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7.1 Introduction

Abstract

Remote sensing has a long and successful track record of detecting and
mapping archaeological traces of human activity in the landscape. Since
the early twentieth century, the tools and procedures of aerial archaeology
evolved gradually, while earth observation remote sensing experienced
major steps of technological and methodological advancements and
innovation that today enable the monitoring of the earth’s surface at
unprecedented accuracy, resolution and complexity. Much of the remote
sensing data acquired in this process potentially holds important informa-
tion about the location and context of archaeological sites and objects.
Archaeology has started to make use of this tremendous potential by
developing new approaches for the detection and mapping of archaeolog-
ical traces based on digital remote sensing data and the associated tools
and procedures. This chapter reviews the history, tools, methods,
procedures and products of archaeological remote sensing and digital
image analysis, emphasising recent trends towards convergence of aerial
archaeology and earth observation remote sensing.

Keywords
Remote sensing ¢ Digital image analysis ¢ Archaeological prospection ¢
Object detection

acquired by a device that is not in contact
with the object, area, or phenomenon under

“Remote sensing is the science and art of investigation” (Lillesand et al. 2015: 1; empha-
obtaining information about an object, area, sis in original). This generic definition of
or phenomenon through the analysis of data remote sensing, a technique with many uses
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across a wide range of disciplines, is also
valid in archaeology, where we commonly
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an airborne or spaceborne platform and
“object, area, or phenomenon” as a portion of
a landscape with its natural and cultural
components. Geophysical prospection, which
is a form of near-surface remote sensing and
often subsumed under that term as well (John-
son 2006; Wiseman and El-Baz 2007), is not
treated here following common terminology in
Europe (see Chap. 14). Furthermore, this chap-
ter focuses on image-based remote sensing,
while range-based remote sensing is treated
elsewhere (see Chap. 11).

The benefits of using remote sensing as
a recording technique in archaeology are
manifold. For example, one of the major
advantages is that sensitive archaeological
objects are not touched nor otherwise affected
by remote sensing. This is in line with recent
trends towards non-invasive methods of inves-
tigation that help to preserve the archaeolog-
ical heritage (Corsi et al. 2013). In addition,
the bird’s eye perspective helps to observe and
understand archaeological sites and objects in
their landscape context that was formed by
interwoven natural and anthropogenic pro-
cesses (Musson et al. 2013). Furthermore,
today remote sensing data is continuously
being generated in the environmental sciences,
in cartography and geodesy and in the military
and commercial sectors, leading to an ever-
increasing quantity and quality of data that
potentially hold information about archaeolog-
ical contexts. These data are available at a
wide variety of scales and resolutions and
often with a considerable time depth. They
can thus contribute to a broad range of archae-
ological research questions.

In what follows, the history of remote sensing in
archaeology and earth observation is summarised
in Sect. 7.2. Section 7.3 provides a brief overview
of platforms, sensors and data and their application
to archaeology. Section 7.4 discusses the archaeo-
logical analysis of digital remote sensing data,
focusing on recent trends and illustrating this with
a case study from own research. This is then
followed by an outlook in Sect. 7.5.
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7.2 A Look Back

7.2.1  Aerial Archaeology

The first aerial images of archaeological sites
were taken from military balloons around the
turn of the nineteenth to the twentieth century
(Trimpler 2005; Verhoeven et al. 2013;
Campana 2017a). Shortly after, during World
War I, aerial photographs taken for military
reconnaissance from aeroplanes covered many
archaeological sites and ruins in Europe and the
Near East for the first time. In the 1920s,
0.G.S. Crawford was the first archaeologist to
systematically use crop marks, i.e. observable
differences in plant growth caused by subsurface
archaeological remains, for archaeological site
detection and mapping. While crop marks and
other proxies such as soil, shadow, snow and
flood marks work well in the temperate climate
regions of central Europe with their extended agri-
cultural fields, they are less effective in dryer
conditions and largely fail in woodlands. The
introduction of infrared and later multispectral
photography to aerial archaeology in the 1970s
increased the visible range so that differences in
soil moisture and vegetation growth could be used
more effectively (Verhoeven 2008, 2012). How-
ever, inherent conceptual issues such as survey
bias (Palmer 2005; Cowley 2016) could not be
resolved through technological innovation.

In spite of these limitations, aerial archaeol-
ogy has proven to be the single most effective
method of archaeological site detection and
mapping in Europe. The technique of taking
oblique images with a handheld camera from a
small aircraft has remained largely unchanged
since the 1920s. Since then, systematic efforts
such as English Heritage’s National Mapping
Programme (NMP; Horne 2009) and technologi-
cal innovations such as digital cameras and posi-
tioning devices (e.g. GPS/INS) have increased
the efficiency and effectiveness of the method
(Leckebusch 2005; Doneus et al. 2016). As a
result, today many European countries hold sub-
stantial collections of aerial images taken for the



7 Airborne and Spaceborne Remote Sensing and Digital Image Analysis in Archaeology 111

purpose of archaeological prospection. Important
resources of archaeological information are also
buried in the millions of vertical aerial
photographs taken for purposes of military
reconnaissance or cartography collected in
major national archives (Cowley et al. 2010;
Cowley and Stichelbaut 2012; Hanson and
Oltean 2013). These historical images constitute
a highly valuable resource, as many of them
show sites and landscapes that have since been
heavily altered, damaged or destroyed,
e.g. through land consolidation, irrigation,
urban sprawl, or armed conflict.

7.2.2 Earth Observation Remote

Sensing

Like aerial archaeology, earth observation
remote sensing grew out of military applications
around the time of World War 1. Systematic car-
tographic mapping based on aerial images began
in the 1930s. Other early applications included
land use studies, geology, hydrology and forestry
(Lillesand et al. 2015). During World War II,
millions of aerial photographs were taken for
military reconnaissance, which brought about
vastly improved methods of image capture, anal-
ysis and interpretation (Hanson and Oltean
2013). This time of conflict and the post-war
years leading up to the Cold War also saw tech-
nological innovations such as colour and infrared
photography that allowed new ways of studying
land cover and vegetation. The basic remote
sensing concept developed in those years, with
aeroplanes serving as platforms for different
sensors used for the systematic mapping of
large areas, remains highly useful for earth obser-
vation until the present day. However, an impor-
tant new branch developed in 1960 after the first
satellites were launched into space. Photographs
of the earth taken from manned spacecraft trig-
gered the interest of the environmental sciences
in spaceborne remote sensing, but the technolog-
ical development was once again driven by mili-
tary applications.

The first large-scale mapping of portions of
the earth’s surface from space was undertaken in

the 1960s during the Cold War and for purposes
of military espionage and reconnaissance. Con-
sequently, the two main antagonists, the USA
and UdSSR, mainly covered areas of geostrate-
gic importance such as central Europe and the
Near East (Fowler 2013). Images were captured
by series of short-lived satellites, e.g. the Ameri-
can Corona and the Sowjet KOSMOS series,
which initially produced black-and-white ana-
logue images that were sent back to earth by
parachute. Their recovery was complex and fre-
quently failed (Day et al. 1998). The images had
a spatial resolution of 1.2—12 m. In spite of great
distortion due to their complex image geometry,
they provide an invaluable data source for
archaeology, for example, for the Near East
prior to the time when mechanised agriculture,
irrigation and urban sprawl destroyed many
ancient sites and their surrounding landscapes
(Goossens et al. 2006; Casana and Cothren
2008; Agapiou et al. 2016).

Beginning in the 1970s, government-run
space agencies such as NASA initiated earth
observation for scientific purposes. Landsat is
NASA’s most successful long-term programme
with a series of seven satellites so far that capture
multispectral images of large parts of the earth
with a spatial resolution between 80 and 15 m
(Lillesand et al. 2015). These images provide
large-scale base data for applications, e.g. in
geography, biology, climate and land use studies,
urban planning, cartography, oceanography and
numerous other disciplines. In spite of their
low spatial resolution, they soon found first
applications in archaeology (Sever 1990; Parcak
2009. For a recent overview of NASA’s and
ESA’s activities related to archaeology, see
Giardino 2011 and Stewart et al. 2015).

Technical developments in both platforms and
sensors lead to a continuously increasing spatial
resolution of spaceborne images. The best avail-
able spatial resolution from optical sensors
mounted on earth observation satellites was
80 m in 1972, 30 m in 1982 and 5.8 m in 1995
(Lillesand et al. 2015). A paradigm shift occurred
at the end of the last century when for the first
time a commercial company launched a satellite
into space with the sole purpose of selling the
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images to a wide range of clients (Ikonos
2, launched 1999). Consequently, commercial
providers focused on very high spatial resolution
(<1 m panchromatic) and up until today provide
the highest available spatial resolution to private
customers. However, recent satellites launched
by government-run space agencies, while still
featuring high spectral resolution, today reach
spatial resolutions that come close to those of
commercial satellites (Agapiou et al. 2015).

Table 7.1 lists selected satellites and sensors
that have provided useful images for archaeolog-
ical purposes in the past or have the potential of
doing so in the future. This selection is necessar-
ily subjective and incomplete. For additional data
on satellites and sensors, see Remondino (2011)
and Lillesand et al. (2015).

While spaceborne remote sensing blossomed,
airborne remote sensing continued to be the
workhorse for mapping and for environmental
applications at smaller scales and has seen just
as many technological innovations in recent
years. One of them is the introduction of digital
cameras, either following the traditional frame
format or using linear array sensors (Lemmens
2011; Remondino 2011). Some digital cameras
acquire oblique imagery, e.g. for urban mapping
(Remondino and Gehrke 2015). Most of these
new sensors cover also the near-infrared light,
which makes them once again highly valuable
for archaeological prospection using vegetation
marks. At the same time, aeroplanes are common
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platforms  for truly  multispectral and
hyperspectral sensors for environmental moni-
toring, as their lower altitude above ground
allows higher spatial resolution than spaceborne
platforms. These sensors are useful for a wide
range of archaeological applications (Donoghue
et al. 2006; Traviglia 2007; Beck 2011; Agapiou
et al. 2014; Doneus et al. 2014).

7.3 Platforms, Sensors and Data

7.3.1  High to Low Altitude Platforms
Contrary to popular usage of the term, satellites
themselves do not acquire images. Rather, they
are platforms on which one or several sensors
can be mounted which in turn capture images
(Table 7.1). However, certain parameters of the
platforms have an effect on image charac-
teristics, among them orbit and altitude. For
example, earth observation satellites carrying
passive optical sensors, as well as many
commercial satellites, circle the earth in
sun-synchronous orbits roughly perpendicular
to the equator to remain within the zone of
sunlight at all times. Such a configuration
entails that certain places on the surface of the
earth are always visited at the same time of day.
Another important parameter is altitude, which
affects swath width and spatial resolution.

Table 7.1 Selected satellites and sensors ordered by ground resolution (pan, panchromatic; VIS, visible light; NIR,

near infrared; MIR, mid infrared; TIR, thermal infrared)

Altitude | Swath Ground

Satellite Sensor Launched (km) width (km) | Channels resolution (m)
Landsat 7 ETM-+ 1999 705 185 8 (pan, VIS, NIR, MIR, TIR) | 15 (pan)
Landsat 8 OLI 2013 705 185 9 (pan, VIS, NIR, MIR) 15 (pan)
Terra ASTER | 1999 705 60 14 (VIS, NIR, MIR, TIR) 15 (VIS, NIR)
SPOT 5 HRG 2002 832 117 6 (pan, VIS, NIR, MIR) 5.0 (pan)
SPOT 6/7 NAOMI |2012/2014 | 694 60 5 (pan, VIS, NIR) 1.5 (pan)
Ikonos 2 1999 680 11 5 (pan, VIS, NIR) 1.0 (pan)
Quickbird 2 2001 450 16 5 (pan, VIS, NIR) 0.61 (pan)
Worldview 2 2009 770 16 9 (pan, VIS, NIR) 0.46 (pan)
Geoeye 1 2008 684 15 5 (pan, VIS, NIR) 0.41 (pan)
Worldview 3 2014 617 13 29 (pan, VIS, NIR, MIR) 0.31 (pan)
Worldview 4 2016 617 13 5 (pan, VIS, NIR) 0.31 (pan)
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Typical orbits of satellites carrying optical
sensors are 700-900 km above ground.

Aeroplanes operate in much lower ranges
within the earth’s troposphere, between several
hundred metres (light aircraft) and 10-12 km
(airliners). While earth observation remote sens-
ing, depending on the purpose, may take advan-
tage of this whole range, the flying height is
usually closer to the lower end the higher the
spectral resolution of the carried sensors is. This
is to ensure a good trade-off between spectral and
spatial resolution. While satellites operate on a
global scale and follow a fixed schedule,
aeroplanes operate on a regional scale and can
be employed more flexible.

Low-altitude platforms on a local scale have
seen a number of important innovations in recent
years, especially in archaeological applications.
While balloons, blimps and kites have been used
for quite some time (Verhoeven 2009),
unmanned aerial vehicles (UAVs) provide an
unprecedented level of flexibility with regard to
data acquisition ever since their first application
in archaeology in 2004, especially with the intro-
duction of autonomous navigation (Lambers
et al. 2007; Gutiérrez and Searcy 2016; Campana
2017b. For more detail, see Chap. 10).

7.3.2  Active vs. Passive Sensors

There are two types of sensors mounted on air-
borne and spaceborne platforms: active and pas-
sive (Lillesand et al. 2015). Active sensors such as
radar and lidar—not treated in this chapter but
important to mention—use their own energy
source to send a signal to the surface of the
earth, from which it is partially reflected and
then captured again by the sensor. Since the
energy, a form of electromagnetic radiation,
travels at the speed of light, the distance between
the sensor and the surface can be calculated from
the time interval between the emission and the
return of the signal. This is called the time-of-
flight (ToF) principle of range-based measure-
ment. While radar uses radio/microwaves in dif-
ferent wavelengths, lidar uses visible or infrared
light. Travelling between sensor and surface, the

113

signal interacts with the atmosphere, with objects
on the surface such as vegetation and with the
surface itself in multiple and complex ways that
need to be taken into account when reconstructing
the surface geometry from the signal. An advan-
tage of active sensing is its independence of sun-
light and good weather: both methods work under
cloudy/rainy conditions and by night. For accurate
range measurements, the position and tilt or skew
of the sensor needs to be determined with high
accuracy, too. This is usually achieved with global
navigation satellite system (GNSS) and inertial
navigation system (INS) units.

Passive sensors do not have their own energy
source but instead capture radiation emitted from
or reflected by the earth’s surface, the main
source of which is the sun. They are often collec-
tively called optical sensors, although many of
them capture radiation outside the range visible
to the human eye. Sensors for cartography,
mapping and commercial purposes usually gen-
erate images with high spatial and limited spec-
tral resolution, e.g. in the visible and near-
infrared light (VNIR) range. On the other hand,
sensors for earth observation often provide lower
spatial yet higher spectral resolution, especially
in the infrared range where atmospheric perme-
ability is high and many relevant environmental
parameters can be measured. Sensors that cap-
ture a limited number of—often disjoint—spec-
tral bands produce multispectral images. Sensors
that capture a high number of continuous narrow
bands produce hyperspectral images. Since the
total energy captured by a given sensor is limited,
there is usually a trade-off between spectral and
spatial resolution. Other relevant resolutions are
the radiometric resolution, which expresses the
range of digital numbers available to visualise an
image (e.g. 8 bit: 2% = 256 digital numbers), and
the temporal resolution, which in the case of
satellite images denotes the revisit time of the
sensor over a given location on earth. As with
radar and lidar data, passive sensing needs to take
into account multiple atmospheric and other
conditions that have an impact on image forma-
tion. Most importantly, passive imaging requires
daylight and, in the case of satellite images, as
little cloud cover as possible.
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7.3.3  Analogue vs. Digital Images
While most optical images are today taken with
digital sensors, there are huge archives from the
era of analogue photography that contain a wealth
of potentially useful information for archaeolog-
ical purposes (Cowley et al. 2010; Cowley and
Stichelbaut 2012; Hanson and Oltean 2013). Ana-
logue photographs, be they negatives or positives,
suffer from physical and chemical degradation
and thus require measurements for their preserva-
tion and/or digitisation.

Aerial photographs for aerial archaeology are
often taken with uncalibrated handheld cameras
without registration of the exact position and tilt
of the camera (Leckebusch 2005; Palmer 2005).
Most of these images are oblique, showing the
horizon (high) or not (low), in order to optimally
capture crop, soil, shadow and other marks. Their
acquisition depends on decisions of the operator.
For all these reasons, their georeferencing is
often difficult and depends on contextual infor-
mation ideally provided by the operator.

In contrast, aerial photographs for cartogra-
phy and military reconnaissance are usually
taken with metric cameras from a near-vertical
perspective in a systematic fashion that aims at
the complete coverage of a given target area.
Very often, there is a considerable overlap
between consecutive images to enable stereo-
scopic analysis (Mikhail et al. 2001).
Georeferencing is facilitated through positioning
data collected along the flight path and ground
control. In spite of these advantages, vertical
aerial photographs are not always useful for
archaeological purposes as they are often taken
during unfavourable times of the year, e.g. in
winter when there are no leafs on the trees, and
of the day, e.g. around noon when shadows are
minimal, when usual archaeological proxies such
as crop marks do not show.

While analogue aerial cameras continue in
use, most airborne and all spaceborne remote
sensing today operates on digital sensors
(Richards and Jia 2006; Lillesand et al. 2015).

Digital frame cameras, like analogue cameras,
are pin-hole cameras that capture one individual
scene at a time and produce rectangular images
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from it. Linear-array cameras, on the other hand,
capture many narrow strips of a scene
corresponding to one line of pixels in the digital
image, one after the other. The lines of pixels are
then being combined into a continuous image.

Both frame and linear array cameras may
produce multispectral images or stacks of images
with each layer corresponding to one spectral
channel, or band. Many airborne and spaceborne
sensors are furthermore operated such that they
produce stereoscopic images that can be used for
3D analysis. While overlap between consecutive
image scenes ensures this for frame cameras,
linear array cameras capture imagery in
forward-, nadir- and backward-looking mode,
such that multiple perspectives on each portion
of the terrain are available from the captured
imagery.

7.4  Archaeological Analysis

of Remote Sensing Data

The best practice of analysing traditional remote
sensing data such as aerial photographs for
archaeological purposes has been described else-
where (Brophy and Cowley 2005; Musson et al.
2013). We here focus on the archaeological anal-
ysis of digital remote sensing data using compu-
tational tools.

7.4.1 Recent Trends

In geodesy, cartography and earth observation,
the complexity of digital remote sensing data
has led to the development of a wide range of
quantitative and computational tools for image
processing and analysis since the 1970s
(Richards and Jia 2006; Lasaponara and Masini
2012; Abrams and Comer 2013; Lillesand et al.
2015). While processing usually encompasses
image correction, enhancement, transformation
and registration, analysis often entails some level
of classification of the image contents that assist
in their interpretation. Furthermore, overlapping
images may be analysed in 3D for the extraction
of geometric information (Mikhail et al. 2001).
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These techniques are usually systematically
applied to whole images, or series of images,
and, thus, to entire landscapes that they cover.

In contrast, archaeological image analysis
originally focused on certain portions of images
that were of archaeological interest, namely,
traces of human activity in the landscape
(Brophy and Cowley 2005). Consequently, the
intensity of landscape coverage varied greatly.
Site detection and mapping is still one of the
most important goals in archaeological image
analysis. However, in recent years, the theoreti-
cal turn towards landscapes as frames of refer-
ence for an archaeological enquiry has facilitated
the adoption of full coverage remote sensing data
originally not acquired and analytical tools origi-
nally not developed for archaeological purposes
(Doneus 2013). This adoption of data and
methods from earth observation remote sensing
requires innovation and change in the practice of
archaeological prospection (Cowley 2012;
Verhoeven and Sevara 2016). For example, the
thorough screening of individual aerial images
by a human observer as in aerial archaeology is
not scalable to the quantity and complexity of,
e.g. multi-/hyperspectral images. On the other
hand, existing analytical tools for object detec-
tion associated with digital remote sensing data,
e.g. for road or building detection in cartography
and mapping, usually fail when targeting faint,
elusive archaeological traces.

Therefore, since the early 2000s, archaeo-
logists, in close collaboration with experts from
the earth sciences and computer science, have
attempted to partly automate the archaeological
analysis of remote sensing data, using digital
image processing and analysis to detect and
map archaeological traces (e.g. De Laet et al.
2007, 2009). Such attempts initially met with
considerable scepticism (e.g. Hanson 2010) due
to the unclear role that computer algorithms
should play in the process of observing,
analysing and interpreting archaeological traces
in the landscape (Cowley 2012; Bennett et al.
2014). In the meantime, however, a number of
projects have demonstrated the feasibility of such
an approach (Traviglia et al. 2016). An interest-
ing aspect here is that some automated
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approaches can be applied to both image data
and range data. For example, algorithms have
been developed to reliably detect burial mounds
(Trier et al. 2009, 2015; Caspari et al. 2014;
Sevara et al. 2016; Cerrillo-Cuenca 2017), stone
tombs (Schuetter et al. 2013), charcoal Kkilns
(Schneider et al. 2015), animal traps (Trier and
Pilg 2012), trails (Vletter 2014) and tells (Menze
and Ur 2012) in digital elevation models, high-
resolution panchromatic images, or multispectral
images. All of these handcrafted algorithms tar-
get well-known, clearly defined categories of
recurrent, typical archaeological objects. They
are thus designed to assist archaeological
prospection and provide base data, not to replace
fieldwork and archaeological interpretation. To
illustrate this field of research more clearly, the
following describes a case study from our own
research.

7.4.2 Case Study: Archaeological
Object Detection

in the Silvretta Alps

The Silvretta Archaeological Project, directed by
Thomas Reitmaier and conducted from 2009 to
2016 in the Silvretta mountains on the border
between Switzerland and Austria, served as a
case study to develop methods for a semi-
automated archaeological analysis of optical
remote sensing images. The main goal of the
project was to investigate Holocene human-
environment interaction and resource use in the
alpine zone above the tree line, with a special
focus on the prehistoric origins and further devel-
opment of alpine pastoralism (Dietre et al. 2014,
2017; Kothieringer et al. 2015). An important
category of archaeological sites relevant for this
topic was ruins of livestock enclosures (LSEs)
used for the management of sheep, goats and
cattle during the annual grazing period in the
short summer (Fig. 7.1). About 30 LSEs were
registered during archaeological fieldwork from
2009 to 2016, dating from the Bronze and Iron
Ages to the Modern Period. These known LSEs
served as target objects for the development of an
algorithm for archaeological object detection.
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Fig. 7.1 Well-preserved livestock enclosure (LSE) in Val Urschai, Lower Engadine, Switzerland (photo: K. Lambers).
About 30 LSEs were recorded in the Silvretta region, most of them older and less well preserved than this one

While the results have been described in detail
elsewhere (Zingman 2016; Zingman et al. 2014,
2016), the following is a brief overview with a
focus on the general idea behind the workflow.
Images captured in 2011 by the commercial
satellite Geoeye 1 served as primary data source
(cp. Table 7.1). They feature four bands in the
VNIR spectrum and a spatial resolution of 0.5 m
in the panchromatic band, downsampled from
the original 45 cm due to legal restrictions.
These images were chosen for two reasons.
Firstly, they provided the only consistent, up-
to-date data source for the entire study area of ca
500 km?. Secondly, images of this type are a
useful starting point for archaeological research
in areas where other types of remote sensing
data are not available or difficult to acquire or
where access on the ground is difficult, as is the
case in many remote or contested parts of the
world. For the same reason, one aim of the

project was to achieve as much as possible in
terms of object detection based on the satellite
images alone, without making use of contextual
information, which in other cases might not be
available. For reference, an orthoimage with
0.5 m resolution based on aerial images
provided by SWISSTOPO was used as second-
ary data source.

The goal of the case study was to develop a
workflow that would allow the quick and reliable
detection of LSEs in optical remote sensing
images of 0.5 m resolution. In order to be useful,
the workflow needed to be robust to illumination
changes and quick and enable a high detection
rate combined with a manageable number of
false detections. It should furthermore indicate
the probability of the presence of a target object
rather than yielding a binary yes/no classifica-
tion, as the workflow was envisioned as an
assisting step prior to archaeological fieldwork
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that would facilitate the ground truthing of its
results.

The design of the workflow was determined
by the nature of the target objects. While the
LSEs show a wide variety of shapes, sizes, states
of preservation and contexts (e.g. associated veg-
etation), they can all be described as roughly
rectangular, though often incomplete objects.
Furthermore, they are all located in open grass-
land. These features determined the detection
approach.

Their location in open grassland meant that
other portions of the study area—mainly forests,
rocky/ice-covered areas and settlements—would
have led to many false detections. Thus, in a first
step, the images were segmented based on tex-
ture contrast such that open grasslands were dis-
tinguished from all other portions of the
landscape. For this purpose, and based on math-
ematical morphology, two complementary
operators were developed. The first, called mor-
phological texture contrast (MTC), filters out
high texture contrast regions. The second, called
morphological  feature  contrast (MFC),
highlights individual features in the remaining
image portions, since those might be part of the
target objects. The result is a binary image
showing individual features in open areas. By
filtering out irrelevant areas, computation time
for all subsequent steps is reduced considerably.

The next, and crucial, step in the workflow
was to determine which linear features in the
binary images belonged to the target objects.
Based on the geometric properties of LSEs, two
constraints were defined: (1) a convexity con-
straint, requiring that linear features form a
nearly convex hull, and (2) a rectangularity con-
straint, requiring that they meet at roughly right
angles. First, candidate points in the images were
determined which were surrounded by linear
features in certain distances and configurations
and were thus potential centre points of target
objects. Second, from these candidates, the loca-
tion and configuration of the linear features
surrounding them were tested against the
abovementioned constraints in a graph-based
search. That way, most naturally occurring
configurations such as random alignments of
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stones, streams or trails were rejected. Third,
the remaining configurations were assessed
based on how well they fulfilled the constraints,
for which a rectangularity measure was
introduced and assigned to the candidate points.
Colour coding this quantitative measure results
in a heat map in which red indicates a high
probability of the presence of a target object,
yellow a low probability and no colour a zero
probability (Fig. 7.2). This heat map can serve as
starting point for fieldwork, as it indicates the
most likely locations where target objects can
be detected.

Applying the above described workflow to
large images results in a huge number of false
detections. Therefore, the geometric properties
of the known LSEs were used for filtering the
results. Mapping their sizes against their rectan-
gularity measures resulted in a clear distribution
of the known LSEs towards one end of the over-
all distribution, such that a linear classifier could
be defined that discarded the majority of the false
detections. This classifier can be used in other
contexts as well.

Testing the workflow on the original dataset
showed that all known LSEs were reliably
detected. In addition, a low number of hitherto
unrecorded LSEs were detected, too. Applying
the workflow to a similar dataset from the
Bernese Alps also yielded promising results,
which have yet to be validated in the field.

The Silvretta case study shows how computa-
tional tools can extract meaningful archaeolog-
ical information from complex remote sensing
data, thereby assisting archaeological fieldwork
and enquiry. As in other disciplines, the combi-
nation of domain knowledge with methodologi-
cal expertise from remote sensing and computer
science is the key to tapping the full potential of
remote sensing data.

7.5 A Look Ahead

For a long time, and in spite of their shared
origins, aerial archaeology and earth observation
remote sensing have followed own trajectories
that overlapped only occasionally. In recent
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Fig. 7.2 Geoeye 1 satellite image (panchromatic chan-
nel) of the Jam and Larein valleys above Galtiir, Tyrol,
Austria, with superimposed colour code indicating low
(yellow) to high (red) probability of the presence of

years, however, there is a clear and irreversible,
highly promising trend towards convergence.
Aerial archaeology has an enormous potential
to adapt to new requirements (Verhoeven and
Sevara 2016). At the same time, the continuously
increasing use of data, tools and methods derived
from earth observation remote sensing for
archaeological purposes leads to exciting new
opportunities and challenges. Airborne laser
scanning, the first effective technique for large-
scale archaeological prospection in woodlands, is
just the most striking example (Crutchley and
Crow 2009). At the same time, it is a good
example of the data explosion (Bennett et al.
2014) or deluge (Bevan 2015) that archaeology
now faces. Multidimensional, multi-resolution,
multi-sensor remote sensing data are much

LSEs (image: I. Zingman, using copyrighted material of
DigitalGlobe, Inc., All Rights Reserved). This heat map
serves as starting point for ground-based archaeological

survey

more complex than traditional aerial
photographs, and this requires new conceptual
approaches to data processing, analysis and inter-
pretation. While crowdsourcing is one way to
address this problem (Casana 2014; Lin et al.
2014), computational approaches is another
(Gattiglia 2015; Grosman 2016). Archaeology
as a discipline has started to develop computa-
tional approaches in close collaboration with the
earth and environmental sciences, engineering
and computer science, as recent successful
attempts towards automation in archaeological
object detection show.

At the same time, these examples also reveal
certain  limitations.  Handcrafted custom
algorithms for object detection, while effective,
have so far proven to be too specialised to be
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widely applied in cultural heritage management.
They often target narrow object categories,
sometimes require specific data, and are mostly
not yet integrated into common working
environments such as GIS. Clearly, more generic
and user-friendly approaches are needed to make
full use of computational power for the archaeo-
logical analysis of the rich content of remote
sensing data. Currently, advanced machine
learning techniques seem to offer the best solu-
tion for this problem. For example, deep learning
based on convolutional neural networks has
revolutionised computer vision in recent years,
enabling considerable progress in such complex
analytical problems as face recognition and
image understanding. Whereas traditional
methods of digital image analysis map and clas-
sify image contents, deep learning is capable of
comprehensively analysing and describing them,
e.g. in text (LeCun et al. 2015). This and related
approaches thus seem to offer a great potential
for a truly semantic analysis of remote sensing
data for archaeological purposes. First archaeo-
logical case studies in this field (Zingman et al.
2016; Trier et al. 2017) show promising results.
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