suitable for an
overall reading of the terrain. This was a direct
consequence of a restrictive law dating back to
1939 which banned private companies and
organisations from freely taking aerial photo-
graphs at low altitudes.

In contrast, in some European countries (Great
Britain, France, Belgium, Germany), there was a
tendency for systematic aerial reconnaissance to
be conducted by private aviators (two famous
names in this regard are Roger Agache and Otto
Braasch) or by specially created research
centres.

In addition the period saw many important
events which provided an occasion for cultural
exchange, including the 8th International
Congress of Classical Archaeology in Paris 1963;
the 10th Congress of the International Society of
Photogrammetry, Lisbon 1964 and the 2nd
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Fig. 2.4 Stonehenge from an Army balloon (Sharpe 1906) (Bewley 2004)
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Fig. 2.5 Aerial sight of Ostia during the excavations of Vaglieri and of a lost bight of Tiber (1911) (Shepherd 2007)

International Symposium on Photo-interpretation
in Paris 1966. Nor was Eastern Europe unaf-
fected by this enormous flourishing of research
based on aerial photography, important studies
were conducted in Russia (on the remains of cen-
turiation), Poland (systematic territorial research)
and Yugoslavia (on the layout of Greek colonies
in Dalmatia). More recently, following the fall of
the Berlin Wall, work has been conducted in
Slovakia and Romania.

From this point onwards, even in Italy, which
by then had largely caught up with the other
nations, the method spread thanks to the work of
proficient scholars: as well as the work of
Schmiedt at the Istituto Geografico Militare in
Florence, also worthy of mention are the activi-
ties of the Istituto di Topografia di Roma e

dell’Italia antica of “La Sapienza” University of
Rome headed by Castagnoli.

The comparison is useful, concerning the last
few years, with foreign colleagues who have for a
longer time been developing the activity of aerial
recognition and who have promoted and fuelled
discussion and comparison in a sector whose
fields of action was certainly limited by restric-
tive norms, now fortunately abolished.
Nevertheless, this scientific activity was always
vital and dynamic, with deep roots, and it is his-
torically testified in the boundless specialized
bibliography.

It must be reaffirmed, however, that this line
of research is valid only if founded upon solid
cultural bases and connected to a well-rooted tra-
dition of studies, with professionalism and
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Fig. 2.6 Siracusa, the Neapolis area photographed from a biplane bomber, the Caproni Ca3. Under the wing of the
biplane are the ruins of the amphitheatre and theatre (Ceraudo 2004)

competences tied up to the activity on the territory.
We risk starting with inadequate phenomena:
some abstractions are unfortunately too technical
and, in line with much present-day thinking, are
more interested in the projects than in the works
themselves, or there may be confusion, due to the
lack of formation of a basis, as a result of which
the instruments used for the research (we allude, in
this sphere, to surveys, aerial recognition and rela-
tively oblique photographs) have sometimes been
taken over by disciplines (Fig. 2.9).

Among these “tools”, the use of aerial
photography has increased notably in differ-
ent directions: on the one hand the areas inter-
ested in the experiences of archaeological

photo-interpretation have increased, and on the
other hand there is a stronger interest in carto-
graphic representations of the territory, both as
basic cartography — an essential support for
knowledge and for guardianship — and as pho-
togrammetry adapted for archaeological use.
From the methodological point of view, I
remain convinced that the use of aerial photogra-
phy must be tightly tied to the primary demand
of contextualization and the topographical posi-
tion of the find — its trace — and to its precise
survey. The design phase, which is the action to
fix a defined object in space and in this case to
position it on the map (cartographic position-
ing), even if as a trace, constitutes the essential
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Fig. 2.7 Palmyra view from SW through the Valley of the Tombs in an oblique aerial photo of Poidebard in 1937
(Denise and Nordiguian 2004)

presupposition for the knowledge and protection
of the cultural heritage (Fig. 2.10). In the specific
case of archaeological traces, even if they are
individuated, interpreted and described, but not
georeferenced with aerial photogrammetric res-
titution, they will remain abstract elements,
uprooted from their context, and only a passing
moment in the research of a determined territory,
on which it would thus be impossible to effect
exhaustive studies or to practise any action of
guardianship.

Even if the digital image is confidently set out
to be the only tool to be exploited, the existence
of an enormous quantity of traditional aerial
images on film, a lot of them still “unpublished”,
preserved in the aerial photographic archives and
still to be read and elaborated, makes it essential
to maintain procedures and the “know-how” nec-
essary to competently extract the data contained
in them. It is worth remembering that a stereo-
scopic strip of vertical aerial photographs is read-
able (and therefore measurable) in three
dimensions and that non-perceivable data, at
times on a single frame, analogue or digital, can

be extrapolated with traditional techniques that
permit the employment of suitable instrumenta-
tion that can be used for the emphasized percep-
tion of the relief (stereoscopes) (Figs. 2.11 and
2.12). In my opinion, a superior refinement of
archaeological photo-interpretation is possible
that elaborates and will not neglect even the
smallest signs that are potentially contained
within the aerial images, in the attempt to recover
data from indexes that are fragmentary or barely
visible on the ground. This is undoubtedly less
sensational than some amazing oblique photo-
graphs but equally important for an integrated
and scientifically valid activity of research.

It is obvious that the data elaborated by the
reading of the aerial photographs (vertical and
oblique, historical and recent), in the specific
case of archaeological traces, obligatorily
requires a punctual check on the ground to be
able to pass from the level of generic indication
to that of archaeological evidence of all the
effects: a presumed archaeological trace, seen on
an aerial image, has necessarily to be connected
to objective data, that can be checked only after
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Fig.2.8 R.A.F aerial photograph of March 15, 1944. At bombed to devastating effect. The damage is clearly visi-
the foot of Monte Cassino, with the Abbey already heav-  ble through the dense smoke and dust near the remains of
ily damaged, and the area of the modern town have been  the Roman city of Casinum (Ceraudo 2004)
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Fig. 2.9 At the rop, historical aerial photo of the town of ~ 1997) and oblique (LabTAF 2005) of two sections of the
Arpi (IGM 1954); in the middle and below, in compari-  old town (Ceraudo 2008)
son, vertical aerial photos (Aerofotogrammetrica Nistri
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Fig. 2.10 The archaeological map of Arpi (Guaitoli 2003)

direct verification on the ground by experts on
the subject.

In recent years, the evolution of the discipline
has become particularly advanced, not so much
as regards the basic methodology of the research,
by now fixed exactly on the lines established at
the end of 1800, but in terms of the availability of
new instruments derived from technological
progress and from close integration with other
disciplines, in both the humanistic and natural
sciences fields. Rediscovered in these last few
years by sectors of study and research that were
previously unconcerned with the problems of

topographical research, it is still an object of
debate and theories, as attempts are made to fix
the guidelines and techniques of execution,
although for a long time already these have been
defined and routinely applied by employees.

A comparison is necessary, even in these dif-
ferent ways of working, so as to be able to direct
our discussion towards the need for refinement
and development, a need which is implicit in sci-
entific research.

The limits and merits of this instrument of
investigation have, in reality, been well known
for a long time to all those people who regularly
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operate in the sector. “New” different terminolo-
gies are added to the old wording, all of which,
among other things, are inherent in the concept
and the methodology of the topographical inves-
tigation of the territory. To the specific subject of
“ancient topography” are added landscape

archaeology, field survey and total archaeology.
These are unexceptionable terms in themselves,
although perhaps more modern and attractive, but
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they are signs of the fact that there was the need
to express a certain multiplicity of interventions
on the territory; this multiplicity does not always
works out as an enrichment or with a precise defi-
nition, but is sometimes a symptom of the intro-
duction of elements of confusion that are
unfortunately not always confined to the formal
level, but at times risk infecting also the sub-
stance of the subject. From the terminology,

Fig. 2.11 Neolithic village near Masseria Fongo, S of Foggia. (a) Vertical photo, IGM May 1955; (b) oblique aerial

photo of May 2005 (Archive LABTAF)
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Fig. 2.11 (continued)

sometimes used in a provincial way, it is justifi-
able to deduce a certain confusion between the
means and the goal or rather between the means
of study and the instruments that are useful for
the research and the scientific goals of the
research itself, with an excess of evaluation or a
contortion of the traditional instruments of inves-
tigation which we are now accustomed to using.

In the meantime, unfortunately, there has been
an increase in the abandonment, looting and

destruction of the territory, with frequent peaks
of cancellation of a less developed morphology
that itself constituted historical testimony. To
arrest this folly, which is unfortunately very
widespread, it would not be enough to rely on the
increased availability of technologies whose
effect currently remains, for the most part, con-
fined within the limbo of good intentions.
Agricultural and public activities, great infra-
structural works, cementing over of the outskirts
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Fig.2.12 Veio. On the left, oblique aerial view of the central area of the ancient city (27/09/2010), on the right the same
area in a vertical photo (29/09/2010) (Archive LABTAF)

and the coasts and building abuses are progres-
sively and irreparably destroying our archaeo-
logical heritage.

The last few years have seen significant devel-
opment in the use of aerial reconnaissance and
aerial photography in studies of ancient topogra-
phy, with archaeologists acquiring their own
oblique images, which, together with new remote
sensing systems and technologies, represent the
greatest advance in the sector: reference can be
made here to infrared (false colour and thermal)
photographic images, multispectral and hyper-
spectral scanning sensors, radar and LiDAR
(Fig. 2.13) systems and the continuous evolution
of the use of satellite images (Fig. 2.14) (see
Chaps. 4, 5, 6, this volume).

2.2  Aerial Photography

Techniques

Aerial photography and aerial reconnaissance are
tools with numerous applications in archaeology:
in searching for and documenting new evidence,
graphic restitution and the presentation and con-
servation of sites.

The use of aerial photography is thus not lim-
ited to the identification and discovery of new
archaeological sites, but is a practice which over
the years has acquired increasing importance in
archaeology, and now plays a fundamental role in
all phases of research, from interpretation to doc-
umentation, not to mention its potential in the
safeguarding and monitoring of the sites them-
selves. Aerial photographs may be either vertical
or oblique images, and their combined use makes
it possible to resolve many of their respective
limitations and exploit their individual character-
istics to the full. The difference between vertical
and oblique aerial photographs lies in the tech-
niques by which they are acquired. Vertical
photographs are taken with the axis of the camera
lens perpendicular to the earth’s surface, using
sophisticated instrumentation mounted on aero-
planes precisely for that purpose. Initially, verti-
cal photography had a purely military or
cartographic function; today it is used above all
for environmental monitoring and the planning of
new communication networks and infrastructure.
In the archaeological field, it has the advantage of
providing a synoptic and objective view of the
context in question at the moment of the shot, but
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Fig. 2.13 LiDAR images of Stonehenge taken to test the potential of this new technique (Bewley 2004)

it can also illustrate its phases of development, as
documented by successive images over the years.
The main limits of vertical photography are its
extremely high cost and the fact that in almost all
cases the archaeological evidence appears by
chance, since flights are only rarely undertaken
especially for archaeological purposes. The aero-
plane acquires the images by making a series of
flights during which the photographs are taken
automatically at regular intervals, so that each
photograph partially overlaps the previous one
and the subsequent one. The overlaps provide a
three-dimensional view of the territory being
photographed, thereby avoiding gaps in the
documentation.

Oblique aerial photographs are taken at a
sharp angle to the earth’s surface and provide
data that is more intuitive and easier to read.
They are considered much more suitable for
archaeological applications than vertical
images, because they are special views selected
during the flight by the archaeologist and
because they can be acquired under the best
conditions in terms of visibility, light and read-
ability of the surface. Moreover, they can be
produced at very reasonable cost, they do not
require special photographic equipment and
ordinary tourist aircraft can be used. However
they have the disadvantage of not providing
complete and exhaustive documentation of the
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Fig. 2.14 Satellite image of Hierapolis, 25-3-2005 QuickBird 2 (Scardozzi 2007)
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area being studied. In addition, any evidence
that the archaeologist does not recognise, or any
views which he or she feels are not worth
recording, ends up not being photographed.

Used in combination, vertical and oblique
images increase the amount and quality of the
information considerably, exploiting on the one
hand their ability to provide an overview and on
the other their potential for identifying previ-
ously unreported archaeological sites and
expanding our knowledge of elements that have
only been partially described.

2.3  Principles of Archaeological

Photo-Interpretation

The correct approach to the interpretation of aer-
ial images must be comprehensive; reading an
aerial photograph does not mean trying to iden-
tify just the elements that indicate past human
activities, but must use “the modern” as an ele-
ment of contrast that helps to bring out the resid-
ual components of the ancient landscape. In
photo-interpretation the factors that determine
the nature of the objects represented in the aerial
photographs are shape, size, shadow, tone, tex-
ture and associated characteristics. While the first
two factors are rather intuitive, the others repay
further consideration. Indeed, some objects in
some cases are barely comprehensible in the
image while their shadow, larger than the object
itself and more sharply contrasted, can be much
simpler to understand (as is often the case with
poles and pylons carrying electricity cables).
Concerning tone, this depends on the colour
of the object, the angle of incidence of the light
that strikes it and the nature of its surface: the
smoother it is, the paler it appears in the photo.
The texture arises from the combination of small
details whose limited dimensions prevent them
from being perceived individually, but which
combine to form an image with identifiable char-
acteristics: for example, the various types of
crops such as vineyards, orchards and olive
groves, where we do not distinguish the individ-
ual plants but rather their overall effect. Lastly,
the associated characteristics are the result of the
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way in which the element in question is inserted
in and associated with the context.

Genesis and Classification
of Archaeological Traces

24

A very important aspect of aerial photography as
an investigative tool in archaeology is archaeo-
logical traces. Archaeological traces are the result
of a process by which an archaeological object
makes an impression in a photographic image not
by itself but by means of the effects it has on
some of the elements surrounding it, covering it
or hiding it. These elements include humidity,
humus, vegetation and relief, to which may be
added conceptual factors such as the topographi-
cal anomalies sometimes seen in the image of a
landscape.

The identification of traces is one of the main
objectives of aerial photography for archaeologi-
cal purposes, and the choice of when to fly gener-
ally depends on this. Normally, favourable
conditions in terms of light and visibility are pre-
ferred and the hours of the day when the sun is
low on the horizon, so as to exploit the positive
effects of the incident light and the resulting
shadow.

Aerial photography sometimes highlights
objects that are barely or not at all visible on the
ground; their degree of visibility in the photo-
graphic image ranges from almost imperceptible
to strikingly obvious. The photographic process
detects the objects in question not in themselves,
but indirectly via a series of effects that they have
on the surrounding environment. This is why we
speak of “traces”. The different ways in which
these objects reveal their presence depend on the
quality of the elements involved in the procedure,
which can be illustrated schematically in the fol-
lowing way:

Object—effects on adjacent elements
mediators—trace

The traces can be seen in the photographic
restitution of particular nuances of colour (or
greyscale in the case of black-and-white images),
in distinctive aspects of the morphology of the
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landscape and in particular patterns of altimetric
variation of the terrain, which is often minimal.

It is above all the overview provided by aerial
photographs which enables the tonal shifts and
nuances of colour to be recorded.

The appearance of the landscape depends on a
whole series of factors connected with the natural
aspects of the environment and the present and
past human activities that have shaped it; the
traces of those previous impacts are obviously
less evident and more fragmentary.

The presence of hidden objects can alter the
appearance of the terrain, influencing the shape
of the surface, the degree of humidity and the
characteristics of the plant cover.

The above considerations are valid for any
type of hidden object, but our interest is obvi-
ously in objects of an archaeological nature. By
identifying the factors that highlight the presence
of the various categories of archaeological object,
it is possible to draw up a classification of the
traces. Archaeological traces may thus be subdi-
vided into damp-marks, grass-weed-crop-marks,
soil-sites, shadow sites, topographical anomalies
and legacy marks.

2.4.1 Damp-Marks

Damp-marks are seen on terrain with no vegeta-
tion cover (generally ploughed fields) in the form
of tonal shifts. The phenomenon arises from the
fact that the terrain takes on different grades of
colour depending on how wet it is. Indeed, after a
rain shower, the ground tends to present a patch-
work of different colours, reflecting variations in
the water content and in the absorption of the
soil. In soil that has been “disturbed”, either by
an irregular settling of the geological layers or by
buried elements, after a period of heavy rain, at a
certain moment during the drying out process,
the soil is characterised by patches with different
water content, which essentially depends on the
different local thickness of the humus. For exam-
ple, ancient-walled structures buried at shallow
depths below the surface form a sort of upward
extension of the underlying bedrock, with a con-
sequent significant thinning of the layer of
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humus, which will thus hold less water than the
area surrounding it and will tend to dry out more
rapidly, taking on a paler colour. In contrast,
overlying a negative archaeological element such
as a pit or trench, there will be a thicker layer of
humus, which holds more water and takes longer
to dry out, with the consequent appearance of
darker patches. Damp-marks are visible for a
short period of time, until the terrain dries out.

Another element that affects the visibility of
damp-marks is the depth below ground of the
archaeological element; if it is too deep, then
the effect of the rain will not be visible and the
remains may also be affected by rising damp
from below. It is not possible to give a precise
measure, since it is necessary to take account not
only of the depth of the deposit but also of the
size and nature of the artefact and the type of ter-
rain, as well as the usual meteorological and cli-
matic variables. Sometimes, there is an “inversion
of tone” of the damp-mark, meaning that coun-
terintuitively, a buried-walled structure is sig-
nalled by a dark trace and a filled pit by a pale
trace. In the former case the phenomenon is gen-
erally caused by near-permanent masses of water
resulting from the presence of rubble or buried
material from collapsed ancient buildings that is
able to hold moisture. In the second case the
inversion is due to the presence in the pit of
clayey soils or very fine sand that accumulate
when the negative archaeological elements are
filled in very slowly by waters drained from the
surrounding land.

Not just rain but all kinds of precipitation are
able to trigger indicators of remains, if conditions
permit: in some cases the thermal conditions of
the terrain, influenced by the presence of struc-
tures near the surface, cause tiny anomalies in the
melting of snow or winter frost, clearly highlight-
ing the layout of the buried remains.

2.4.2 Grass-Weed-Crop-Marks

The mechanisms behind this category of trace
are the same as those of the class described above.
The main difference lies in the presence of
plant coverage, which acts as a mediator for the
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appearance of the hidden objects. In the vast
majority of cases, the vegetation involved in this
process is made up of grasses, usually crops but
sometimes weeds, in fields left fallow or used for
grazing. In rare cases it might be shrub vegetation
or even trees. Indeed, the health of the plants
depends on the right quantities of water and
nutrients being available; thus, where the vegeta-
tion has a greater quantity of moisture and humus,
it germinates earlier and grows faster, greener
and more densely. Local variations in the “fertil-
ity” of the soil are therefore chromatic indicators:
dark in the case of negative archaeological ele-
ments that have been filled in, pale in the case of
buried structures. The deeper the deposit of
archaeological material, the larger the archaeo-
logical element in question and the plants which
mediate its appearance need to be. For example,
ancient walls buried in the terrain at a depth of a
few decimetres normally disturb the root systems
of cereals and grazing plants; structures lying at
considerably greater depths generally do not
directly affect the roots of grasses and cereals,
which do not reach that far down. However, the
presence of particularly thick walls or fortifica-
tions may be felt indirectly by herbaceous vege-
tation, due to a local decrease in the quantity of
moisture in the soil, and directly by shrub vegeta-
tion, whose roots extend to greater depths. In the
case of truly imposing structures buried very
deep, early leaf senescence in deciduous trees has
been reported.

The state of conservation of an artefact also
conditions the photographic restitution of the
trace: a structure whose walls have been razed to
the level of the ground can take the form of a pale
quadrangle, while if the walls are conserved to a
certain height, it can create a “bath” effect, lead-
ing to accumulation of moisture and consequently
a dark quadrangular trace. Another type of trace
produced by vegetation is the effect generated by
local concentrations of organic material, which
can give rise to areas of more intense plant growth
even when moisture levels are no greater than the
surrounding soil, as in the case of hut floors and
shaft tombs.

Some underwater archaeological structures
that are not directly visible in themselves (since
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they are similar in colour to the sand of the sea
bed) can only be seen due to the seaweed that
grows on them, which makes them darker.

2.4.3 Soil-Marks

These are seen on terrain that has no vegetation
cover and take the form of areas of different col-
oration from that of the context; the tonal shift is
more easily detected if the terrain is moist and
has been deeply ploughed and harrowed. They
are formed due to the presence in the soil of
materials that alter its surface texture, causing
changes in its reflectivity and thus its photo-
graphic colour, or of materials that directly influ-
ence the colour of the terrain itself. Usually these
materials have originated from the disintegration
of ancient structures that were subjected to
ploughing. They are visible in photographs in the
form of pale patches as a result of the pulverisa-
tion of the mortar. Dark areas are due to the pres-
ence of much coarser materials that make the
surface of the soil much “rougher” (and thus less
reflective) or are due to high concentrations of
organic material which is generally darker in
colour.

2.4.4 Shadow Sites

The surface of the terrain reflects the geological
bedrock below it, replicating its forms albeit in a
softer and attenuated way. By the same principle,
buried archaeological elements sometimes reveal
themselves in altimetric patterns that are so sub-
tle and gradual as to be invisible to direct obser-
vation. Using aerial photography, however, an
experteye can detect them via a three-dimensional
reading or even using individual photographs, if
they are taken with the sun low on the horizon
(long shadows highlight even small changes in
elevation). We are dealing here with micro-relief
traces. This indicator can be used for the identifi-
cation of practically any type of archaeological
object, unless the terrain has been levelled
mechanically. The relationship between trace and
object is direct: a rise corresponds to the wall, a
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slight depression to the pit or trench. Even the
shape, though greatly “softened”, is maintained;
in the case of macrostructures, such as buildings
used for public spectacles, it is possible to detect
a difference between the outer perimeter and the
inside of the building, while in other cases we
have only a generic rise, roughly corresponding
to the volume of the construction.

This category of traces includes underwater
structures that have the same colour as the sand
of the seabed, from which they protrude only
very slightly, and thus they can be detected only
with reference to their shadow or their stereo-
scopic volume.

2.4.5 Topographical Anomalies

All the traces described fall within the category of
anomaly but there are cases in which the archaeo-
logical object is perceived via the mediation of
conceptual rather than physical anomalies. This
category includes evidence that is foregrounded
because it clashes with the general context.

2.4.6 Legacy Marks

This category includes indicators generated by
archaeological elements that have remained
above ground but, due to their extremely frag-
mentary nature, have little indicative value in
themselves. Rather, their importance stems from
the possibility they provide of a philological
reading aimed at the reconstruction of the ancient
situation. Alternatively, they may be archaeologi-
cal objects that have been handed down to our
times not in themselves but thanks to the sur-
vival, partial or total, of their function.

The classic example is the remains of the cen-
turiation; when a piece of archaeological evidence
of this type has been handed down to us in an
almost complete state, the analysis can proceed
without difficulties. In this case we are not dealing
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with traces in the narrow sense, since the bound-
aries are not physically those of ancient times but
rather elements of the modern landscape that rep-
licate them. A quite different case is when the
remains of centuriation are now in such a frag-
mentary condition that their identification requires
a broader study based on the detection of anoma-
lous elements that seem to have some logical cri-
terion in common. When subjected to careful
analysis, discontinuous, scattered fragments of
the ancient division of farmland, which have sur-
vived in the form of short stretches of walls and
hedges, ditches, field boundaries and rural lanes,
diluted and camouflaged in the more modern rural
fabric, are found to have a common orientation
and are located at regular intervals. On the terrain
they can be physically verified, while the over-
view provided by the aerial image facilitates the
task of recognising their original layout.
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span. The first aerial image was taken in 1858
from a tethered hot-air balloon by Gaspard-Félix
Tournachon — also known as Nadar — from the
village of Petit Bicétre (Colwell 1997; Newhall
2006). It was not, however, until June 1899
that the first (European) archaeological photo-
graph, of the forum in Rome, was taken from
a balloon by Giacomo Boni (Castrianni 2008).
Despite the first flight of a manned, motor-driven
machine built by Orville and Wilbur Wright in

1903, archaeologically significant pictures were

not captured from an aeroplane until World War

I (Barber 2011). In this first phase of archaeo-

logical aerial reconnaissance, much credit must

be given to O.G.S. Crawford (1886—1957). This

Englishman is considered to be the inventor of

scientific aerial reconnaissance, and his work in

the 1920s and beyond was the basis for the future
development of aerial archaeology (e.g. Crawford

1924, 1929, 1933; Crawford and Keiller 1928).
Since Crawford and other pioneers of aerial

archaeology such as Antoine Poidebard (1878—

1955) and Theodor Wiegand (1864—1936), it has

been recognised that archaeological remains can

show up on the earth’s surface in a number of ways.

Aside from standing structures (e.g. bridges, the-

atres, fortifications) which are directly visible from

the ground as well as the air, most archaeological
remains are partly eroded or only exist as sub-sur-
face archaeological features, showing up on the
surface under certain conditions as visibility marks:

i.e. indirect indicators of archaeological residues

due to the changed properties of the soil matrix or

the local topography (Crawford 1924; Scollar et al.

1990; Wilson 2000; Bewley and Raczkowski 2002;

Brophy and Cowley 2005; see Chap. 2 in this vol-

ume). Apart from the less frequent flood and wind

marks, archaeologists generally differentiate
between four main types of marks:

e Soil marks — due to varying chemical and
physical properties affecting the soil colour on
the surface

e Crop/vegetation marks — due to variable
growth and vigour of the vegetation

e Shadow marks — when earthworks are thrown
into relief by low slanting sunlight

e Snow/frost marks — due to differential snow
accumulations and differential melting of
snow or frost
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To date, the common practice of active archaeo-
logical aerial photographic reconnaissance is quite
straightforward and seems not to have changed over
the past century (Verhoeven 2009a). In general,
images are acquired from the cabin of a low-flying
aircraft using a small- or medium-format hand-held
photographic/still frame camera equipped with a
lens that is commonly uncalibrated (Wilson 1975;
Crawshaw 1995). Once airborne, the archaeologist
flies over targeted areas, trying to detect possible
archaeologically induced anomalies in the land-
scape. Once an archaeological feature is detected, it
is orbited and documented from various positions
(generally from an oblique point of view) on the
digital camera sensor or a specific panchromatic,
true colour, monochromatic infrared or (false-)
colour infrared film. This type of aerial photo-
graphic reconnaissance has been the workhorse of
all archaeological remote-sensing techniques since
it is one of the most cost-effective methods for site
discovery and the non-invasive approach yields eas-
ily interpretable imagery with abundant spatial
detail (Wilson 2000; Palmer 2005).

However, no matter how efficient this recon-
naissance approach can be in certain areas and
periods, its main disadvantage is the fact that the
whole flying strategy is observer directed (Palmer
2005) and generates extremely selective (i.e.
biased) data that are totally dependent on an air-
borne observer recognising archaeological phe-
nomena. Thus sub-surface soil disturbances that
are visually imperceptible at the time of flying
(e.g. Verhoeven 2009a), or those that are simply
overlooked, will not make it into a photograph.
To counteract this, several authors have already
questioned this strategy of observer-directed sur-
vey and pointed out the advantage of a so-called
unbiased, vertical approach (Palmer 1996, 2007,
Doneus 1997, 2000; Mills 2005; Coleman 2007).
Although the observer-directed flying method
might yield vertical photographs as well, the vast
majority of the photographs will be oblique in
nature. This means that the optical axis of the
imager intentionally deviates more than 3° from
the vertical to the earth’s surface (Schneider
1974). Depending on the visibility of the horizon,
the image is then further classified as low oblique
(i.e. horizon is not included) or high oblique
(Harman et al. 1966).
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3.1.2 The Vertical Debate

In a strictly vertical sortie, every parameter is set
to make sure that all photographs are nadir/verti-
cal images. In effect, this means that photo-
graphs will be acquired with expensive,
accurately calibrated, built-in (versus hand-
held), gyro-stabilised and low distortion map-
ping frame cameras (often referred to as metric
or cartographic cameras — Slater et al. 1983).
These cameras are solidly housed and operated
in bigger and higher-flying aeroplanes. Images
are acquired in parallel strips at regular intervals,
generally with a large frame overlap: in one
flight strip, each photograph has a generally
accepted degree of overlap of circa 60 %+5 %
(figures to 90 % can be found as well, see
Schneider 1974) with the following and preced-
ing image (longitudinal overlap). Adjacent strips
have on average an overlap of 25-40 % (lateral
overlap) (Read and Graham 2002). The camera
is pointing directly down to the earth to acquire
(near) nadir photographs. Because a perfect ver-
tical is almost never achieved, an image with an
angle of less than or equal to 3° is called vertical
(Estes et al. 1983).

Archaeological resources often appear on ver-
ticals through what has been termed the serendip-
ity effect (Brugioni 1989): a circumstance in
which photosets yield unanticipated or ‘bonus’
material which was not the primary objective
during original data collection. Unlike oblique
aerial photography for archaeological purposes,
those vertical surveys are generally executed to
acquire basic material for (orthophoto) map gen-
eration (Falkner and Morgan 2002). Although
this approach generates geographically unbiased
photographs of large areas in a very fast manner,
its adversaries remark that several issues militate
against the effective use of those vertical photo-
graphs for archaeological purposes. Of those, the
fact that imagery is not captured at the perfect
oblique angle to maximise the visibility of
archaeological information (Crawshaw 1997) is
often seen as the strongest argument to not fly
(or even use) verticals. On the other hand, verti-
cal footage offers an advantage in mapping, as
the induced geometrical distortions are much
less than those embedded in oblique footage

(Imhof and Doolittle 1966; see part 2). Since the
data are by default captured in stereo pairs, they
are also perfectly suited to create analogue or
digital 3D stereo models. Additionally, the high
spatial resolution and comparatively broad cover-
age of standard vertical mapping images make
them valuable for a holistic view of the landscape
as well as for the primary discovery of individual
archaeological features.

As a result, many aerial archaeologists have
extracted much valuable information from ver-
ticals (e.g. Moscatelli 1987; Kennedy 1996;
Doneus 1997), and a few studies have proven
the undeniable and often complementary value
of verticals after a thorough comparison with
obliques from the same area (e.g. Zantopp
1995; Doneus 2000; Palmer 2007). In reality,
even those archaeologists that favour obliques
over a blanket vertical coverage will incorpo-
rate verticals into their research, simply
because many valuable historic aerial photo-
graphs were acquired with a (near-)vertical
approach (Stichelbaut et al. 2009; Hanson and
Oltean 2013). Since these photograph series
are able to illustrate change through time, they
provide valuable data regarding landscape
change and indirect land use impact on archae-
ological resources (Cowley and Stichelbaut
2012).

3.1.3 The Rise of the Unmanned
Machines

Finally, it needs to be mentioned that both oblique
and vertical frame images can also be acquired
from low-altitude unmanned platforms. Since the
beginning of aerial photography, researchers
have used all kinds of devices (from pigeons, kites,
poles and balloons to rockets) to take still cam-
eras aloft and remotely gather aerial imagery (see
Verhoeven 2009b for an archaeological over-
view). To date, many of these unmanned devices
are still used for what has been referred to as low-
altitude aerial photography or LAAP (Schlitz
2004). In addition to these more traditional cam-
era platforms, radio-controlled (multi-) copter
platforms have recently added a new aspect to
LAAP (Fig. 3.1). The overwhelming amount of
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Fig.3.1 (a) Example of a remotely controlled helicopter
to acquire digital aerial imagery (Reproduced from
Eisenbeiss et al. 2005) (b) The Microdrone MD4-200

brands and types (heli-, dual-, tri-, quad-, hexa-
and octocopters), together with the wide variety
of navigation options (e.g. altitude and position
hold, waypoint flight — Eisenbeiss 2009;
Eisenbeiss and Sauerbier 2011) and camera
mounts, indicate that these platforms are here to
stay for some time. Given the multitude of still
camera types and the image quality they are cur-
rently capable of, endless combinations of low-
and high-cost LAAP solutions are available. In
addition, LAAP allows for the exploitation of
new imaging techniques, as it is often only a mat-
ter of lifting the appropriate device. In this way
several archaeological studies have utilised close-
range near-infrared photography (e.g. Whittlesey
1973; Aber et al. 2001; Verhoeven et al. 2009a;
Wells and Wells 2012) or even less straightfor-
ward near-ultraviolet imaging (e.g. Verhoeven
2008a; Verhoeven and Schmitt 2010; Wells and
Wells 2012).

3.1.4 The Mapping Paradigm

Despite this large variety of still frame images
and means to acquire them (actively or pas-
sively), their archaeological information cannot
(or will not) be exploited efficiently as long as
the images are not thoroughly interpreted (i.e.
interpretatively mapped — cf. Doneus et al. 2001)
and integrated with other data sources. The lack
of this interpretative mapping is often encoun-
tered and may have multiple causes. Availability
of resources may be one cause, but one of the
most important ones is likely the time-consum-
ing (and often difficult) georeferencing process
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quadcopter (Microdrones GmbH 2008) (¢) Remotely con-
trolled paraglider (Krijnen 2008)

(Verhoeven et al. 2012a). As a result, millions of
aerial photographs are just stored in archives,
waiting for their archaeological potential to be
explored. Obviously, aerial archaeology is in
need of fast, straightforward and accurate geore-
ferencing approaches that allow orthophoto pro-
duction of a wide variety of images: old or new,
acquired in a vertical or oblique manner from
low or high altitudes.

This chapter elaborates on such an approach
and presents a method to automate the important
but recurring task of orthophoto generation. The
approach proposed here attempts to overcome
the conventional georeferencing problems related
to archaeological aerial frame images, which
means that in this chapter imagery resulting from
panoramic and line cameras is not included. To
this end, the methodology exploits some of the
technological improvements in hardware config-
urations as well as state-of-the-art algorithms
mainly developed in the fields of computer vision
and photogrammetry: two disciplines that
research the recovery of 3D content from 2D
imagery using — to a certain extent — their own
specific approaches (Hartley and Mundy 1993).
Before outlining the method (Sect. 3.3), the con-
cept of georeferencing and all the sources of geo-
metrical image deformations that have to be
taken into account will be outlined in Sect. 3.2.
Section 3.4 will illustrate these concepts with
several case studies. In addition to this illustra-
tive purpose, these case studies will also provide
some more in-depth knowledge about specific
aspects of particular aerial image types. A con-
clusion, presenting some future aims and
remarks, will then finalise this chapter.
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3.2 Aerial Frames Offer
Deformed Views
3.2.1 (Digital) Aerial Images

Aerial imaging is facilitated by the use of an air-
borne remote-sensing instrument that gathers the
earth’s spatially, temporally, radiometrically and
spectrally varying upwelling electromagnetic
radiation and uses this to generate (digital)
images (see Schott 2007 for a good treatise of
this subject). In past decades, this detection of
radiation was usually accomplished by a photo-
graphic emulsion sensitised into one or more
spectral regions of the visible and near-infrared
electromagnetic spectrum. Although geometrical
processing of these film frames was performed
for decades in an analogue — and later analytical
— way, they are normally scanned now to enable
a digital processing of the aerial image.

To date, most airborne imaging devices provide
digital products directly since the detection is usu-
ally accomplished by the conversion of incoming
electromagnetic radiation (expressed as at-sensor
radiance) into an electrical output signal which is
subsequently digitised into digital numbers (DNs).
Most digital image capture systems comprise opti-
cal elements such as lenses, mirrors, prisms, grat-
ings and filters that gather the radiation and focus
it onto an imaging sensor. This imaging sensor
itself consists of several (often millions) of indi-
vidual optical detectors (also called photodetec-
tors — Norton 2010) that can detect the incoming
radiation and generate a signal in response to it
(Verhoeven 2012a). In this chapter, all imaging
sensors are considered to be frame sensors, since
they consist of an array of individual photodetec-
tors arranged in a rectangular frame. Moreover,
they are assumed to work in the optical radiation
spectrum, commonly accepted to reach from the
ultraviolet to the infrared (Ohno 2006; Palmer and
Grant 2010). Additionally, for the remainder of
this chapter, image and photograph are assumed to
mean digital image.

Whether they are generated by scanning the
analogue film frame or directly produced by the
digital imaging sensor, the fundamental building
blocks of any digital image are called pixels or pels,

coined terms for picture elements (see Billingsley
(1965) and Schreiber (1967), respectively, for the
first use of these terms). In the case of a digital
imaging sensor, each photodetector commonly
produces one pixel. An array of pixels is called a
digital image, which can be mathematically repre-
sented as an M xN matrix of numbers, M and N
indicating the image dimensions in pixels. Pixels
are thus determined by a pair of pixel coordinates
(7, c indicating row and column) and a certain value
or grouping of values that contains information
about its measured physical quantity (Smith 1997).
Just as a pixel of a common digital colour photo-
graph contains three samples or DNs at the same
location to represent the amount of radiation cap-
tured in three individual spectral bands, a greyscale
image consists of one DN per pixel. Images can
thus be represented by O matrices of MxN ele-
ments, in which O equals the amount of spectral
bands that are sampled (Bernstein 1983). Every
image is also characterised by a certain bit depth,
which determines the resolution by which the
amplitudes of the continuous analogue radiation
signal can be mapped onto a discrete set of digital
values. Consider an 8 megapixel digital image,
4,000 pixels in width and 2,000 pixels in height. If
the image is an 8-bit greyscale image, every pixel
has an integer DN between 0 and 255. 16-bit inte-
ger pixels could contain values between 0 and 65
535. Digital images are thus said to be sampled
(spatially, spectrally and temporally) and quantised
(radiometrically, defined by the number of bits)
representations of a scene, defined by a multidi-
mensional matrix of numbers.

However, the analogue real-world signal (in
the form of electromagnetic radiation arriving at
the imaging sensor) is degraded in various ways.
As a result, the final digital image is never a faith-
ful reproduction of the real-world scene. Aside
from the spectral and radiometric transformations
that occur, the geometric three-dimensional (3D)
properties are mapped to a two-dimensional (2D)
plane (Fig. 3.2). This mapping result (i.e. the final
image) is influenced by a wide variety of factors
such as earth curvature, film and paper shrinkage,
nonplanar image film plane, atmospheric refrac-
tion effects, optical distortions, tilt and relief dis-
placements (Imhof and Doolittle 1966). Not only
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Fig. 3.2 Mapping of 3D object points onto 2D points in two aerial frame images

does every individual aerial image suffer from
these geometrical deformations, but they also
vary from frame to frame due to variations in
the flying height and camera tilt. Compensating
for them through some kind of geometric cor-
rection is essential for accurate mapping and
information extraction. Since the geometric
errors induced by the optics, the topographical
relief and the tilt of the camera axis contribute

most to image deformations; they will be shortly
reviewed below.

3.2.2 Optical Distortions

In photogrammetry and computer vision, the geom-
etry of central perspective projection is used to
model the formation of an image mathematically
(Mundy and Zisserman 1992; Buchanan 1993). In
the field of photogrammetry, this is expressed by the
collinearity equation which states that the object
point, the camera’s projection centre and the image

point are located on a straight line and the image is
formed on an exact plane (Fig. 3.2). Lens distor-
tions (radial and decentring), atmospheric effects
(mainly refraction) and a nonplanar image sensor
are factors which prevent this. Since digital image
sensors are by default treated as perfectly planar
surfaces (Wolf and Dewitt 2000) and refraction is a
very specific topic that is only of major importance
when imaging from rather high altitudes and off-
nadir angles (Hallert 1960; Gyer 1996), only lens
distortions will be considered here.
In the case of an ideal camera, which would be
a perfect central projection system in which pro-
jection implies a transformation of a higher-
dimensional 3D object space into a
lower-dimensional 2D image space (Mikhail
et al. 2001), the lens imaging system would be
geometrically distortionless (Billingsley et al.
1983). The mathematical parameters describing
this ideal situation are the principal distance and
the principal point (forming the so-called
interiorlinner orientation; see below). However,
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since optical distortions are always present in
real cameras, the image points are imaged slightly
off of the location they should be at according to
the central projection. To metrically work with
airborne images, every image point must be
reconstructed to its location according to this
ideal projective camera (Gruner et al. 1966).
Therefore, the deviations from the perfect situa-
tion are modelled by suitable distortion parame-
ters, which complete the interior orientation. All
the parameters of the interior orientation (also
called camera intrinsics) are determined by a
geometric camera calibration procedure (Sewell
et al. 1966). After this geometric camera calibra-
tion, all parameters that allow for the building of
a model that can reconstruct all image points at
their ideal position are obtained, thereby fulfill-
ing the basic assumption used in the collinearity
condition. More specifically, the main elements
of interior orientation which camera calibration
should determine are the following:

e Principal distance (PD): the distance mea-
sured along the optical axis from the perspec-
tive centre of the lens (more exactly the rear
nodal point of the optical system) to the image
plane (more exactly the principal point of the
image) (Mikhail et al. 2001). When the cam-
era is focused at infinity, this value equals the
focal length f of the lens (Wolf and Dewitt
2000). For close-range focusing this is no lon-
ger the case and the principal distance will
increase. This means that any change in focus
or zoom produces a new calibration state. In
aerial mapping cameras applied for vertical
surveys, the calibrated focal length f; is often
given, which equals the principal distance that
produces an overall mean distribution of lens
distortion (Slater et al. 1983).

* The location of the principal point (x,, y,): this
is the second essential quantity to adequately
define the internal camera geometry. It can be
defined as the intersection of the optical axis
of the lens system with the focal plane
(Mikhail et al. 2001). This means that the
location of the principal point can change with
different zoom settings, but it will always be
close to the image centre. In an ideal camera
the principal point location would coincide

with the origin of the image coordinate
system.

Radial lens distortion parameters (k,, ks, ks,
ky): in optics, distortion is a particular lens
aberration, but one that does not reduce the
resolution of an image (Gruner et al. 1966;
Slater et al. 1983). Radial lens distortion is the
central symmetrical component of lens distor-
tion and occurs along radial lines from the
principal point. Although the amount may be
very small in aerial mapping cameras, this
type of distortion is unavoidable (Brown
1956). In consumer lenses, radial distortions
are usually quite significant. Generally, one to
four k parameters are provided to describe this
type of distortion. Radial distortion can have
both positive (outward, away from the princi-
pal point) and negative (inward) values.
Negative radial distortion is denoted as pin-
cushion distortion (since an imaged square
will appear to have its sides bow inward),
while positive distortion is termed barrel dis-
tortion (because straight lines bow outward)
(Gruner et al. 1966). Either positive or nega-
tive radial distortion may change with image
height (Fig. 3.3), and its amount is also
affected by the magnification at which the lens
is used. It can also occur that one lens system
suffers from both negative and positive distor-
tion (Kraus 2007). Figure 3.3 depicts a typical
distortion curve. On the left, the distortion
scale is indicated in micrometres. In the graph,
the distortion is plotted as a function of the
radial distance r from the principal point.
Decentring lens distortion parameters (p,, p,):
this distortion can be broken down into asym-
metric radial distortion and tangential lens
distortion. Both distortions are caused by
imperfections in the manufacture and align-
ment of individual lens elements during the
construction of the lens (Brown 1966). Their
magnitude is typically much smaller than that
of radial lens distortion (Fig. 3.3) and conven-
tionally described by two parameters p; and p,
(Burnside 1985). Although it is generally not
significant in aerial mapping lenses, decen-
tring distortion is common in commercial
lenses with variable focus or zoom.
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Fig. 3.3 Radial and decentring distortion plots of the AF Nikkor 24 mm f/2.8D (infinity focus). The radial distortion
dr (expressed in micrometres) and decentring distortion P(r) are given as a function of radial distance » (mm)

In addition to the abovementioned parameters,
several other camera characteristics can be cali-
brated: affinity in the image plane (consisting of
aspect ratio (or squeeze) and skew (or shear)),
unflatness of the film plane and the coordinates of
the fiducial marks. The latter are used in analogue

systems and provide a coordinate reference for
the principal point and all image points, while
also allowing for the correction of film distortion
(Kraus 2007). Calibrating a digital frame camera
is in many ways more straightforward than cali-
brating film cameras, since the individual sensor
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photodetectors are essentially fixed in position,
which practically eliminates film distortion con-
siderations (Wolf and Dewitt 2000). Fiducials are
therefore not needed in digital cameras (Graham
and Koh 2002). Moreover, zero skew (i.e. per-
pendicular axis) and a unit aspect ratio (i.e. pho-
todetector width to height equals 1) can be
assumed for digital frame cameras as well
(Remondino and Fraser 2006; Xu et al. 2000;
Szeliski 2011).

From the previous paragraphs, it should now
be obvious that the nonmetric cameras conven-
tionally used in archaeological oblique aerial
reconnaissance are characterised by an adjustable
principal distance, varying principal point and
high-distortion lenses, while lacking film flatten-
ing and fiducial marks (in the case of analogue
devices). Finally, it can be mentioned that there
exists a wide variety of digital camera (auto-)
calibration methods (see Remondino and Fraser
(2006) for an overview). Although exceptions
exist, the calibration methods applied in photo-
grammetry are tailored towards high accuracy
and try to recover at least ten interior orientation
parameters. Current computer vision methods
(see Sect. 3.3) generally use camera models
described by only four to five interior orientation
parameters.

3.2.3 Tilt Displacement

A camera is placed at a certain location in space
(in the air or on the ground) and is pointed in a
certain direction. The location defines the projec-
tion centre O with three coordinates (Xo, Yo, Zo),
and the direction is defined by three rotation
angles roll, pitch and yaw (w, ¢, ). Together,
these six parameters establish the so-called
exterior/outer orientation (Fig. 3.2) (Kraus
2007). Other terms for that are camera extrinsics
or simply pose. Together with the interior orien-
tation the position of the image is unequivocally
defined. During a vertical photography flight, ¢
and w are near to zero. When they equal zero, the
result is a perfect nadir/vertical photo that does
not need any correction for tilt displacement. The
more tilted the photographic axis with respect to

the ground surface, the more corrections need to
be dialled in (Tewinkel et al. 1966).

These effects may be illustrated most
clearly by considering the appearance of a
regular grid and a circle on a completely flat
terrain in both a vertical and a tilted photo-
graph (Fig. 3.4, lens distortions are excluded
for the sake of illustration). A vertical optical
axis images the circle as a circle, while the
net of squares remains unaltered as well. The
same features photographed with a non-zero
angle of tilt result in a distorted square net as
well as an ellipse-like feature. The difficulty
inherent to tilt displacements is the fact that
it is often hard to detect while it yields con-
stantly varying scale changes across the image
(Dickinson 1969). When dealing with vertical
photographs, there is just one nominal scale
S that can be calculated by S=PD/H (i.e. the
ratio of the principal distance to the flying
height H above the terrain) (Tewinkel et al.
1966). In this case, the scale is completely
independent of the measurement direction. For
tilted images, the scale will vary with direc-
tion (Estes et al. 1983). In the background of
a tilted photograph, the scale is smaller than
the scale in the foreground. The projective
transformation of a tilted aerial image to a
horizontal plane to remove these tilt displace-
ments (and thus scale differences) is called
(planar) rectification (Spurr 1960; Altenhofen
and Hedden 1966; Dickinson 1969).

For convenience, the tilt in Fig. 3.4 is consid-
ered to be acting only along the direction of
flight (). In practice, tilt will act in random
directions due to a combination of non-zero ¢
and w angles and rectification will be needed to
correct for these displacements. That is why
rectification is also said to transform an oblique
aerial photograph to an equivalent vertical
image (Wolf and Dewitt 2000). However, the
rectified image will only be completely identical
to the vertical image geometry in absence of
lens distortions and perfect flatness of the
imaged scene, since any terrain undulation will
cause so-called relief (or topographic/elevation)
displacements and those even affect perfect
nadir images.
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3.2.4 Relief Displacement

Image displacements are not only caused by tilt.
Any (even tilt-free) aerial photograph will contain
displacements due to topographic relief and other
height differences (Tewinkel et al. 1966). Thus
any feature lying below or above the horizontal
reference surface will be misplaced in a planar
rectification (Estes et al. 1983) due to the central
perspective of the air photo (Hallert 1960).

In Fig. 3.5, the acquisition of a perfect vertical
photograph is depicted. KK’ indicates the aver-
age terrain height but can also be seen as any ref-
erence horizontal plane (called a datum surface).
On the right, a green tower is shown. If the left
top of this tower was to be depicted in a map, the
orthogonal projection used to create maps would
make it fall in point z, the same point which indi-
cates the foot of the tower. In the aerial image,
one also notices point z. Nevertheless, due to the
central projection, the top is depicted in 7’ instead
of point z. Consequently, the top of the tower has
undergone a displacement of magnitude p”,

resulting in a tower whose side is visible in the
aerial image.

Although it may not be as visually obvious as
in the case of buildings, imaged relief also suffers
from this (Falkner and Morgan 2002). Consider
the hill in the middle of Fig. 3.5. The top y’ should
normally be projected in point y, like on a map.
However, in this case the projection also causes a
displacement p” and instead of being depicted in y,
the top is projected onto y’ in the image. Following
the same principle, the valley on the left also suf-
fers from relief displacement (of magnitude p). In
this case, it is not a displacement away from the
centre, but towards it. Without regard to direction,
this distance of such displacement is called paral-
lax. In this respect, parallax gives a numeric value
for the relief or topographic displacement.

Although this phenomenon complicates the
mapping and interpretation of aerial imagery, it
also enables humans to perceive three dimen-
sions and calculate the height of objects from
images (Spurr 1960). As the location of the nadir
point does not suffer from this displacement
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Fig. 3.5 The phenomenon of
relief displacement and how
it influences the geometry of
a vertical image (symbols are

explained in the main text)

(because its projection is a perfect orthogonal
projection), relief displacement is always radial
from the nadir or plumb point o. This is deter-
mined by the intersection of a vertical, con-
structed from the optical centre O towards the
ground, and the image plane; this vertical axis is
equal to the optical axis of the whole system in
the case of a perfect vertical photograph — such as
Fig. 3.5 (Tewinkel et al. 1966).

Geometric correction aims to compensate for
most of these deformations. The result of such a
correction must be an image with a geometric
integrity like a map, i.e. an orthogonal projection
to the horizontal reference plane. Just as rectifica-
tion denotes the process of removing tilt from a
photograph, relief displacements and other geo-
metrical deformations (such as optical distortions)
can be corrected through the process of orthorec-
tification or differential rectification (Hassett et al.
1966; Turpin et al. 1966; Wolf and Dewitt 2000).

3.2.5 Georeferencing and
Geometric Correction

Aerial photography provides a basis for gathering
spatial data. Before archaeological information
can be extracted from these sources in a way that
is useful for mapping and further analysis, the
aerial images must be georeferenced in an abso-
lute manner. This process, which is also known as
ground registration, assigns spatial information to
any kind of spatial data (raster data such as imagery

as well as vector data) to explicitly define their
location and rotation in respect to a specific Earth-
related coordinate frame.

Often, the geometry of these data is already
corrected for any possible deformation. However,
the process of georeferencing is often applied to
geometrically distorted data as well. Although it
is sensu stricto not covered by its definition, geo-
referencing can thus also involve the necessary
steps to remove the optical distortions as well as
tilt and relief displacements of the aerial image in
order to place each image pixel on its true loca-
tion on the Earth’s surface. To do this, a wide
variety of approaches and software solutions
exist. In many cases, archaeologists fit tilted
images to a flat surface by means of a projective
transformation, a process introduced in the previ-
ous sections and denoted (planar) rectification
(Hallert 1960; Altenhofen and Hedden 1966;
Wolf and Dewitt 2000). Although these rectified
images no longer suffer from tilt displacements,
they still contain scale variations and displace-
ments due to topographic relief (hills, buildings
etc.). Consequently, projective transformations
can only be considered ‘archaeologically suffi-
cient’ when dealing with completely flat areas. If
the aerial view suffers from relief displacements,
georeferencing often employs polynomial cor-
rections, spline algorithms or piecewise affine
warpings embedded in archaeologically dedi-
cated tools such as AirPhoto SE (Scollar 2002)
and AERIAL (Haigh 2005). Although these
approaches are very popular and might deliver
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fairly good metrical information when the terrain
variations are quite moderate, the methods are
often suboptimal because they do not (or only
partly) eliminate all the image displacements, the
distortion of the optics and — to a lesser extent —
the atmospheric refraction. Consequently, this
image georeferencing is well suited for rather
small-scale mapping but inadequate for a detailed
multi-temporal and multi-method analysis.

When one needs to mosaic several multi-
temporal aerial observations into an extensive
overall view of an archaeological region — hence
serving as a basic information layer for further
prospection and excavation, protection measures
and heritage management — the aforementioned
issues need to be dealt with. Therefore, plani-
metrically correct true orthophotographs are of
the utmost value. However, these can only be
achieved when more advanced ortho-correction
approaches embedded in programs such as Leica
Photogrammetry Suite or Trimble INPHO photo-
grammetric system are utilised. Although these
more expensive packages offer rigorous ortho-
rectification algorithms to produce superior geo-
metric quality, they are limited by the fact that
photogrammetric ~ skills, interior orientation
parameters and an accurate, high-resolution digi-
tal surface model (DSM) are essential, three con-
ditions that are generally not met in aerial
archaeology.

Irrespective of the method applied, the geore-
ferencing of (individual) images is commonly
determined with ground control points (GCPs),
whose manual measurement and identification is
a time-consuming operation that requires experi-
ence while being bound to certain prerequisites.
As aresult of all these issues, many archaeologi-
cally valuable aerial images never get properly
georeferenced and stay hidden on local hard
drives or in image archives.

3.3 A New Workflow

Since a variety of factors contribute to image
deformation, imagery needs to be geometrically
corrected in order to correspond as closely as pos-
sible to a map. At the same time, the workflow
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should be as straightforward and generally appli-
cable as possible. Currently, cost-effective means
are available for orthorectification of a wide vari-
ety of (archaeological) aerial frame imagery.
These became possible due to the ever increasing
technological improvements in computer hard-
ware and the serious advances made the past 15
years in the scientific field of computer vision,
which is often defined as the science that develops
mathematical techniques to recover information
from images. This image data can take many
forms, such as multidimensional imagery from
medical scanners, stereo photographs, video
sequences or views from multiple still cameras.
Initially, many computer vision applications were
focused on robotic vision and inspection. As a
result, the methods were characterised by few
constraints and focused on a high degree of auto-
mation rather than the accuracy and reliability
characteristic of photogrammetry (Remondino
et al. 2012). However, the last decade has wit-
nessed a shift of focus to more accurate 3D visu-
alisations and virtual reality, along with many
new insights in the geometry of multiple images
(see Faugeras et al. 2001 or Hartley and Zisserman
2003 for a good overview).

Using techniques such as triangulation, an
image point occurring in at least two views can
be reconstructed in 3D (Fig. 3.2). However, this
requires the knowledge of the interior and exte-
rior orientations of the images. In computer
vision, these orientation parameters are usually
combined in the so-called projection matrices of
the images (Robertson and Cipolla 2009), which
can be determined by an approach called struc-
ture from motion (SfM; Ullman 1979). During
this approach the relative projection geometry of
the images is computed along with a set of 3D
points that represent the scene’s structure. SfM
only requires corresponding image features
occurring in a series of overlapping photographs
captured by a camera moving around the scene
(Fisher et al. 2005; Quan 2010; Szeliski 2011).
Sometimes, this approach is also referred to as
structure and motion (SaM), since both the struc-
ture of the scene and the motion of the camera
(i.e. the different camera positions during image
acquisition) are recovered.
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Fig.3.6 The individual steps of the SEM+MVS process-
ing pipeline (terminology is explained in the text)

In order to achieve this, SfM relies on algo-
rithms that detect and describe local features
for each image and then match those 2D points
throughout the multiple images. Using this set
of correspondences as input, StM computes the
locations of those interest points in a local coordi-
nate frame (also called model space) and produces

a sparse 3D point cloud that represents the
geometry/structure of the scene. As mentioned
previously, the camera pose and internal cam-
era parameters are also retrieved (Hartley and
Zisserman 2003; Szeliski 2011). Below, the
StM approach and the individual ste