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César Borie, César Parcero-Oubi ña, Youngsang Kwon, Diego Salazar, Carola Flores,
Laura Olguı́n and Pedro Andrade
Beyond Site Detection: The Role of Satellite Remote Sensing in Analysing Archaeological
Problems. A Case Study in Lithic Resource Procurement in the Atacama Desert, Northern Chile
Reprinted from: Remote Sens. 2019, 11, 869, doi:10.3390/rs11070869 . . . . . . . . . . . . . . . . .

5

Włodzimierz Rączkowski
Power and/or Penury of Visualizations: Some Thoughts on Remote Sensing Data and Products
in Archaeology
Reprinted from: Remote Sens. 2020, 12, 2996, doi:10.3390/rs12182996 . . . . . . . . . . . . . . . . . 33
Jane Gallwey, Matthew Eyre, Matthew Tonkins and John Coggan
Bringing Lunar LiDAR Back Down to Earth: Mapping Our Industrial Heritage through Deep
Transfer Learning
Reprinted from: Remote Sens. 2019, 11, 1994, doi:10.3390/rs11171994 . . . . . . . . . . . . . . . . . 57

Alexandre Guyot, Marc Lennon, Nicolas Thomas, Simon Gueguen, Tristan Petit,
Thierry Lorho, Serge Cassen and Laurence Hubert-Moy
Airborne Hyperspectral Imaging for Submerged Archaeological Mapping in Shallow
Water Environments
Reprinted from: Remote Sens. 2019, 11, 2237, doi:10.3390/rs11192237 . . . . . . . . . . . . . . . . 79
Christopher Sevara, Martin Wieser, Michael Doneus and Norbert Pfeifer
Relative Radiometric Calibration of Airborne LiDAR Data for Archaeological Applications
Reprinted from: Remote Sens. 2019, 11, 945, doi:10.3390/rs11080945 . . . . . . . . . . . . . . . . . 99
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Preface to ”Archaeological Remote Sensing in the 21st
Century: (Re)Deﬁning Practice and Theory”
Despite the many (r)evolutions in remote sensing technology over the past three decades,
integration in archaeological practice and theory has sometimes been limited by reliance on practice
and theory imported from other disciplines, without questioning or deep understanding. This
collection of papers aims to contribute to the exploration of developing practice and theory in remote
sensing archaeology for the 21st century. The scope of this volume is the use of remotely sensed
data from either air- or spaceborne platforms for the beneﬁt of archaeology and cultural heritage in
general, with a speciﬁc focus on better deﬁning the roles and contexts that detail why archaeologists
may apply remote sensing techniques. With this focus, it is our hope that remotely sensed data will
be better and more intrinsically integrated into the symbiosis of archaeological practice and theory.
The editorial for this volume suggests that many aspects of archaeological practice can be
characterised as ‘beg, borrow and steal’. This collection provides the reader with thoughtful papers
that contribute to the development of archaeological remote sensing as a mature interdisciplinary
ﬁeld characterised by explicit and theoretically engaged approaches to understanding the past.
Geert Verhoeven, Dave Cowley, Arianna Traviglia
Editors
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“Beg, borrow and steal”: in many ways, this is a strapline for archaeology as a
discipline, and perhaps especially so for archaeological remote sensing? The practice of
archaeology places it at the intersection of many disciplines, partly in the humanities, partly
scientiﬁc in orientation, drawing on a range of ﬁelds including Earth sciences, philosophy,
and computer science, to name just a few. On the one hand, this is an attribute that makes
archaeology such an interesting ﬁeld. However, it can also be observed that archaeological
practice has frequently relied on data and tools developed elsewhere, applied without
question and with a superﬁcial understanding of underlying principles, and appropriated
theory with only shallow appreciation of the intellectual context in which it was developed.
Speciﬁcally, in archaeological remote sensing, and despite the steady developments in
remote sensing technology over the past three decades, the thoughtful integration of data
sources and methods into theoretically aware archaeological practice remains relatively
underdeveloped. There is a need, therefore, to critically explore developing praxis in 21st
century remote sensing archaeology in a context which recognises the need to understand
underlying principles, to assess ﬁtness for purpose of approaches, and to develop more
mature methodologically and theoretically aware frameworks.
This is the scope for this Special Issue of the journal Remote Sensing—to explore the
use of remotely sensed data from either air- or spaceborne platforms for archaeology and
cultural heritage in general and contribute to better integrating remotely sensed data in
the discipline of archaeology. The nine papers in this SI address a range of technical and
theoretical issues within this framework—looking at aspects of products and workﬂows
across a range of data acquisition technologies (airborne laser scanning, airborne hyperspectral imaging, traditional aerial photography, satellite imaging). In this regard, there is a
persistent focus on understanding the characteristics of the datasets applied, the workﬂows
implemented, the opportunities offered by innovative applications, and the framing of
relevant archaeological questions.
In archaeological remote sensing, the focus of much research and publication work
on technical issues and exemplars of methods and data, with less focus on understanding
the past, is a notable characteristic of the last decade or more. This is an understandable
response to new technology, but the importance of addressing archaeological questions is
foregrounded in a study of lithic resource procurement in the Atacama Desert, Northern
Chile, by Borie et al. [1]. This paper makes use of Landsat 8 satellite images, moving
beyond the discovery and documentation of archaeological features and sites to a massive
landscape scale and an understanding of environmental resources—in this case, lithic raw
material used by hunter–gatherer groups. The role of focused ﬁeld studies introduces a
multi-scalar perspective to archaeological understanding in a challenging physical setting.
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The way in which archaeological understanding is generated from airborne and
spaceborne remote sensing is considered from a very different perspective in a paper by
Raczkowski
˛
[2], which presents a critical challenge to any view that assimilating such data
into archaeological understanding is through the simple expediency of looking, and that
in some way, such “looking” is uncomplicated. The common ﬁxation with visualisations
of remotely sensed data, such as airborne laser scanning, is discussed with reference
to Heidegger’s understanding of technology, exploring how such outputs are seen as
representations of the “real world” and the extent to which those perceptions are culturally
and theoretically dependent. This paper contributes to a largely undeveloped consideration
of epistemology in remote sensing archaeology, which can otherwise be dominated by an
inherently positivist, and largely uncritical, perspective.
If the paper by Raczkowski
˛
introduces the necessity for understanding the “thinking”
behind aspects of remote sensing archaeology, the paper by Gallwey et al. [3] illustrates
the need to understand the foundational aspects of new approaches. In this study of
deep learning for the semi-automated detection of historic mining remains, the limited
availability of archaeological training datasets is discussed with reference to the potential
implications of pre-training convolutional neural networks on “general purpose” (i.e.,
ImageNet) imagery. On the basis that relict mining remains are expressed in surface
topography, this study uses a transfer learning approach in which the initial training of the
neural network uses Lunar topographic data—that is to say, a dataset (even if it is “off this
world”) that may have more in common with archaeological features than the multi-use
imagery routinely used for pre-training.
The need to establish the foundational aspects of remote sensing is also illustrated in a
paper by Guyot et al. [4], dealing with the potential for airborne hyperspectral imaging for
the mapping of submerged archaeological remains. While applications of hyperspectral
data for terrestrial contexts are well established, and airborne laser bathymetry or acoustic
soundings are routinely used in submerged contexts, the use of airborne imaging spectroscopy brings new perspectives. By combining noise reduction, the automated detection
of features, and characterisation of morphological and spectral attributes of archaeological
structures, the basis for the analytical exploration of such environments is signiﬁcantly
broadened.
The potential for applications of tried and tested approaches in new contexts demonstrated by Guyot et al. is also a theme in the paper by Sevara et al. [5], where the focus
shifts to fully exploiting the dimensionality of remote sensing data—in this case, the value
of radiometric information in airborne laser scanning to provide further insights about
archaeological features. This paper describes a desk-based approach to radiometric calibration through the selection of homogenous areas of interest, which allows a raster reﬂectance
map approximating a monochromatic illumination-independent true orthoimage to be
generated. Having demonstrated the value of the approach and negating the lack of in-ﬁeld
calibration data for most airborne laser scanning data, a freely available tool to apply this
procedure is introduced.
The value of such tools is well known to all users of the Relief Visualisation Toolbox,
which provides a set of techniques to visualise raster elevation datasets in an easy-to-use
package. In the paper by Kokalj and Somrak [6], the authors discuss what constitutes
useful visualisations, and how their characteristics bear on the visibility of archaeological
topographic features. The paper also addresses the inherent complexity that multiple
visualisations may bring to the interpretative process, proposing an approach that blends
different relief visualisation techniques to allow for the simultaneous display of topographic
features in a single image. This paper offers an interesting complement to Raczkowski’s
˛
[2]
and provides the “recipes” for their visualisations and a tool for their computation.
The beneﬁts of integrated workﬂows and the combination of what might otherwise
be distinct areas of archaeological practice are illustrated in the paper by Lambers et al. [7]
which reports on the articulation of remote sensing, machine learning, and Citizen Science
in a Dutch case study. Underlying this approach is a desire to address the paucity of
2
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labelled archaeological training datasets for machine learning (see also [3]), and the recognition that Citizen Science can help generate and validate detections of hitherto unknown
archaeological objects. This paper, too, offers an explicit, well-documented workﬂow that
aims to ensure effective integration and that the character of outputs from the different
processes is understood.
Understanding the character of outputs from data collection strategies is a theme
common to the last two papers in this Special Issue. By asking the question of what a
satellite system designed for archaeological speciﬁcations might look like, McGrath et al. [8]
discuss the factors that impose inherent limitations on the archaeological applications of
existing satellite data. By presenting a high-level mission architecture for a bespoke satellite
system designed from an archaeological speciﬁcation, the paper provides a simulation
analysis that foregrounds the archaeological requirements for a satellite constellation
design. This provides insights into data characteristics that should be useful to the users
of repurposed satellite data and contributes to thinking about how archaeological and
heritage management concerns might be incorporated into the future planning of satellite
missions. A key point of this paper is that satellite data can be sourced and used without
understanding how they were acquired, which may be an inherent limitation on the
considered applications.
While the discussion of a satellite for archaeology is innovative, the valuable application of satellite data in archaeology has a long history, with such data from the 1960s and
1970s, for example, providing valuable historical documents of landscapes that may be
long gone or dramatically altered. The beneﬁts of a longer-term perspective on aspects of
archaeological practice are discussed by Czajlik et al. [9] in this collection’s ﬁnal paper. The
value of differential crop development (cropmarks) in the detection of buried archaeology
is well-known, but the authors point out that much of the knowledge about how and
why such proxies develop is empirical. They identify the signiﬁcance of the results of
a long-term aerial survey—in this case, in Hungary, over more than three decades—to
support systematic analysis against factors such as soil properties and weather patterns to
better inform future survey strategies. This is important because cropmark prospection
needs to be properly targeted, whether that is to deﬁne the most cost-effective conditions
under which to task a satellite or to put an aircraft in the air.
Returning to the scope of this collection of papers, there is an aspiration to explore
(re)deﬁning practice and theory, including critical discussion on the role of remote sensing
within archaeological practice, addressing dislocations that may occur with theoretical
concerns, and considering the future symbiosis of practice and theory. We note some
positive trends, speciﬁcally in the better understanding of underlying assumptions, in the
explicit deﬁnition of workﬂows, and in the provision of tools and other mechanisms to
standardise, and so ensure the replicability, of work. Perhaps less well-developed is the
symbiosis of practice and theory in archaeological remote sensing, and this is unsurprising
given the weight of interest in the “technical” aspects of the ﬁeld of study [2].
We hope that the collation of this Special Issue provides the reader with food for
thought on these challenges, and so contributes to archaeological remote sensing as a
discipline not so much epitomised by “beg, borrow and steal” but rather a mature interdisciplinary ﬁeld characterised by explicit, thoughtful, and theoretically engaged approaches
to understanding the past.
Acknowledgments: We thank our contributors for their papers and for thoughtfully engaging with
the scope of this SI, and the editorial team at Remote Sensing, and speciﬁcally Joss Chen, for steering
us through the process.
Conﬂicts of Interest: The authors declare no conﬂict of interest.
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Abstract: Remote sensing archaeology in recent years has emphasized the use of high-precision
and high-accuracy tools to achieve the detailed documentation of archaeological elements (drones,
LIDAR, etc.). Satellite remote sensing has also beneﬁted from an increase in the spatial and spectral
resolution of the sensors, which is enabling the discovery and documentation of new archaeological
features and sites worldwide. While there can be no doubt that a great deal is being gained via
such “site detection” approaches, there still remains the possibility of further exploring remote
sensing methods to analyse archaeological problems. In this paper, this issue is discussed by
focusing on one common archaeological topic: the mapping of environmental resources used in the
past and, in particular, the procurement of lithic raw material by hunter-gatherer groups. This is
illustrated by showing how the combined use of Landsat 8 images and “ground-truthing” via focused
ﬁeld studies has allowed the identiﬁcation of a number of potential chert sources, the major lithic
resource used by coastal groups between 11,500–1,500 cal. BP, in a vast area of the Atacama Desert
covering 22,500 km2 . Besides discussing the case study, the strength of remote sensing techniques in
addressing archaeological questions comprising large spatial scales is highlighted, stressing the key
role they can play in the detection and study of speciﬁc environmental resources within challenging
physical settings.
Keywords: archaeology; arid environments; satellite remote sensing; lithological mapping;
lithic procurement; chert sourcing; Landsat 8; GIS
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1. Introduction
Remote sensing in archaeology has grown into a large and varied ﬁeld. In particular,
satellite remote sensing has beneﬁted from an increase in the spatial and spectral resolution of the
sensors, an improvement which has enabled the discovery and documentation of new archaeological
features and sites worldwide [1–3]. While there can be no doubt that a great deal can be gained
from these “site detection” approaches, there is still potential to be explored in using remote sensing
methods as tools to analyse archaeological problems, especially on large geographical scales. In this
paper, this potential is discussed by focusing on one common archaeological topic: the mapping of
environmental resources used in the past, and in particular, the procurement of lithic raw material by
ancient hunter-gatherer groups.
Since the 1970s, geological studies have tested the capacity of satellite remote sensing for
lithological mapping in different environmental contexts, highlighting the ability of spectral analysis
to discriminate between diverse rock and soil units, thus complementing and improving the accuracy
of the data provided by conventional geological maps [4–9]. On the other hand, archaeologists
have long emphasized the technological and social importance of high-quality rocks for prehistoric
hunter-gatherer societies [10–14]. The large geographical ranges involved in the direct or indirect
procurement of such rocks and their consistent use over long time spans imply that approaches on
regional or landscape-based scales are especially well-suited for tackling these questions [15–18].
There seems to be a “natural” point of convergence here between the capabilities of satellite remote
sensing and the research questions raised by some archaeological approaches. However, so far,
these techniques have not received much attention from archaeologists concerned with the procurement
of lithic resources in the past, despite the remarkable advantages they represent for addressing this
problem on large spatial scales [19–22].
In this paper, following the trend of previous research [22], it is argued that satellite remote
sensing in archaeology holds a great potential beyond the common (and indeed useful) aims of site
detection. In particular, the suitability of remote sensing to overcome some of the major limitations of
traditional archaeological methodologies is stressed. This is illustrated via a case study that shows
how the combined use of freely accessible satellite images and “ground-truthing” through focused
ﬁeld studies has allowed the identiﬁcation of a number of primary and secondary sources of chert
in a vast area of the Atacama Desert covering 22,500 km2 . This is a large-scale approach that takes
full advantage of the natural conditions of the study area and also of the information contained in the
“grey literature” provided by spatially discrete and dispersed CRM reports, offering a cost-effective
methodology which can easily be replicated in other contexts.
The beneﬁts and drawbacks of the methodology will be assessed, stressing the need for higher
spectral resolution satellite imagery and “ground-truthing” via Visible Near-Infrared (VIS/NIR) and
Fourier Transform Infrared (FTIR) reﬂectance spectroscopy for further reﬁnement of the remote sensing
approach, and also the need to conduct lithic provenance studies with a high level of geographical
and geological resolution [23]. Finally, the strength of remote sensing techniques in addressing
archaeological questions that comprise large spatial scales is discussed, and attention is drawn to the
key role which they can play in the detection and study of speciﬁc environmental resources, such as
lithic source areas, within challenging and poorly studied physical settings.
2. Satellite Remote Sensing in Problem-Oriented Research
Broadly speaking, and without any pretensions of being exhaustive, it could be argued that
satellite images are used in archaeology in two possible ways: as exploratory tools (aimed at
prospecting the landscape in order to ﬁnd new sites or features of archaeological interest) or as
part of problem-oriented research (as tools to answer explicit questions about the past). Although this
broad-brush distinction is by no means new [22,24], it is not very clear: ﬁnding new archaeological
places of interest can be problem-oriented research in itself, for instance, in the case of heritage
management bodies, whose purpose is precisely to identify and document the highest number of
6
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archaeological elements in any given area or region [25]. The difference does not imply any hierarchy
at all; both approaches are equally useful and productive, at different levels and with different impacts.
However, they usually imply a different approach to the use of satellite images and involve different
methods and skills.
Exploratory analysis is commonly a general-purpose task, aimed at ﬁnding any elements of
potential archaeological interest in a region. Consequently, the traces that are to be detected are
equally varied (crop marks, soil marks, topographical anomalies, etc.). It follows almost naturally
that general-purpose methods, such as visual photointerpretation, which do not require sophisticated
processing of the remote sensing data to provide broad, and rather generic, results, are the best suited
to such applications; on the contrary, any methods tailored to ﬁnd certain speciﬁc proxies using more
sophisticated image processing methods are typically not very good candidates for this [26,27].
It is by no means implied that all the aforementioned general-purpose applications do not
involve any kind of expertise or skills [28]. The point to be noticed here is that, within these
exploratory approaches, satellite images are typically used just like other types of aerial photos,
for visual interpretation. Until recently, the medium to coarse spatial resolution of satellite imagery
(especially when compared with aerial photos) strongly limited its use for visual prospection. Even now,
despite the increasing availability of images with a higher spatial resolution (even those freely accessible
through Google Maps, Bing Maps, and similar sites), it is still true that “satellite reconnaissance is
better suited for mapping large-scale and broad landscape features such as paleochannels or detecting
upstanding monuments in semi-arid environments, while airborne imaging remains the preferred
approach for a detailed study of past geo-cultural activity” [29] (p.5).
In this paper, the focus is placed on the other main use of satellite imagery; spectral analysis.
There are two main reasons which have limited the use of satellite spectral analysis in archaeology.
Firstly, there is, again, an issue with the spatial resolution of most satellite imagery, which is insufﬁcient
to single out the marks of many individual archaeological features. The development of high-spatial
resolution sensors has alleviated this limitation to some extent, although the limited spectral resolution
of these spatially detailed sensors comes as an unavoidable drawback [22]. Secondly, and perhaps
more importantly, there are no general-purpose methods for analysing the spectral information of
satellite imagery, because this task is highly dependent on the characteristics of the speciﬁc target
elements and on the characteristics of the surrounding landscape.
In any case, there are some good examples that prove that, when the conditions are right, remote
sensing can ﬁll relevant gaps in archaeological research. It is not surprising that the best examples of
this synergy are those related to the delimitation of environmental variables which can be informative
of economic or social practices in the past, especially those related to geological and soil mapping.
As B. Vining pointed out a few years ago that “while environmental mapping was one of the earliest
applications of archaeological remote sensing, the focus on site detection has shifted attention away
from this area. Using spectral data to delimit environmental variables is the strong suite of remote
sensing” [22] (p. 493). Different examples prove the usefulness of using satellite imagery for the
analysis of environmental factors in relation to archaeological problems, such as the development of
early agricultural practices [30]; the identiﬁcation of patterns of settlements and paths [31]; or, similar
to our case study, the detection of sources of raw stone material [32].
While such approaches might be equally feasible in any context, the existence of a good state
of preservation and visibility of the archaeological evidence is always a factor that increases the
chances of a successful remote sensing approach. In this respect, arid regions typically rank very high,
since the absence of dense vegetation allows for a more direct observation of the properties of the
soils. A ﬁrst obvious beneﬁt comes when satellite imagery is used for visual interpretation [33,34].
However, spectral analysis also beneﬁts from the absence of dense vegetation. South America, or at
least those large parts of it occupied by arid or semi-arid landscapes, represents a geographical
context which can be especially suited to these kinds of approaches: the existence of large areas with
very low population densities, both in the present and in historical times, implies a low amount of
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human-induced alteration of the landscape, thus resulting in a reduced level of “noise” detectable
through satellite images. Furthermore, many of these areas are geomorphologically very stable,
an aspect which also increases the value of remote observation for the interpretation of past patterns.
Finally, and more importantly, these largely unpopulated areas usually pose signiﬁcant difﬁculties for
traditional archaeological recognition due to their vastness, difﬁcult access, and poor communication
(which, for instance, limits the use of GPS and similar devices). All this suggests that spectral analysis
of satellite imagery has great potential to be applied in many areas of arid and semi-arid South
America, but at the moment, there are few examples of its application in the region [35], particularly if
only those cases that go beyond the not-so-uncommon visual interpretation of satellite imagery are
considered [36,37].
The increasing availability of free imagery represents a good opportunity to move forward and
take advantage of the potential beneﬁts of a problem-oriented use of satellite remote sensing in this
region. The case study presented in the following sections attempts to illustrate this in practice.
3. Introduction to the Case Study: Research Problem and Background
3.1. Lithic Procurement Strategies in Hunter-Gatherer Societies
Land-use patterns and, particularly, lithic procurement strategies, have long been major
topics in the archaeological research of ancient hunter-gatherer societies [11–14,38,39]. In particular,
the procurement of high-quality stone (the concept of high quality rocks, as it is used here, stands for the
ease of a given lithic raw material for controlled knapping [14], and also for the functional requirements
that the artefacts made of such raw material have to meet to achieve their intended use, for instance,
in terms of edge strength, requirements that usually prompted the selection of cryptocrystalline
toolstone like chert, chalcedony, ﬂint, and jasper in prehistoric times [10,40]) has been considered a
key aspect in the technological organization of these kinds of groups and an activity that affected,
in diverse and complex ways, the conﬁguration of their settlement and mobility patterns [13,39–41].
The geological occurrence of the most suitable rocks for tool manufacturing is manifested unevenly
across the landscape, and there is normally a strong discordance between the spatial distribution
of critical subsistence resources and these natural deposits of raw material [10,13,14,39]. Therefore,
hunter-gatherer societies had to develop strategies to ensure the availability of adequate toolstone raw
materials in the locations where they were required for subsistence activities [13,42,43], investing, in
some cases, considerable time and effort in their procurement [12,13,44].
In desert areas such as the Atacama, this discordance is manifested as a stark contrast between the
coastal environments, rich in biotic resources, where local hunter-gatherer-ﬁsher communities settled,
and the vast barren landscape of the Central Depression, profuse in high-quality lithic resources,
where only ephemeral occupations were possible [45–50]. The technological organization of those
communities relied heavily on high-quality non-local chert, which comprises between 83% and 95%
of the coastal lithic assemblages documented for the period 11,500–1,500 cal. BP [51]. To sustain that,
these groups had to organize forays taking them between 40–115 km away from their settlement areas
into the hyper-arid core of the Atacama Desert [45,46,48,52–54].
Material evidence for these logistic forays is abundant but widely dispersed in the Atacama
Central Depression, just like the chert-bearing geological formations [46,48,53,54]. This scenario
imposes challenges for traditional archaeological methodologies, mainly due to the cost in time and
human resources that the systematic study of these contexts demands and the extremely complex
practical conditions for ﬁeldwork.
In order to deal with these limitations, different research techniques need to be integrated in
innovative ways, providing access to the cumulative and continuous expression of the lithic record
across space on an appropriate geographical scale [15–18,40,42].
The Atacama Desert, and particularly its hyper-arid Central Depression, has been geologically
stable since the end of the Pliocene [55–58]. In exchange for its challenging ﬁeldwork conditions,
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this stable, bare earth landscape, offers exceptional conditions for archaeological visibility and
preservation, thus making it an ideal setting for the use of satellite remote sensing techniques [53].
3.2. Satellite Imagery and the Mapping of Lithic Source Areas
Among the multispectral satellite images available with global coverage and free access,
those captured by the Landsat program sensors are among the most widely used in geology and
archeology for lithological mapping [9]. Satellites from NASA’s Landsat program have been in
sun-synchronous orbit since 1972, capturing scenes from the earth’s surface with a coverage of
185 × 185 km per single image (USGS). Their sensors provide a moderate spatial and radiometric
resolution, covering the visible and near-infrared (VNIR) range with a resolution of 15 to 60 m and
also, from the Landsat 4-5 mission onwards, the Thermal Infrared (TIR) range with resolutions of 60 to
120 m.
The wide distribution of their bands in the electromagnetic spectrum makes Landsat images one of
the most versatile tools for remote sensing studies in diverse landscape conditions [59]. The geological
remote sensing community makes use of them extensively for lithological and mineralogical mapping,
especially since the advent of the Landsat Thematic Mapper (TM) sensor [9], following the precept
that reﬂectance characteristics of the different lithological classes (rocks or soil types) are primarily
derived from the presence and relative proportion of their mineral components [60,61].
For lithological discrimination, speciﬁcally in zones with mineralogical alteration, Landsat bands
are commonly combined in RGB composites and are subject to digital enhancement techniques, such as
band-ratioing, principal component analysis (PCA), and supervised classiﬁcation [9]. In general,
bands within the visible to SWIR (or VNIR) range (0.4–2.3 μm) are selected for these tasks, due to the
presence of diagnostic spectral features of certain minerals, such as clays, carbonates, and iron oxides,
which allow zones with hydrothermally altered rocks to be differentiated from those with unaltered
rocks [7,9,62].
Archaeological studies on local and regional scales have successfully exploited some of these
enhancement techniques in Landsat images for the detection of ancient lithic source areas. A few
examples can illustrate this. Carr and Turner [19], in a pioneering study within this line of
research, combined ﬁeld studies, laboratory analysis, and satellite remote sensing on Landsat 5 TM
images to locate prehistoric quarries in the Horse Prairie region, in the southwest of Montana,
United States. Using “ground truth” data provided by reﬂective spectroscopic analysis of ﬁeld
samples, these researchers identiﬁed distinctive spectral proﬁles for chert weathered outcrops and
soils with dispersions of rocks extracted from these outcrops. The spectral data was incorporated into a
supervised classiﬁcation within which the adjacency of pixels assigned to these two types of deposition
contexts proved to be indicative of the location of ancient chert quarries, which had previously been
unknown [19].
More than a decade later, Rosendahl (2010) used Landsat 7 ETM+ VNIR bands for a principal
component analysis, in conjunction with pedestrian surveys in the Troodos foothills, Cyprus, as training
data for a supervised classiﬁcation. This work identiﬁed potential chert-bearing areas within the
Lefkara geological formation and was used for the design of targeted pedestrian surveys.
A more recent example is that of Cattáneo, et al. [63] who demonstrated the succesfull
identiﬁcation of potential prehistoric lithic sources using Landsat 7 VNIR bands in the northeast
of the Province of Santa Cruz, in Argentina.
The aforementioned references seek to highlight the relevance and potential of the integration
of satellite remote sensing tools for lithic landscape archaeological research. In the following section,
the guidelines of a multidisciplinary research strategy beneﬁtting from this integration for the
reconstruction of the Southern Atacama prehistoric lithic landscape are detailed.
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4. Study Area: Physical and Archaeological Setting
The study area extends between 24.6◦ and 26◦ S, comprising the southern part of the Atacama
Desert, and stretches from the Paciﬁc coast to the foothills of the Andes, a transect of ca. 150 km.
This area of 22,500 km2 lays within the southern portion of the Antofagasta region, Chile, and is
characterized by a complete lack of perennial streams and great altitudinal contrast (Figure 1).

Figure 1. (a) Map of South America, red box indicates the extent of (b) altitudinal map showing
the location of the absolute desert in northern Chile (hatched polygon), main cities (black dots), and
perennial streams (blue lines). Red box in (b) corresponds to the map of study area (c) with the main
topographic features and occasional streams (dashed blue lines); (d) panoramic view of the coastal
platform and cliffs; (e) panoramic view of the absolute desert of Taltal.

The main relief features correspond to, from west to east, a narrow litoral platform, a steep coastal
range (Cordillera de la Costa), a longitudinal central valley or Central Depression, the foothills of the
Andes (represented in the area by the Cordillera de Domeyko) and, ﬁnally, the higher-level Andes and
the Altiplano [64].
On the coast, facing the rich and diverse marine ecosystems of the Paciﬁc [65], dense fogs sustain
isolated plant communities of the lomas formation, which attract minor fauna species [66]. Fresh water
is available from small springs along the litoral platform and in the neighboring coastal range, fed by
occasional coastal rains related to ENSO events [67,68]. The cliff-like Cordillera de la Costa, with peaks
of 2,000 m.a.s.l., blocks the eastward advance of the coastal fogs and, together with the cold oceanic
Humbold Current and the rain-shadow effect of the Andes, intensiﬁes the hyper-arid conditions of
the Central Depression [55,69]. In this 70 km wide Central Valley, with its vast plains, isolated hills,
and low-altitude ranges, rainfall averages less than 1 mm per year, solar radiation is extremely high,
and strong thermal oscillations occur throughout the day [56,69]. Plant and animal communities are
minimal here and are restricted to the scarce and widely scattered locations around groundwater
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outcrops [70]. To the east, the streams and wetlands of the Cordillera de Domeyko and the upper
Andes offer a relative abundance of water resources, animals, and plants [70].
The extreme and long-standing aridity of the Central Depression [55,56,69,71], except during
phases of relatively more humid conditions [72–76], has always hindered stable human occupation.
Accordingly, settlement patterns have historically been anchored to the coastal environments, which are
richer in biotic resources [45,47,50,77,78].
Nevertheless, the vast wealth of high-quality rock in the Central Valley has attracted
sporadic, but recurrent, occupations by the coastal inhabitants of the Atacama for over 10,000
years [45–48,52–54,78]. The abundance of sedimentary microcrystalline and cryptocrystalline silicates,
or chert [79], throughout the area is explained by the presence of several spatially restricted
hydrothermal alteration zones, which mainly developed in rocks of the Chile-Alemania Formation,
part of a continental volcanic chain of the Palaeocene-Middle Eocene age [80]. Igneous rocks intrude
this Formation (e.g., quartziferous, tonalitic, and granodioritic porphyries) and, due to the action of
geothermal systems, they have gone through siliciﬁcation, argillization, and propylitization processes
of variable intensity and extension [80,81] (Figure 2).

Figure 2. (a) Map of the study area showing the main geological formations within the Central
Depression (dashed blue lines), hydrothermally-altered zones (black hatched polygons), and chert
source areas (yellow squares), data from 1:1,000,000 geological map [82]; (b) and (c) source area of
Pampa Yolanda Norte (b) and Pampa Altamira (c), showing associated geological formations and
hydrothermally-altered zones (pink dotted polygons), data from 1:250,000 geological maps [80,81];
(d) and (e) panoramic views of Pampa Yolanda Norte and Pampa Altamira, respectively.
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Chert source areas occur in the Central Depression as outcrops in hydrothermal alteration zones
predominantly associated with the Chile-Alemania Formation, but also as secondary geological
deposits in the overlying Gravas de Atacama Formation (Oligocene-Miocene) and in modern
(Pleistocene/Holocene) alluvium and colluvium deposits [80,81]. The detritus ﬂows of the latter
formations ﬁll low reliefs covering large areas in the Central Valley, where chert nodules carried from
different outcrops abound [53,54].
The very low deposition rates documented in the area for the last 10 ka [55,56,69] and the very
limited erosion processes during post-Pliocene times [83,84] deﬁne a mostly stable landscape in
which primary and secondary deposits of chert, as well as evidence of their prehistoric exploitation,
are exceptionally well-preserved in old and continuously exposed surfaces (the erosion and incision
processes related to rain episodes during post-Pliocene humid phases have been limited to ﬂuvial and
alluvial features of a small scale [56,58,83]. Thus, the major geomorphological features between the
foothills of the Andes and the coastal range, and the archaeological evidence located on them, have
remained mostly unchanged [58,64,84]). This offers a perfect setting for the archaeological research of
ancient lithic procurement systems through distributional large-scale approaches.
5. Materials and Methods
The methodological strategy proposed by this study integrates techniques from archaeology,
geography, and geology. In order to reach its full potential, this approach requires the implementation
of a series of linked work stages and specialized analysis techniques. In the following sections,
the stages executed to date are presented sequentially, while those that are still in progress will be
considered in the Discussion and Conclusions sections.
5.1. Construction of a Georeferenced Database
As an initial step, a baseline georeferenced database was constructed in QGIS® . This database
included cartographic baseline data at a 1:50,000 scale, acquired from the Military Geographic Institute
of Chile (IGM), and freely accessible hydrology, ecology, and topography (ASTER GDEM) geospatial
data. The geological maps available for the area at a 1:250,000 scale [80,81] were also digitized and
georeferenced in this GIS database.
Using online search tools from the Chilean Environmental Assessment Service (SEA) website,
the existing CRM reports containing archaeological data for the interior desert (the area between the
coastal range cliffs and the Andean foothills) were identiﬁed. The information they contained regarding
prehistoric sites and ﬁnds was organized and standardized using a tabular database including the
following data ﬁelds:

•
•
•
•
•

UTM coordinates (WGS84 datum)
site category
horizontal extension (area)
type and number of lithic artefacts recorded
type of lithic raw materials recorded

This database also included the archaeological ﬁndings made by the research team in preliminary
inspections of the area (see Figure 3 in Section 6.1. Details of the different datasets used in this research
are presented in Supplementary Table S1).
5.2. Satellite Image Analysis
The second stage involved the acquisition, pre-processing, and study of Landsat 8 multispectral
satellite images using QGIS. Four scenes were needed to cover the study area. These scenes were
downloaded with minimum cloud cover (less than 3%) and pre-processed using the Semi-Automatic
Classiﬁcation Plugin (SCP, version 6) in QGIS. The pre-processing operations included atmospheric
correction, application of the DOS1 method to the blue and green bands, and conversion to surface
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reﬂectance values of the six spectral bands (bands 2 to 7) of the Landsat 8 OLI sensor, corresponding to
a spectral range between the VIS and SWIR (0.45 and 2.35 μm).
After pre-processing, the Landsat scenes were assembled in a mosaic, from which a polygon of
22,500 km2 (ca. 150 × 150 km) of the study area was extracted as a subset. This subset, with a 30 m
spatial resolution and six spectral bands, constituted the base dataset on which the subsequent analyses
were conducted by applying basic image enhancement techniques for their visual interpretation.
False-color RGB composites were generated using different band combinations to highlight
geological features. This ﬁrst approach sought to produce a color image with optimal conditions for
geological interpretation at a regional scale, by testing various combinations of Landsat SWIR, NIR,
and VIS bands, which included RGB composites suggested by other studies to highlight geological
features in arid and semi-arid environments [7,85,86].
Band-rationing techniques were used to suppress variations in the reﬂectance of the scenes
due to topography and grain-size variations, emphasizing differences in the spectral reﬂectance
curves which favor the discrimination of mineral clusters that cannot be seen clearly in single-band
examination [6,8,87,88]. Different Landsat band ratios recognized for their utility in mapping
hydrothermal alteration zones [7,9,85,86] were tested in RGB false-color composites to enhance the
visual discrimination of chert primary and secondary deposits associated with this kind of alteration
zone. Finally, a third processed image was obtained from a PCA, with the aim of (1) reducing the
redundant spectral data contained in the different Landsat bands to a limited set of new uncorrelated
principal components (or PCs) [89] and (2) enhancing the subtle spectral information of new principal
component images related to characteristics of lithic raw material that may not be noticeable in original
bands’ composition. The eigenvalues and eigenvector matrix of the PCA were examined and, together
with the generated PCs, various RGB combinations of principal components were tested to identify
potential chert-bearing geological formations.
5.3. Archaeological Fieldwork
Integration of the data from the two previous stages allowed us to (a) identify certain trends
in the spatial organization of the archaeological record and the geology of the area, and (b) deﬁne
spatially restricted zones of interest for targeted pedestrian surveys. To facilitate the detailed study
of these zones, two polygons of 1 × 30 km were selected as sampling zones and placed in order to
cover two segments (the Western and Central Segments), which the baseline data signalled as relevant
for the lithic provisioning dynamics within the study area [53,54]. Both segments make up an almost
continuous altitudinal transect (with a gap of 10 km) covering the interior desert from 12 to 82 km
east of the coastline and rising from 930 meters above sea level, in the lower reaches of the Cascabeles
ravine, up to 2,275 meters above sea level in Pampa Flor de Chile, in the middle portion of the Central
Depression (see Figure 7 in Section 6.3).
This strategy sought to generate a cross-sectional view of the coastal lithic supply systems
deployed in the hyper-arid lands which extend between the coastal range and the western slopes
of the Cordillera de Domeyko. For this purpose, the Western Segment of the survey transect was
located in one of the main natural routes connecting the coastal platform with the Central Depression.
In turn, the Central Segment was placed in the core area of the Central Valley, an area highlighted
by preliminary studies as having a greater presence of actual and potential chert source areas [53,54].
The design of these segments avoided crossing areas heavily intervened by historic nitrate extraction
operations and excluded, as far as possible, areas which had already been subject to archaeological
survey by CRM projects.
The two survey polygons were traversed by parallel transects of west-east orientation,
regularly spaced at 100 m intervals (the distance of 100 m between transects responds to a compromise
between survey intensity and spatial coverage. This methodological decision considered the excellent
archaeological visibility of the interior desert, which is favored by the complete absence of vegetation
cover and the predominance of ﬂat terrain.). The archaeological ﬁnds along these transects were
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positioned with handheld GPS devices and their main features recorded as ﬁeld notes and by digital
photography. Additionally, speciﬁc archaeological studies were conducted in a targeted manner in
discrete areas outside of the survey segments, areas that had been signalled by the baseline data
previously collected as potential chert sources.
5.4. GIS Integration
This last stage involved updating the GIS database with the new archaeological ﬁeld data
provided by the systematic pedestrian surveys. When integrated with the baseline information
gathered from the available sources and generated by satellite remote sensing techniques, this detailed
ﬁeld data facilitated the assessment of the results of the remote sensing approach, in terms of both
the geological (discrimination of types of chert) and geographical (size and location of the sources
identiﬁed) resolution. All in all, this helped to gain a more thorough vision of the Southern Atacama
lithic landscape.
The capabilities of GIS for data integration were exploited in this stage speciﬁcally as a means for
assessing the accuracy of the remote sensing results by confronting them with the data provided by
the conventional 1:250,000 geological maps, in addition to the archaeological ﬁeld data contained in
the “grey literature” and gathered during the aforementioned ﬁeld studies.
Managing multiple information sources collected at different spatial resolutions is an unavoidable
task in the reconstruction of ancient lithic landscapes [18], and GIS have greatly assisted this process in
archaeological studies that range from local [90–92] and regional [18,93] to macro-regional scales [94].
6. Results
6.1. From the “Grey Literature” to the GIS Database
The review of the SEA database found 15 reports containing data of prehistoric archaeological
ﬁndings within the interior desert. These ﬁndings were identiﬁed through systematic surveys in
various patches of land comprising an area of ca. 390 km2 [54]. The 1,193 records obtained from these
sources were complemented by 37 new archaeological sites detected during preliminary inspection of
the main ravines that dissect the Central Depression and the coastal range.
These 1,230 points of archaeological interest were systematized and integrated into the GIS
geo-referenced database. All of them consist of locations with surface lithic scatters, only occasionally
(3.3% of the records) associated with the remains of circular stone structures of very low architectural
investment. The lithic categories reported in these locations are nodules, cores, hammerstones, ﬂakes,
and debris. Macroscopically diverse chert varieties, described as ﬂint, chalcedonies, jaspers, and
quartz, are the dominant raw materials (97.8% of records). Non-siliceous and coarse-grained siliciﬁed
raw materials (quartzite, andesite, basalt, and tuff) are markedly less represented, occurring at a low
frequency in assemblages with chert (in only 12 locations) and in 24 locations exclusively (2.2% of
records) (Figure 3).
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Figure 3. DEM of the study area showing the points of archaeological interest of the interior desert
(green dots), the limits of the Central Depression (orange lines), and occasional streams (blue lines);
(b) to (f) material assemblages of ephemeral prehistoric occupations in the core of the Atacama Desert.

The baseline data recovered from the “grey literature” and our initial inspections of the area
allowed us to obtain an overview of the archaeological record of the interior desert. These georeferenced
data, when incorporated into the GIS database with other thematic layers, provided key information
for evaluating the potential of satellite remote sensing techniques, as will be described below.
GIS integration of the results of these different lines of work was crucial for the planning of systematic
ﬁeldwork focused on speciﬁc areas of interest, the main results of which are presented in Section 6.3.
6.2. Satellite Remote Sensing the Lithic Landscape
In this subsection, the main results of the spectral analysis techniques applied to Landsat 8
multispectral imagery are summarized. More details about this preliminary analysis, including the use
of complementary techniques of digital interpretation (material mapping and supervised classiﬁcation),
can be consulted in [53].
6.2.1. Band Combinations
Different band combinations were tested with the pre-processed Landsat 8 image of the study
area, with the false-color composite of 7-6-2 (RGB) providing a greater visual contrast of the actual and
potential chert-bearing geological formations. These formations are highlighted in light green, showing
spatial correspondence with hydrothermal alteration zones registered in the geological 1: 250,000
charts [80,81], as well as with the two source areas of this raw material detected in preliminary ﬁeld
inspections (Pampa Yolanda Norte and Pampa Altamira). Meanwhile, the surrounding environment
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is dominated by two other shades: blue, mainly in the area of mountains and plains of the Central
Depression, and yellow, which generally coincide with the mountain ranges of both the coastal range
in the west and the Cordillera de Domeyko in the east (Figure 4).

Figure 4. Landsat 8, bands 7-6-2 (RGB) false-color composite. Potential and actual chert source areas
are highlighted in light green, and hydrothermally-altered zones are shown as black hatched polygons.

This ﬁrst composite allowed us to observe a pattern of grouping of potential chert-bearing
lithological units within the Central Depression, which broadly coincide with the location of the main
hydrothermal alteration zones mapped on the geological charts. In the northern section of the Central
Depression, the somewhat dispersed group formed by Cerro Punta Amarilla (Pampa Yolanda Norte),
Pampa José Antonio Moreno, and the Inesperado and Buenos Aires hills stands out. In the southern
section, the Veraguas, Guanaco, and Morros Blancos hills, together with Pampa Altamira, form a more
compact grouping of extensive areas with the possible presence of chert-bearing deposits, together
with other minor hydrothermal alteration zones towards the east.
6.2.2. Band Ratios
Band ratios reported as informative in identifying hydrothermal alteration zones with Landsat
scenes [6,7,9,85,86] were calculated and manipulated in the RGB guns of QGIS to determine the most
appropriate combinations to effectively distinguish the lithological units of interest. The composite
of ratios that best highlighted the spectral features of the different soil covers of the study area was
R = 4/2, G = 6/7, B = 5 [9,86] (Figure 5).
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Figure 5. Landsat 8, band ratio 4/2-6/7-5 (RGB) false-color composite. Potential and actual chert
source areas are highlighted in light green, and hydrothermally-altered zones are shown as black
hatched polygons.

The band ratios generated improved the results obtained with band combinations. By accentuating
differences of reﬂectance indicative of certain mineral groupings, the main geological formations of
the Central Depression and the chert deposits that occur in this speciﬁc sector of Southern Atacama
stand out. Ratio 4/2 (red) foregrounds continental volcanic sequences, which in the case of the
Central Depression, are mainly represented by the Chile-Alemania Formation. Band 5 (blue) targets
the calcareous and saline soils that form part of modern alluvial and colluvial deposits. The older
alluvial/colluvial deposits of the Gravas de Atacama Formation appear in magenta, as they are mainly
composed of detritus ﬂows which carry clasts from the underlying Chile-Alemania Formation [80]
and are mixed, when reaching lower grounds, with modern alluvial/colluvial deposits. Finally,
ratio 6/7 highlights potential and actual chert-bearing deposits, which are clearly contrasted in a light
green color against the predominantly magenta and blue background (further details under Section 7.
Discussion).
6.2.3. PCA
The third, and ﬁnal, processed image was obtained from a PCA. PC 1 comprises 99.99% of the
variance, which suggests that most of the variability in the Landsat scene is common to all the bands.
The other subsequent components, although they represent only the remaining 0.00006% of variance
in the data, enhance subtle spectral features of the original scene, which are useful for the mapping of
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chert-bearing formations. The selection of PCs was made by examining the eigenvector matrix (Table 1),
which showed contrasting relations between original bands and PCs. In this case, the combination of
PC 5, 4, and 2 in the RGB guns turned out to be the most suitable for differentiating the lithological
units of interest, contrasting strongly in intense magenta the actual and potential chert source areas on
a background dominated by green and light green tones (Figure 6).
Table 1. Eigenvector matrix of Landsat 8 VNIR bands PCA.
Eigenvector/PC

PC 1

PC 2

PC 3

PC 4

PC 5

PC 6

Eigenvector 1
Eigenvector 2
Eigenvector 3
Eigenvector 4
Eigenvector 5
Eigenvector 6

0.170988
0.277532
0.374354
0.44429
0.574989
0.474966

−0.451865
−0.446888
−0.396037
−0.246103
0.480726
0.384187

−0.62058
−0.314157
0.301608
0.60082
−0.166831
−0.190792

0.0738699
−0.111879
−0.0688847
0.115229
−0.63249
0.750972

0.521468
−0.43326
−0.478003
0.526232
0.0927344
−0.162328

0.322607
−0.651415
0.61548
−0.301425
0.0425876
0.00979504

Figure 6. Landsat 8, PCs 5-4-2 (RGB) false-color composite. Potential and actual chert source areas are
highlighted in magenta, and hydrothermally-altered zones are shown as black hatched polygons.

The PCA image yielded information which conforms with the band combination and band ratio
RGB composites, in terms of the location of potential chert-bearing geological formations within the
study area, a fact that is consistent with the archaeological and geological baseline data.
The integrated results of all these spectral analyses and the ﬁeldwork detailed below, will be
addressed in the Discussion section.
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6.3. Stepping Inside the Core of the Atacama Desert
The pedestrian surveys covered 77 km2 (39 km2 in the Western Segment and 38 km2 in the
Central Segment) and resulted in the identiﬁcation of a total of 1,517 points of archaeological
interest. These correspond to locations with superﬁcial lithic scatters, ranging from bounded and
small low-density loci to large and diffuse areas composed of several lithic foci with a variable
density. The lithic assemblages of these contexts reﬂect different stages of the reduction sequence of
macroscopically diverse types of chert, the dominant raw material in 97.5% of the cases, and the only
material documented in 85.5% of the cases. In turn, non-siliceous and coarse-grained siliciﬁed rocks
(andesite, basalt, ignimbrite, sandstone, quartz, rhyolite, and tuff) comprise the only raw material in
only 2.6% of the points.
In the Central Segment, with very few exceptions, only evidence of the primary processing of
chert nodules was identiﬁed, including the production of bifacial cores and matrices (2.6% of the
records). The intermediate and advanced stages of these raw material reduction sequences were
predominantly documented in the Western Segment. This is consistent with the presence in the Central
Segment of chert source areas and with the availability of a natural corridor (the Cascabeles and
Portezuelo ravines) in the Western Segment, through which the reduction of chert pieces from the
Central Depression sources to the coastal base and task camps took place (Figure 7).

Figure 7. DEM of the study area showing the occasional streams (blue lines) and the locations with lithic
scatters (yellow dots) recorded in the Western Segment (pink polygon) and Central Segment (light blue
polygon) during systematic pedestrian surveys in the interior desert. Red box in (a) corresponds to a
natural color composite (b) showing the Western Segment (pink polygon) and the archaeological ﬁnds
(black circles) with their density per hectare. Blue box in (a) corresponds to a natural color composite
(c) showing the Central Segment (light blue polygon); the archaeological ﬁnds (black circles) with their
density per hectare; and the chert source areas Pampa Flor de Chile West, Center, and East (red circles).
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In Pampa Flor de Chile (Central Segment), three new chert source areas were identiﬁed,
which were named Pampa Flor de Chile West, Center, and East (PFC-W, PFC-C, and PFC-E). In the
Western Segment, no source areas of this raw material were recorded, only low-density scatters of
macrocrystalline quartz at the headwaters of the Portezuelo ravine.
The three chert sources in Pampa Flor de Chile can be added to those previously recorded in
Pampa Yolanda Norte (PYN) and Pampa Altamira (PA), and to another chert source signalled by CRM
reports and conﬁrmed by the targeted ﬁeld inspections (Arbiodo West or ARB-W), making a total of six
main chert source areas. Focused archaeological and geological studies were conducted to characterize
all these lithic sources and to collect “ground-truth” data for further studies, which are introduced as
ongoing research lines in the following sections.
7. Discussion
The GIS integration of the data generated by the aforementioned analytical stages enabled us
to obtain, with a low level of investment in terms of time and resources, an overview of the lithic
landscape of this inland and little-studied portion of Southern Atacama. Although this is a preliminary
and still coarse-grained approach, it has allowed us to corroborate certain aspects of interest, referred to
in previous archaeological and geological studies, and to design strategies for systematic and focused
ﬁeldwork in a vast and harsh study area.
The different lines of evidence condensed in this investigation indicate that chert source areas
are clearly clustered in the Central Depression, at linear distances between 40 and 80 km away from
the modern coastline. None of these lithic procurement areas are found on the western ﬂank of the
study area (coastal platform and coastal range), with the exception of some of the deposits which
comprise the large source of Pampa Yolanda Norte, a source located on the border between the coastal
range and the Central Valley. On the eastern ﬂank of the study area, which includes a portion of the
western foothills of the Andes (Cordillera de Domeyko), chert only seems to be available in smaller
and scattered deposits.
The absence of high-quality chert in the coastal platform and in the coastal range is consistent
with the results of geological, petrographic, and geochemical studies, which report a predominance of
intrusive rocks and, to a lesser extent, metasedimentary rocks in the coastal range between Taltal and
Paposo [95]. This is a trend that characterizes the geology of this relief feature throughout the study
area [80,81].
In the Andean foothills, as in the coastal range, hydrothermally-altered zones are scarce and
widely scattered [80]. This is in line with the results of the remote sensing techniques deployed in this
study, which show only faint traces of potential chert-bearing formations in both areas.
The spatial organization referred to above for the chert source areas is coherent with the
archaeological record available for different sectors of the Southern Atacama, which points to
a concentration in the Central Depression of the deposits of siliceous rocks accessed by local
hunter-gatherer-ﬁsher groups [46,48,50,53]. It has been suggested that this spatial conﬁguration
of the Southern Atacama lithic landscape was part of a broader regional pattern, within which
the siliceous deposits, located at an average distance of 80 km from the coast, form an extensive
system of approximately 800 km throughout northern Chile’s Central Valley [48]. Techno-functional
and lithic reduction sequence analyses carried out in both coastal and interior prehistoric contexts
support this idea, by signaling the presence of primary exploitations of chert nodules in the Central
Depression and a marked predominance of small-sized ﬂakes, mostly with no cortex, in the coastal
assemblages [46–48,50,52,96].
Chert source areas in the Central Depression of the study area comprise primary and, especially,
secondary, geological deposits. The outcrops are found, in most cases, in direct spatial association
with (or close proximity to) hydrothermal alteration zones, mapped in the geological charts as part
of the volcanic sequences of the Chile-Alemania Formation [80,81]. Nodules from these outcrops are
carried by alluvial/colluvial deposits to distances of up to 15 km. [53,54]. It is in these large detritus
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ﬂows that locations of chert primary exploitation are most commonly recorded across the Southern
Atacama [46,52–54].
The analysis of the multispectral Landsat images provides a signiﬁcant advantage over the
conventional 1:250,000 geological charts [80,81]: they do not only allow the main areas of hydrothermal
alteration within the study area to be clearly highlighted, but they also bring about the possibility
of distinguishing smaller areas with either primary or secondary deposits of this lithic raw material.
This point will be demonstrated with three examples that compare the geological and geographical
resolution of the 1:250,000 geological charts with the one obtained by remote sensing techniques.
When available, the location of archaeological ﬁnds documented in CRM reports and by the preliminary
inspections and systematic surveys conducted as part of this study, are included to show the
aforementioned spatial relation of prehistoric lithic processing contexts and the chert deposits detected.
The ﬁrst case (previously unknown primary deposits of chert) is illustrated by the Pampa Altamira
source area, a single and relatively discrete primary outcrop (ca. 2.7 × 1.5 km), the nuclear area of which
covers lands assigned in the geological charts to the Gravas de Atacama Formation [82]. This deposit,
despite being located not far from a hydrothermal alteration zone mapped in the geological charts, is
not identiﬁed as such. Band combination 7-6-2, as well as the band ratio composite and PCA image,
are able to clearly show it as a chert-bearing lithological deposit (Figure 8a,b).

Figure 8. Comparison of 1:250,000 geological maps (a,c) [80,81] and processed satellite images: (b) 7-6-2
(RGB), and (d) PCs 5-4-2 (RGB), showing the geographical setting of chert source areas: (a,b) Pampa
Altamira; (c,d) Pampa Yolanda Norte and Arbiodo West.
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A good example of the second case (previously unknown secondary deposits of chert) can be
found in the sources of Pampa Yolanda Norte and Arbiodo West, whose extensive secondary deposits
are included in the geological charts as part of modern alluvial/colluvial deposits [80,81]. The spectral
analysis of the Landsat scenes made it possible to detect both the primary and secondary deposits of
these source areas, with Pampa Yolanda Norte standing out with a higher contrast (Figure 8c,d).
Another example worth mentioning is that of the Pampa Flor Chile East source areas, included in
the geological charts within the Oligocene-Miocene detrital ﬂows which constitute the Gravas de
Atacama Formation [80]. The association of this chert-bearing secondary deposit to its primary source
is not as direct, nor as clear, as in the previous cases. However, the analysis of the satellite images
allows us not only to identify it as a secondary chert deposit, but also to infer a possible connection with
the hydrothermal alteration zones registered 10 km to the northeast, in Cerro Inesperado (Figure 9a,b).

Figure 9. Comparison of 1:250,000 geologic map (a,c) [80] and band ratio 4/2-6/7-5 (RGB) false-color
composite (c,d), showing the geographical setting of chert source areas: (a,b) Pampa Flor de Chile East;
(c,d) Pampa Flor de Chile West and Pampa Flor de Chile Center.

Finally, the source areas of Pampa Flor de Chile West and Pampa Flor de Chile Centre present a
more complex scenario for the interpretation of the processed satellite images. The spectral analysis
only shows a very subtle sign of altered rocks in the secondary deposits of Pampa Flor de Chile
West, assigned in the geological charts to the Gravas de Atacama Formation [80]. Meanwhile, in the
area where the small outcrops of Pampa Flor de Chile Center are located, only traces of possible
hydrothermal alteration zones are detected, which extend over land assigned to the Chile-Alemania
and Gravas de Atacama formations. The low performance of remote sensing techniques to clearly map
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these source areas may have to do with the brief lateral extension of the Pampa Flor de Chile Centre
outcrops (averaging less than 0.5 × 0.3 km) and their location on the boundary of two geological
formations. Furthermore, Pampa Flor de Chile West chert deposits are presumed to be residual,
meaning that the bedrock that originally housed them has been completely eroded [79]. This could
explain the low spectral signal of these secondary deposits, which are thought to be relatively older
and/or more heavily reworked than any others (Figure 9c,d).
The ability to map the chert carrier lithological units shown by the satellite remote sensing
approach adopted in this study is derived from the presence of diagnostic spectral features of hydrous
minerals in the VNIR range (0.3–2.5 um), which can be used as an indicator of hydrothermal alteration
zones [5,6,9]. These hydrous minerals have high reﬂectance in the 1.55–1.75 um range and high
absorption at 2.08–2.35 um, a fact that explains the sharp contrast achieved by using the SWIR Landsat
bands 6 and 7 in the RGB band ratio composite 4/2-6/7-5 (Figure 10).

Figure 10. Comparison of: (a) 1:250.,000 geologic map [83]; and (b) 4/2, 6/7, 5 Landsat 8 RGB band
ratio composite for a section in the northeastern portion of the study area. The hydrothermally-altered
zone (green area) corresponds to the Buenos Aires hill.

The near-infrared band 5 helped, in the absence of vegetation cover [97], to highlight
the aforementioned contrast by showing the saline (nitrate-rich) and evaporitic soils, modern
alluvial/colluvial deposits, and the more recently exposed calcareous soils of the hyper-arid Central
Depression in blue. Meanwhile, the 4/2 ratio has the capacity to detect the presence of iron oxide-rich
soils, which can be found in hydrothermal alteration zones [5,6,9], but which also have occurrences
unrelated to them, such as in sedimentary red beds, volcanic rocks, and weathered alluvium [5].
The latter seems to be the case in our study area, where the 4/2 ratio highlights not only the
hydrothermally-altered zones (due to the hydrothermal iron minerals), but also the iron oxide-rich
volcanic sequences of the Central Depression (Chile-Alemania and Augusta Victoria Formations),
which are shown in reddish shades in the band ratio composite. In correspondence to this, the magenta
color in the processed image is presumed to be marking the erosive deposits that originated from those
volcanic sequences, the mantling gravels of the Gravas de Atacama Formation, deposits that become
progressively mixed with modern alluvial/colluvial detrital ﬂows as they approach the ﬂatlands of
the Central Valley.
The inspection of the PCA eigenvector matrix supports the aforementioned results, since principal
components 4 and 2, used in the PCA false color composite, account for differences between bands 6
and 7, and of these SWIR bands with bands 1 to 5, respectively (Table 1).
The capacity of Landsat VNIR bands to map prehistoric chert source areas is based on their ability
to target alteration minerals which are spectrally active within this range due to the presence of water,
carbonate, sulfate, and hydroxyl groups [6,9,58]. These alteration minerals can be found in the core
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area of hydrothermally-altered zones, which are related to highly siliciﬁed chert outcrops in our study
area. However, they can also be traced in the coarse-grained fraction represented by scattered lithic
debris that remains on the surface surrounding ancient chert quarry areas [19]. Even in a low relative
proportion, these freshly exposed rocks can provide a characteristic spectral signal which is useful
for satellite remote sensing studies [19], making the mapping of extensive chert-bearing secondary
deposits possible, as the results here presented show.
Although the visual and digital analysis of Landsat VNIR bands stands out as a great tool for
the initial lithological mapping of a large and understudied area, its scope is limited to providing a
broad-brush pattern of hydrothermal alteration, pointing out geological deposits of possible interest [7].
If a higher degree of geographical and geological resolution is desired, a combined use of VNIR and
thermal (TIR) bands could provide a more detailed approach. This is suggested by recent studies using
Landsat 8 TIR bands (10 and 11) along with VNIR bands to map alteration zones [98] and, especially,
by research projects that take advantage of the SWIR and TIR bands of the ASTER sensor for this same
purpose [99,100].
The greater number and narrower bandwidth of ASTER SWIR and TIR bands when compared to
the ones captured by Landsat sensors offer the possibility of discriminating between minerals that are
associated with phyllic, argillic, and propylitic alteration zones in the SWIR range [100,101], and to
target chert and other siliceous and siliciﬁed rock types according to variations in terms of their content
of SiO2 and the crystal structure of silicate minerals, which are reﬂected in shifts in spectral features
within the 7 to 14 μm TIR range [7,102]. These capacities of ASTER images allow researchers to move
from mapping alteration indices (with Landsat), to the generation of mineral indices, which can be
used in the study of alteration zones, differentiating them by their associated mineral assemblages and
alteration intensity [9].
The procurement, processing, transport, and use of chert in the Southern Atacama conﬁgured a
vast and complex lithic landscape. Multiple source areas bearing diverse chert types with overlapping
macroscopic features were exploited across large extensions of land and over long time spans. To cope
with this challenging scenario, the mapping of the potential source areas of the widest possible range
of chert types and the study of the differential distribution of these toolstone varieties in the lithic
assemblages of local base and task camps are considered critical steps [18]. In order to address this,
the accumulated variation within and between the chert types present in the archaeological and
geological contexts of the study area must be examined [79,103–105].
Accordingly, this project’s ongoing research includes the systematic recovery and VNIR and FTIR
reﬂective spectroscopic analysis [23] of geological chert samples collected in the six chert sources
currently known for the study area, and of chert artefacts (unmodiﬁed ﬂakes) selected from two types
of locations: on the one hand, lithic assemblages of ﬁve coastal settlements with stratigraphic deposits
dated between 11,500 and 1,500 cal. BP; and, on the other hand, assemblages from surface lithic scatters
of six processing locations recorded during pedestrian surveys conducted by the research team in the
interior desert [53,54]. This approach will enable us not only to conﬁdently source those archaeological
artefacts which fall within the range of variation documented in the six source areas already located,
but also to explore the use of the detailed spectral “ground truth” data provided by the VNIR and
FTIR analysis of these prehistoric chert samples in the remote detection of new potential chert sources
via the digital processing of ASTER L1B images.
To address the interpretation of the Southern Atacama interior desert’s archaeological record
diachronically is a complex task. The very low deposition rates of the area normally prevent the burial
and preservation of organic materials that could be dated with traditional methods. Thus, lithic surface
assemblages are the main, and usually the only, evidence from which archaeological inferences about
the human occupational history of this landscape can be grounded. This fact, together with a static
conception of the paleoenvironmental conditions of this part of the Atacama Desert, has reinforced a
monolithic vision of the area as a geographical barrier and or a territory exclusively used for inter-zonal
mobility and the provisioning of high-quality lithic resources [54].
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In order to challenge the aforementioned vision, the different paleoenvironmental and social
scenarios that could have promoted or restricted more stable and/or intense human occupation in the
core of the Atacama Desert, must be evaluated [54,75,76].
Consequently, the aforementioned approach via VNIR and FTIR reﬂective spectroscopic analysis
selected artefacts of macroscopically diverse chert types from archaic coastal basecamps for provenance
studies, targeting radiocarbon-dated deposits that represent the six main periods in which the
prehistoric chrono-cultural sequence of the area has been analytically divided [50].
The coastal chert artefacts’ spectral data are currently subject to statistical analysis in order
to assess if their origin corresponds to one of the six source areas under study. Complementarily,
their spectral signature will inform targeted remote sensing techniques to locate previously unknown
potential chert source areas.
On the other hand, technological and morpho-functional analysis of chert artefacts recovered from
the interior desert lithic assemblages will provide valuable information in terms of lithic reduction
sequences and transport strategies to assess technological strategies and site function. Spectroscopic
analysis of these artefacts will yield “ground truth” data to establish hypothetical connections between
the coastal contexts and the interior desert’s chert source areas, connections that will be further explored
by the generation of GIS mobility models.
To complement the abovementioned lines of evidence, the geological and archaeological data
systematically collected in the chert source areas under study, in terms of abundance, distribution,
quality, and size of the “packages” available [18,106], will be incorporated. This ﬁnal integration
will grant the assessment of shifts in lithic procurement strategies, such as differential access to
the sources, exploitation intensity, raw material selectivity, core reduction, and blank and or tool
production techniques, which can be correlated with changes in the settlement pattern, subsistence,
and technological organization documented along the archaic sequence for the hunter-gatherer
communities of the Southern Atacama coast [45,47,50].
Preliminary results indicate that the archaeological record of the interior desert, in general terms,
conforms to the lithic provisioning models proposed for Atacama [46,48]. A vast dominance of
primary chert processing contexts is recorded in the Central Depression, located to a great extent
in spatial correspondence with chert-bearing alluvial/colluvial deposits. Moving towards the coast,
progressively advanced stages of the reduction of this raw material are found in ephemeral sites
located along the dry valleys of the area, relief features used as natural corridors by local prehistoric
groups. Nevertheless, evidence of other kinds of activities has also been detected in the area, such
as hunting and processing gear (unifacial and bifacial lithic instruments), coastal cobbles with red
pigment, and rock art in small rock panels along the Portezuelo ravine [54,107].
Although recorded in small frequency, this other evidence is added to differences in terms of
architectural investment (e.g. number of circular structures) and artefactual and ecofactual content of
the sites (sea shells and ﬁsh bones from the Paciﬁc Ocean, terrestrial faunal remains, and vegetal ﬁbers
from higher Andean ﬂoors), to conﬁgure a more diverse and dynamic prehistoric setting that needs to
be discussed considering social and ecological processes at a regional scale.
8. Conclusions
The purpose of our case study was to illustrate the capacity of a GIS-based remote sensing
approach to delimit, in an informed and effective manner, the areas of higher potential interest in the
analysis of lithic provisioning systems in extensive and understudied desert landscapes.
The systematization of georeferenced archaeological data contained in the “grey literature” of
CRM projects and its GIS integration with basic, and easily accessible, thematic layers, can make
it possible to gain a panoramic view of the archaeological record of a study area. Complementary,
basic techniques of image manipulation applied to freely accessible multispectral satellite scenes of
a moderate spatial and spectral resolution can contribute towards a rapid acquisition of a general
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knowledge of the area in terms of the distribution of geological formations potentially carrying lithic
resources of interest.
The large swath width of the Landsat sensors offers the possibility to cover vast extensions of land
by handling only a small number of scenes. This greatly facilitates pre-processing and mosaicking of
Landsat VNIR bands, which can be done with user-friendly tools and plugins in open source software,
such as QGIS. This same software allows for the visualization and analysis of multispectral images,
easily integrating satellite remote sensing data in a georeferenced database with different thematic
layers. The coarse-grain pattern of lithic resource availability that this GIS-based approach provides
helps to target spatially restricted areas of interest for archaeological ﬁeldwork and, also, informs about
the type and number of additional satellite images with a higher spatial and or spectral resolution that
could be purchased, if the mapping of geological deposits bearing more speciﬁc types of lithic raw
materials is a desired goal.
This case study illustrates the usefulness of satellite remote sensing analysis of Landsat images
to complement the information available in basic geological charts with data of a ﬁner and more
appropriate spatial resolution. This can be used for the mapping of lithic resources, such as
chert, which were of great relevance in the technological organization of prehistoric hunter-gatherer
populations in different parts of the world.
The research strategy deployed provides new data regarding the availability and distribution
of high-quality primary and secondary chert deposits in a large portion of the Southern Atacama.
Such data offers a solid basis when facing the complex task of reconstructing the archaic lithic landscape
of the area.
Other lines of research are currently being developed in order to access higher levels of geological
and geographical resolution in the survey of the regional structure of lithic resources, and to link the
data obtained in the different chert source areas studied with the large bulk of archaeological evidence
gathered for the interior desert and the arheic coast of the Atacama in this, and previous, research.
Provenance studies using VNIR and FTIR reﬂective spectroscopic analysis will make it possible
to trace the source areas of chert artefacts from archaic coastal deposits and superﬁcial hinterland
contexts. More sophisticated remote sensing techniques, applied to the higher spectral resolution
ASTER satellite images, will assist in reﬁning the lithological mapping of the study area and tracking
new potential chert sources. Furthermore, GIS models will be explored to model the main mobility
basins through which archaic coastal settlements were connected with the chert source areas of the
Central Depression. Finally, the processing of geological and archaeological data systematically
recovered from the six source areas studied up to now, will enable a more thorough evaluation of
the socio-ecological factors which may have inﬂuenced differential access to the chert sources of the
Southern Atacama in prehistoric times.
To sum up, the reconstruction of the lithic landscape requires the innovative integration of
analytical techniques developed by different disciplines. This integration is fundamental in establishing
solid grounds for the archaeological study of the material patterns of human behavior, the traces
of which are accumulated in locations widely scattered in space, but recurrently occupied during
extensive chronological sequences. This scenario is not exclusive to our area of study, but is transversal
to different environmental and cultural contexts, as it is an inherent dimension of lithic production
systems. Their study on a landscape scale and over broad time spans is a necessary task, and the
methodological strategy presented here has the potential to signiﬁcantly facilitate this endeavor, both in
the desert lands of northern Chile and in arid and semi-arid environments of other latitudes.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/7/869/s1,
Table S1: Basic information of the datasets used in this study.
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Abstract: Airborne and spaceborne remote sensing in archaeology generates at least two important
issues for discussion: technology and visualization. Technology seems to open new cognitive
perspectives for archaeology and keeps researchers increasingly fascinated in its capabilities
(archaeological science being a case in point). Acquired data, especially via remote sensing methods,
can be studied after processing and visualizing. The paper raises several issues related to the new
cognitive situation of archaeologists facing the development of new technologies within remote
sensing methods. These issues are discussed from ontological, epistemological, and discursive
perspectives, supporting an exploration of the role of technology and visualization. The ontological
perspective places the visualization of remote sensing data in the context of understanding Virtual
Reality and Jean Baudrillard’s simulacra. The epistemological perspective generates questions related
to visualization as mimesis, the issue of cultural neutrality, and the use of sophisticated classiﬁcations
and analytical techniques. The level of discursiveness of visualization includes categories such
as persuasion, standardization, and aesthetics. This discussion is framed in relation to Martin
Heidegger’s understanding of technology and a dichotomy of naturalism versus antinaturalism.
Keywords: Martin Heidegger; technology; visualization; mimesis; remote sensing archaeology;
cultural context

1. Introduction
Image is one of the most basic attributes of archaeology. Imagery has long been present in
archaeology as a way of documenting/conﬁrming the presence of relics of the past, thus serving to
communicate about the past and creating visions of the past (e.g., [1]). Over time imagery became
part of archaeological analysis. The emergence of photography in the mid-19th century created a
new cognitive situation in the development of the understanding of the world. It was photography
that had the ability to reproduce the world [2]. Photography and other techniques of visualization
of data and imagery of the past have slowly entered archaeology, and in recent years this process
has accelerated rapidly. Dave Cowley [3] (p. 18) noted that the application of new technologies in
archaeology involves “[ . . . ] often expressions of shifting fashions in archaeological practice. There is
thus a danger that changing fashion, rather than intellectual rigor, will heavily inﬂuence the application
of particular methods, often with little of understanding of underlying principles.” I fully agree
with this view because I have witnessed the phenomenon of almost universal introduction of new
technologies (especially remote sensing methods) in archaeology without suﬃcient critical reﬂection.
Cowley [3] (p. 18) constructs his deliberations within the framework of dichotomies: “believers
vs. non-believers,” “traditional vs. progressive,” or “old vs. new.” I would like to approach the
problem diﬀerently, without deciding what is better or worse, by focusing on the cognitive aspects
associated with the introduction of new digital technologies to archaeology. The main axis of the
Remote Sens. 2020, 12, 2996; doi:10.3390/rs12182996
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narrative that determines the place of technology in the cognitive process will be the dichotomy of
naturalism and antinaturalism. During the past several decades in archaeological uses of photography
(and other forms of imaging) several processes have signiﬁcantly changed the cognitive position of
diﬀerent forms of visualizations (understood here as photographs, images, 3D models, animations etc.,).
These processes are: (1) opening archaeology to philosophical reﬂection and the role of archaeological
theory (processual archaeology, Marxist archaeology, post-processual archaeologies, symmetrical
archaeology etc.); (2) linguistic turn (understood as the shift in philosophy emphasizing the importance
of the structure and usage of language in human meaning-making and communication) in relation
to photography (Roland Barthes, Susan Sontag) and, consequently, the way the image is considered
as text; and (3) technological changes (especially the rapid development of remote sensing methods)
regarding data acquisition, analysis, and visualization.
The relationship between image/visualization and technology is crucial in these processes. It is
technology that has signiﬁcantly changed the ability to generate images related to the study of the past
(cf. [4]). The question arises to what extent these changes have aﬀected the understanding of the place
and the cognitive status of image/visualization in archaeological research. How can the visualization of
remote sensing data be treated in the context of contemporary philosophy and how does this translate
into the cognitive process in archeology?
The technology–image relationship (in the context of the naturalism vs. antinaturalism dichotomy)
is key in the analysis of these problems. I would like to look at this from ontological, epistemological,
and discursive perspectives (Figure 1) using the example of remote sensing data application in
archaeological research. On the one hand, these perspectives generate certain speciﬁc cognitive
categories, and, on the other hand, permeate each other, which means that in the narrative below
repetitions, shortcuts, or leaps of thought may appear.

Figure 1. The complexity of research structure and categories in the study of technology–image/
visualization relations.

2. Starting Point: Identiﬁcation of Research Practice Area
Contemporary archeology is a broad spectrum of research practices referring on the one hand to
the tradition of culture-historical archaeology, and on the other hand, reﬂecting trends in contemporary
philosophy and social theories (e.g., ANT, agency, symmetrical archaeology etc.,) [5,6]. Not all of these
trends use remote sensing methods equally. The most common application is documenting traces of
the past through various forms of visualization. The aim is to accurately describe the relics of the
past so that they can be further examined. Visualizations created by remote sensing methods may
also create the impression of an objective product. In a situation where documentation has a pictorial
character, the principle of “what you see is what you get,” i.e., objectivity and “superculturality” of
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seeing, applies. Such thinking and practice are part of Plato’s concept of mimesis, i.e., the belief that
a perfect reproduction of a prototype is not a representation, but is identical with it, i.e., with the
original (Figure 2). Contemporary data acquisition techniques (e.g., digital photography, airborne laser
scanning (ALS), satellite imagery) enhance this view. It is therefore not surprising that visualizations
meeting the criteria of photogrammetry or 3D models are treated as identical with the depicted objects,
features, or landscapes.

Figure 2. Plato’s concept of mimesis.

Remote sensing technologies were developed within formal sciences and were adopted by
archaeologists to better and more eﬀectively study the past. The use of data visualizations obtained
with remote sensing methods as objective empirical data situates this approach in archaeologies
that can be classiﬁed as naturalism. The philosophical turn of the mid-20th century questioned the
possibility of objective cognition and thus the dominance of the existing model of formal and natural
sciences. Science has been incorporated into the area of culture, and scientiﬁc activities are conditioned
by the cultural context. Therefore, all research becomes culturally constituted, and the image of
the world constructed by research gains an historical and discursive dimension. Thus, the division
between culture and nature was removed, and natural sciences lost their ability to present the world
objectively [7]. This is a certain simpliﬁcation that I accept in this text, because the problem of the
relationship between nature and culture has been approached diﬀerently within the framework of
contemporary philosophy (e.g., [8–10]). However, it is from this perspective that I will examine
archaeological research practices using remote sensing methods and the visualizations they generate,
and try to consider the issues outlined above.
In the context of mimesis, the space between reality and its realistic image has been ﬁlled
in contemporary philosophy with the presence of language, culture, and individual experience.
Additionally, the author of the representation and its recipient (Figure 3) have also appeared in this
space. The whole relation has been fundamentally changed, and even the existing ontological and
epistemological sense of representation has been challenged. This creates a new cognitive perspective
based on inspirations developed by philosophy after the linguistic turn in which both the language
and cultural context of actors play a crucial role, fundamentally diﬀerent from the previous one
(naturalism).

Figure 3. Diagram of the relationships between reality and its representation, accounting for the
complexity of the space between them, inspired by postmodern philosophy.
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These phenomena are also reﬂected in broadly understood aerial archaeology. The objectivity of
aerial photography in the study of the past has been questioned and, as a result, there have studies of
the interaction of aerial photography (and its interpretation) with the cultural context [11–16]. This is
particularly evident in the discussion of the cognitive status of aerial reconnaissance and taking oblique
aerial photographs. The cultural entanglement of the aerial photographer and the randomness of the
recorded relics of the past are the part of this discussion. This observed “bias” (understood as the impact
of existing knowledge, cultural prejudice, and methods, for example) was challenged to become as
limited as possible in the research procedure. To some extent, it is the new technological developments
that are supposed to minimize the “bias” and increase the objectivity of the research approach [17].
Technology is meant to reduce subjectivity and restore, at least to some degree, the possibility of
objective knowledge (description) of reality.
3. Technology and Data Visualization: An Ontological Perspective
The question of technology is important in view of the considerations discussed above because
it is with the help of modern technology that we acquire, process, analyze and share data. It is also
commonly believed that the more technologies we use, the more objectivity in the research procedure
(including data acquisition, analysis and visualization) there is. Therefore, when considering the issues
of technology and visualization as its result, we must ask ourselves two questions: What is technology?
and What is visualization? Both questions have signiﬁcant ontological foundations.
As far as modern philosophers are concerned, it was Martin Heidegger, among others, who dealt
with the place of technology in the modern world. He proposed a speciﬁc approach to technology
and an understanding of the risks it entails [18,19]. For Heidegger, the essence of technology is
extremely complex and its technical dimension is not the most important. Technology in his view
is both “a means to an end” (instrumental deﬁnition) and “a human activity” (anthropological
deﬁnition). These two approaches are closely related, intertwined and inseparable. Technology
allows beings to actualize and thus leads to the revealing of reality. Therefore, it is connected with
the way the truth is revealed, not only with the instrumental attainment of speciﬁc results. This
understanding of technology also indicates its role in cognition. Revealing the truth in this sense
is reaching the truth by a being in its being-in-the-world, and not just discovery/ recognizing the
presence of something by a being (as it is often understood in traditional archaeology and reduced
to “identiﬁcation” of relics on an aerial photograph or in other remote sensing data). And this
element is particularly important: revealing the truth with the use of technology belongs to a being,
it allows it to discover the truth as it understands it. Consequently, Heidegger views technology
and its role in cognition as a cultural activity. Thus, technology is not culturally neutral, although
it is often perceived and treated as such (this is how naturalism puts it, and in archaeology it is
particularly strongly emphasized by processual archaeology and the so-called archaeological science).
For Heidegger, this culturally neutral treatment of technology is the greatest threat because it leads to
the concealment of the truth. Following this thought, Marcelo Vieta and Laureano Ralon propose the
term “being-in-the-technologically-mediated-world” [20] (p. 38). This emphasizes the idea that the
world, things, and truth are revealed to human beings when “encountered, manipulated, or generally
engaged with.” Technology in these relationships becomes a “medium” that allows transmission and
transforming human experience and activities [21] (pp. 56–61), [20] (p. 43). This perspective assigns a
sense to the image production technology similar to the role of language in culture as it is understood
after the linguistic turn, and it remains in contradiction with positivist/traditional thinking.
The way the image/visualization is presented in contemporary philosophy has also changed
fundamentally. While in the 19th century images were still treated as representations of reality (e.g.,
still-life paintings), the introduction of photography exempted art from presenting the world as it is.
This role was adopted by photography, and this new way of thinking about it became established.
The technique of photography opened up new cognitive possibilities (e.g., the structure of movement
imperceptible to the naked eye and identiﬁable in slow motion [22], and its neutrality was in no
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way questioned (cf. [23] (pp. 27–29)). Critical reﬂection on photography and the role of language
in its cultural presence (Roland Barthes, John Szarkowski, Susan Sontag) and other forms of visual
representation led to the emergence of the terms pictorial turn (William J.T. Mitchell) or iconic turn
(Gottfried Boehm) (e.g., [24,25]). This initiated the Visual Studies trend, which is a critical reaction to
views emphasizing the dominance of language in culture and the study of reality as a consequence
of the linguistic turn (e.g., [26]). In Visual Studies, culture is based on images as a primary and
basic form of perception and understanding of the world. These images can be diverse and include
optical or imaginative forms that present the world and its aspects in forms ranging from traditional
paintings to any contemporary visualizations (including computer-generated imagery). Thus, to a
large extent, these are now products of technology applications (from digital photography to computer
visualizations), and their culture-forming role also applies to science (cf. [1]). Images as cultural
constructs co-create reality. Therefore, the study of images and their cultural dimension should also
consider the relationship between “the seen” and “the seer” [27] (references to Ferdinand de Saussure
and his studies of language, and Barthes and his studies of photography).
The use of modern technology (mainly computer technology) in generating visualizations of data
(including remote sensing data) related to objects to which we attribute a connection with the past,
raises the question of what they are. I think we can treat them as images, i.e., created visions of objects,
landscapes, and even events related to the past. If so then they constitute cultural entities, which we
can put into textual categories and apply to them discourse terms introduced by Barthes with regard to
photography [11,28,29]. However, such visualizations created by information technology can contain
both real and ﬁctional elements. And this signiﬁcantly changes their cognitive status by opening up
the possibilities of treating them as inscribed in the understanding of Virtual Reality (VR) [30–32] and
by adding philosophical concepts formulated by Jean Baudrillard [33] to the cultural discourse.
VR is a technology that allows the user to create interactions with a computer-generated world
regardless of its relationship with reality or imagination. Since the advent of VR technology in the
1980s, many diﬀerent deﬁnitions have been formulated. Some emphasize technological aspects
(computers, software, peripheral devices), while others focus on psychological issues (sensual
experience, perception) (e.g., [30,34]). Among the characteristics of VR, in the ontological perspective
the most important seem to be simulation, interaction, artiﬁciality, and immersion (e.g., [30,31]).
Simulation means a form of representing reality, but it cannot be treated as its copy. Interaction
allows us to enter into speciﬁc relationships with virtual objects not always possible in the real world.
Artiﬁciality indicates that VR is a human creation, and thus it has nothing to do with natural processes.
Finally, immersion means using solutions that raise the possibility of “sensual immersion” in this
generated world.
The discussion of VR ontology is therefore an attempt to answer the question about the existence
of objects in VR and their relation to reality (see also [35]). Features such as simulation and artiﬁciality
indicate that objects in VR are a form of emulation, imitation, and projection of what exists in reality.
There is no doubt that such simulations are far from Plato’s mimesis: “One must remember what
the object in the virtual world actually is: nothing more than a bunch of binary numbers stored in a
computer memory” ([36]; see also [37]). So the reproduction is never complete (i.e., the same as the
original). It is limited to certain physical elements, because in VR it is not possible to visualize all their
complex properties (cf. [38,39]).
In the case of archaeology, visualizations that are part of a VR can have at least three characteristics:
(1) They are “models” of real existing objects that have been assigned a link to the past, e.g., an axe,
a ﬁbula, an amphora; (2) they are images of space/landscape in which there are elements considered to
have been created by humans in the past (e.g., Stonehenge area, Giza pyramid complex—see [40–42]);
and (3) they are situations and ﬁctional phenomena (e.g., images of events, people’s economic and
social activities, or religious rituals) (e.g., [43] (pp. 94–96)). If (non-)real objects are simulations, forms of
projection or imagining reality, this invites the conclusion that they are, in consequence, products of the
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human mind. This means that they are not only the products of information technology, but also—and
perhaps even, in particular—of human reﬂection on the world [30] (pp. 148–149).
Considering the reﬂection that objects in VR imitate or simulate real objects, it becomes obvious
that references to Baudrillard’s proposal [33] should be made. According to him, simulation means
pretending, illusion, creating a world of imagination, and the products of this process, i.e., simulacra,
pretend to be objects from reality, which are widely/commonly treated as real objects from the past.
This means that visualization imitates objects but do not present them. Therefore, one can probably
formulate a conclusion that visualizations of data (including remote sensing data) in archaeology
constitute an imagined, modelled world, materialized by means of computer technologies. In this
sequence of technological connections there are devices allowing for data acquisition (products of
the human mind), computer software that processes them (a programmer’s product), and processors
(also constructed by humans). Visualizations may be revised, changed, or modiﬁed at each stage of this
process and in consequence even create new visualizations of the same real objects (cf. [36]). From this
perspective, visualizations of any form and any data are not ontologically signiﬁcantly diﬀerent from
traditional photography, especially if we agree with Szarkowski’s view that: “Photography is a system
of visual editing. At bottom, it is a matter of surrounding with a frame a portion of one’s cone of vision,
while standing in the right place at the right time. Like chess, or writing, it is a matter of choosing from
among given possibilities, but in the case of photography the number of possibilities is not ﬁnite but
inﬁnite” (quotation after [29] (p. 150)).
4. Visualized Data and Cognitive Processes (Epistemological Perspective)
If ontological reﬂection gives us an idea of what visualizations in archaeology are (e.g., as a result of
remote sensing methods application), then we should consider the connection between visualized data
and the cognitive process. Again, recalling Heidegger [19], one may ask the following question: Does
contemporary technology allow the world to reveal itself as it is? In terms of archaeology this question
may be: Does technology allow the past to be revealed? In relation to ontological ﬁndings, the following
question can be asked: What cognitive function does a simulation model/image/visualization play in
the process of building knowledge about the past? Heidegger emphasized that technology was oriented
toward revealing the truth as oﬀered by natural sciences [44]. Thus, the reference to the role of technology
in the cognitive processes in archaeology places the researcher in the naturalistic trend [45]. In the
dominant archaeological research practices (cultural-historical archaeology, processual archaeology)
there is no cognitive dissonance here, because they ﬁt into this trend. This has far-reaching consequences
in terms of formulating research questions and methods of solving problems. One of the traits of
thinking in the spirit of naturalism is the recognition of the neutrality of the aforementioned technology
(e.g., [46]). This means that in the process of revealing, it is possible to obtain and analyze data
objectively, which only at the ﬁnal stage of the research process is subjected to evaluation/interpretation
(and even very often conﬁned only to an objective description and presentation of results). In this
understanding, technologies that allow visualization of data obtained in a culturally neutral way lead
to learning about the past world. In this cognitive perspective, such an image/visualization, being
a faithful representation of reality (e.g., documentation) in the Platonic understanding of mimesis,
becomes the basis for building knowledge about the past (Figure 2), providing useful knowledge about
the past. Thus, in this approach, the image/visualization constitutes an objective, empirical record
allowing the formulation of valid conclusions and judgments about the past.
An anti-naturalistic perspective signiﬁcantly changes the cognitive status of image/visualization.
Barthes’s reﬂections on photography questioned this way of thinking about images in whose creation
an important role was played by technology (cf. also later reﬂections by Bruno Latour [47] (pp. 111–120).
The seeming absence of a human in the process of creating an image in no way guarantees the objectivity
of reality representation. Barthes (e.g., [28,48,49]) reﬂected critically on photography (still analog
then) in two respects: phenomenological and hermeneutical. Both signiﬁcantly change the way of
thinking about photography as a representation of reality, and entangle photography into complex
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social relations, the cultural role of language, and perceptual abilities (e.g., [50,51]). Can this thinking
be applied to the analysis of the role of visualizations produced by techniques other than the camera
(e.g., ALS, Image Based Modelling, satellite imagery, geophysical methods) in the process of learning
of the past?
In the application process of all remote sensing methods currently using new technologies, it is
possible to distinguish the stages of planning and preparation of measurements, data acquisition,
data processing, analysis, and ﬁnal visualization. In a naturalistic, positivist approach, only the ﬁnal
visualization, as identical to the original, becomes the subject of research. However, the approach
proposed by Barthes and other postmodernist thinkers indicates that at each of the mentioned stages of
research procedure we are dealing with individual decisions, whether of an expert in data acquisition
and processing, or of an archaeologist formulating his or her expectations and evaluating the ﬁnal
product (e.g., [52–54]).
5. Data Acquisition
Technology has opened up new possibilities of data acquisition, the purpose of which is to
provide information about reality. This is relevant to remote sensing methods and their applications
in archaeology. It is commonly believed that these methods allow collecting information on terrain
features associated with human activity in the past (aerial photographs, ALS, image-based modelling
and rendering, satellite imagery, etc.,) or relics under the surface of the earth (aerial photographs,
optical satellite imagery, geophysical methods, etc.,). Each method and each device records the speciﬁc
characteristics of features and landscapes. It is also not the case that all data-collecting sensors possess
identical characteristics that were apparent and within the sensing capacity of the device at the time of
recording (e.g., [55]). This is illustrated by a comparison of spectral bands of selected optical satellite
sensors (Table 1).
Table 1. Comparison of spectral bands of selected optical satellite sensors.

IKONOS
GeoEye-1
OrbView-3
QuickBird-2
WorldView-2, 3
Pleiades-1A, 1B
SPOT 7

Blue (μm)

Green (μm)

Red (μm)

NIR (μm)

0.45–0.52
0.45–0.51
0.45–0.52
0.45–0.52
0.45–0.51
0.43–0.55
0.455–0.525

0.52–0.60
0.51–0.58
0.52–0.60
0.52–0.60
0.51–0.58
0.49–0.61
0.53–0.59

0.63–0.69
0.655–0.69
0.625–0.695
0.63–0.69
0.63–0.69
0.60–0.72
0.625–0.695

0.69–0.90
0.78–0.92
0.76–0.90
0.76–0.90
0.77–0.895
0.75–0.95
0.76–0.89

As a consequence, the data record diﬀerent (even if only minimally) characteristics of objects
that we later assign (or not) a connection with the past. The same applies to cameras (image sensors,
lenses), recorders of diﬀerent wavelengths (hyperspectral and multispectral sensors), devices used in
geophysical methods, or airborne laser scanning. Device designers respond to the formulated needs,
apply solutions according to their knowledge, and this means they are not culturally neutral in Martin
Heidegger’s understanding. As a consequence, the acquired data cannot be treated in a culturally
neutral way either. In addition to the devices that represent the technological domain, there are also
experts performing tasks assigned to them and/or archaeologists who formulate (precisely or not) their
expectations. All this arrangement of relationships aﬀects data retrieval and ﬁnal format (Figure 4).
Their relationship to reality is culturally shaped in many dimensions that are not entirely controllable
and deconstructible. Evaluation of data conformity with reality (e.g., evaluation of measurement or
scale precision), providing that it is possible at all, is aﬀected by the views and in accordance with
parameters and standards adopted by a given scientiﬁc community (e.g., [56]). Therefore, data gathered
by means of various techniques are culturally oriented in their nature, due to the purpose, choice of
devices, or method used.
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Figure 4. Cultural arrangement of relations within the process of data acquisition in archaeology.

6. Data Processing and Visualization
Culturally acquired digital data are subject to complex processing (nowadays almost exclusively
computer-based). On the one hand, there are specially designed computer programs (the role of
programmers) or existing software (also the work of programmers). On the other hand, data processing
(evaluation of data quality, application of various algorithms, visualization of semi-ﬁnished products
and products) relates to the formulated expectations of archaeologists. This process can be long-lasting,
and various solutions can be applied until the image is generated in accordance with the imagination
of the recipient (here most often the archaeologist). The inability to create such an image/visualization
acceptable to the archaeologist often leads to rejection of data, discrediting the method/device, or even
questioning the competence of the expert involved.
Is the archaeologist, as the ﬁrst recipient of the ﬁnal visualization, aware of the technical complexity
of the data acquisition and processing processes (Figure 5) and, consequently, of the degree of reduction,
manipulation and modiﬁcation that occur throughout them? Between the formulation of the task and
the ﬁnal visualization there are at least two black boxes (in the understanding of Latour [57] (p. 304))
representing the areas of intensive use of technology, in which processes and manipulations usually
take place uncontrolled by the archaeologist, but usually recognized by remote sensing methods
experts. If the archaeologist is unaware of these processes, conditions arise for formulating an
opinion about the cultural neutrality of technology and, consequently, visualizations. Hence, it is
only one step to recognize that visualization is identical with reality (mimesis) and does not generate
epistemological doubts.

Figure 5. The place of technology in the process of creating visualization as a form of knowledge about
the past.
40

Remote Sens. 2020, 12, 2996

Visualization is therefore a construct that is the result of many complex decision-making processes
based on knowledge, technical capabilities, skills, goals, expectations, and awareness of research
proceedings. Therefore, at each stage of the research process, signs, i.e., sets of things (including
images), are generated, which according to the accepted cultural rules should evoke a speciﬁc thought
or association in the recipient [58]. The data presented in the form of signs are subject to interpretation.
Following Baudrillard, these are only imitations, not replications of reality. In this context, I can return
to the question: Can these simulacra be the basis for (re-)constructing the past, playing some role in
the process of learning about the world? In Baudrillard’s view, visualization is not a presentation
or an illustration of events (also past ones), because in the era of total simulation it is not possible
(cf. [59]). Creating visualizations is, therefore, not a representation of an object from the past, but a
cultural event in itself, here and now. An electronically generated visualization can be processed
inﬁnitely by creating new simulacra. Seemingly, such visualizations suggest realness, thus threatening
the diﬀerences between the real and the imaginary, and between the true and the false [60].
By relating visualizations to the cognitive processes, a certain perspective begins to emerge,
probably far from common thinking. In the research procedure, two levels on which the creation of
meanings takes place become more and more clearly visible. Technology is connected with revealing,
which is inevitably associated with assigning meanings to objects, even if only by linking them to
the past. In data, these objects are often not readable directly, but only through data processing,
and there is no doubt that this level is conditioned by the cultural experience of an archaeologist
(or a data expert, not necessarily an expert archaeologist). The visualizations of these interpreted
features/sites/landscapes, or rather their simulations, lead to the subsequent assignment of meanings
(Roland Barthes, Jean Baudrillard). As a consequence, the simulacra archaeologists/ experts generate
obscure reality, and they are not aware of it. This refers to the threats resulting from the use of
technology that Heidegger wrote about. Archaeology becomes as virtual as the world around it.
Archaeologists stop investigating the past and they only examine its images. Visualizations of data
do not reﬂect reality (and even more so the past), but introduce a new system of signhood, which is
subject to cultural interpretation.
As a result, visualizations (and the technology allowing their production) are part of the process
of giving meaning. They are the Medium, and they become the Message [61] subject to hermeneutical
interpretation (see [20] (p. 43)). This understanding opens up the possibility of looking at the
hermeneutical potential of image technology from the perspective of Marshall McLuhan’s tetradic
analysis [62,63]. This analysis allows us to assess technology (McLuhan’s laws of the tetrad) as a
shared method. Marshall McLuhan’s Heideggerian-inspired human–technology relation, on the one
hand, expands certain forms of human activity and, on the other, reduces/obsolesces them [20] (p. 52).
This means that teradic analysis can be treated as a tool (probably not the only one) for a more in-depth
understanding of the cultural functioning of the meanings given to visualizations, but also as building a
conceptual bridge between the epistemological and discursive perspectives (visualization as a medium,
message). The tetradic model of these relations involves: (1) intensiﬁcation/enhancement of some
aspects of individuals or social groups’ activities within a given culture; (2) obsolescence of some
capacities of people or social groups; (3) retrieval of something from a previous activity or capacity;
and 4) reversal of something into its opposite, when taken to its limit (Figure 6).
Depending on the archaeologist’s cultural context, experience, knowledge, and expectations,
the same aspects of the archaeologist–technology relationship (and visualization) will be dealt with
diﬀerently within the tetrad. Consequently, the cognitive value of visualization will be culturally
constructed and will have a historical dimension. Archaeologists have dealt with such a phenomenon
in the context of the use of aerial photographs in archaeology. The perception of their cognitive value
(but also the way of taking photos) changed depending on the needs of archaeologists, resulting from
the emergence of new theoretical concepts and research questions [12,15,51] and this phenomenon was
relatively well recognized recently. The emergence of new trends did not necessarily replace the earlier
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approaches, which meant that, to varying degrees, there existed and do exist simultaneously various
practices assigning diﬀerent cognitive value to aerial photographs.

Figure 6. Diagram of Marshall McLuhan’s tetradic model.

The historical dimension of the cognitive value of aerial photographs/remote sensing data relates
not only to the methods of obtaining them, but to their processing leading to the culturally expected
results. This is what archaeology is facing now in connection with new methods of obtaining mass data.
Currently, this factor encourages an emphasis on technical solutions with limited critical reﬂection on
the cognitive value of remote sensing data and generated visualizations, as was the case with aerial
photography in archaeology.
In the context of the cognitive value of data, it is worthwhile to take up the subject of the signiﬁcant
change resulting from the introduction of new methods of data acquisition. Methods such as ALS and
satellite imagery provide so much data that traditional, manual, and visual methods of data processing,
analysis, and interpretation are no longer eﬀective [3]. In archaeological studies of small areas or
sites, this is not a serious problem, but in landscape studies or in building strategies for managing
archaeological heritage over large areas it has already been a challenge. It is therefore not surprising
that since the 2010s discussion on the use of (semi-)automatic feature recognition or (semi-)automatic
detection in remote sensing archaeology (see [64,65]) has begun. This is probably an unavoidable
process and archaeologists should face it conceptually [66,67].
In current archaeological practices, three basic strategies are being developed, which are, in fact,
procedures of data classiﬁcation: pixel-based classiﬁcation, object-based image analysis (OBIA),
and machine learning (ML) implemented with the use of modern tools such as neural networks
(e.g., [65,67–70]). In the ﬁrst strategy, pixels are the basic classiﬁcation units. Diﬀerent algorithms are
used to classify data, and the strategy is optimal if it operates with well-deﬁned and well-separated
classes of pixels corresponding to unique archaeological/landscape features. This is not always
possible and can lead to an incorrect classiﬁcation of a pixel. The second strategy is an attempt to
circumvent these limitations. OBIA methods use image segmentation into identiﬁed homogeneous
objects using multiple variables (pixel value, shape, texture, geographic components, etc.,) [65,67,69].
Both strategies are supervised methods of classiﬁcation. The third strategy, i.e., ML, has recently
been added to the range of strategies for classifying archaeological objects. ML is a set of algorithms
for recognizing patterns (e.g., support vector machines—SVM, artiﬁcial neural networks—ANNs,
Random Forests—RFs, k-nearest neighbor—k-NN, etc.,) that allows (1) modelling complex class
signatures, (2) accepting a variety of input predictor data, and (3) not making assumptions about data
distribution [71]. Currently, ML also includes deep learning (DL) strategies, which are techniques
permitting the construction of a multi-level analysis and classiﬁcation architecture. In particular,
this concerns the improvement of relations between false-negative and false-positive results owing to
the introduction of several levels between the input layer and the output layer (e.g., [72,73]). Within DL
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diﬀerent methods can be used as needed, e.g., recurrent neural networks—RNNs, or convolutional
neural networks—CNNs.
Regardless of the diﬀerences arising from the nature of data and the classiﬁcation algorithms used
in (semi-)automatic detection procedures, a number of essential stages can be distinguished in these
strategies. The ﬁrst is data acquisition and pre-processing. At present this strategy most often involves
ALS data, allowing preparation of DTM and its multiple visualizations (often trend removal techniques
such as LRM), and satellite imagery (optical and/or SAR). All pre-trained datasets expect input images
to be normalized. The next step is the development of a dataset as a reference for the classiﬁcation
process. This dataset, depending on the strategy adopted, can take the form of deﬁned groups of
pixels or a set of object images as templates (based on image segmentation). In practice, existing
resources are often used (e.g., ResNet, GoogLeNet, ImageNet), or a custom set of images is introduced
which can be used as a training set (extraction of training images, augmentation and cropping). This is
often applied in archaeological projects [70,72,74]. Based on the reference data prepared in this way,
an automatic classiﬁcation process is launched, which leads to the identiﬁcation of objects that meet
the adopted criteria. The output is subject to an accuracy assessment in terms of compliance with
archaeologists’ expectations/knowledge. If OBIA or ML is used the output is not subject to further
classiﬁcation procedures. For DL this process may be repeated by indicating false-negatives and
false-positives. In this way, the algorithm “learns” to recognize the expected objects. One training
round (epoch) is included in the subsequent cycles. The end of the process depends on the decision of
the archaeologist/expert [74]. The ﬁnal stage is validation of the results, which may involve a desktop
survey and/or ﬁeldwork (diﬀerent versions of ground truthing) [65,70,72]. From a purely technological
perspective this seems to be a process that eliminates the weaknesses of a traditional interpreter-based
approach. In practice, from an epistemological perspective, it is not very diﬀerent from the latter.
In both approaches the interpreter’s knowledge, expectations and experience are decisive.
Many authors emphasize “expert knowledge-driven” decisions, which relate to all the
aforementioned stages. The quality of the prepared output data signiﬁcantly aﬀects all subsequent
stages [67] (p. 487), including image segmentation (OBIA) and creation of training datasets [69] (p. 2).
In DL the possibility of the cycle repetition is left to the expert (archaeologist?) to decide on the
completion of the process. This decision, and the evaluation of results in this classiﬁcation model
(also in others), depends on the archaeologist’s expectations. The question is if the network can
overlearn, and how this may aﬀect the information obtained. Is it possible to identify such a problem?
What could be the consequences for the archaeologist’s expected outcome? Is the archaeologist aware
of the consequences or possible need for data modiﬁcation?
I have no doubt that all these stages are consecutive steps in data work comprising certain
communicative arrangements that involve making cultural decisions, creating signs, and assigning
meanings. Logical consistency, which is to guarantee the construction of algorithms allowing for a quick
and “objectivized” data search, is based on our expectations, knowledge, and previous experience.
The assignment of meanings is involved at the all stages of these classiﬁcation strategies.
The attempts made so far have concerned selected categories/classes of archaeological sites (mounds,
barrows, roundhouses, charcoal kilns, Celtic ﬁelds etc.—[72,74,75], i.e., they are based on existing
knowledge, experience, and expectations. The question can be posed whether these methods allow for
the qualitative identiﬁcation of other/new types of relics of the past. In this context, Rodney Brooks’s
opinion that “[ . . . ] deep learning does not help in giving a machine ‘intent’ or any overarching goals
or ‘wants’” may be relevant [76] (p. 280).
This question indicates the need to look at the algorithms used in ML and DL. Does repetition of
the process lead to such a type of “self-learning” in which objects that are radically diﬀerent from those
included in training data sets can be identiﬁed, i.e., beyond existing knowledge? Do archaeologists
fully understand how the algorithms operate? Do they have an insight into what the network knows?
If they are not able to answer these questions positively, by deﬁnition they are dealing with black box(es)
(for both experts and archaeologists) (e.g., [77]). It also means that archaeologists are unable to answer
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the question about the relationship between the obtained result and what is commonly called reality.
Archaeologists can therefore assume that even despite the process of “self-learning,” there is a reduction
in the potential and resources of past relics contained in the data. Such are the limitations resulting
from the use of a speciﬁc algorithm (problem-oriented algorithm) and its positive result. In this sense
an algorithm used in detection can be treated in the same way as previous classiﬁcations in archaeology
conditioned by theories, trends, and research questions (cf. [78]). In every situation archaeologists
lose the diversity of the world as it is etic approach (instead of emic). And, it should be noted, using
traditional methods suﬀers from the same problems.
A number of researchers [3,70,72,79] have expressed the opinion that the results of (semi-)automatic
detection methods should be veriﬁed. It is diﬃcult to argue with this view. But what does it mean in
a cognitive perspective? In my opinion it means that the result of the algorithm(s) used is not to be
considered a ﬁnal determination. The ﬁnal determining authority is the archaeologist, and (very often)
involves some form of ground truthing (see [80] (pp. 518–521), such as ﬁeld survey, digging test
trenches etc., (e.g., [70,72,75]) which is an essential element of the whole cognitive procedure. I have no
doubt that the perceptive and interpretative capabilities of an archaeologist are signiﬁcantly diﬀerent
from what can be stored in the algorithm(s). Moreover, I believe that it is probably impossible to
capture in mathematical equations the entire cultural complexity of the world in the past, formation
processes, and the interpretative experiences and expectations of archaeologists.
The need to verify (semi-)automatic detection results accounts for only one side of this complex
process. (Semi-)automatic detection places the objects selected by the archaeologist (and thus already
known to us) and learned by the algorithm in our area of interest. Veriﬁcation allows us to accept or
reject what the archaeological/non-archaeological algorithm suggests. In this respect, the process of
reduction and modiﬁcation of information by the archaeologist takes place twice: ﬁrst, at the stage of
preparation of the input dataset, and then at the stage of veriﬁcation, i.e., output assessment. Both
stages lead to the rejection and reduction of world complexity. In this sense, technology in Heidegger’s
sense obscures some aspects of the world (including the past world) and, consequently, it (this past
world) disappears in its complexity from the cognitive process. At the ﬁrst stage, it is due to the fact
that the input is prepared according to the archaeologist’s knowledge and expectations. This stage is
consequently burdened with the archaeologist’s bias. As a consequence, the algorithm(s) can at best
identify the objects archaeologists expect. An algorithm will magnify any patterns in the input data.
It means that if bias is present at the stage of data input preparation (let alone the archaeologist’s bias
at the pre-processing stage) the algorithm will also magnify that bias [81]. Consequently, algorithms
reﬂect the biases of both programmers and datasets prepared by archaeologists. It should also be
noted, however, that the algorithm may point to a potential object that the archaeologist might omit in
their interpretation (e.g., the question of noticing minimal alternations).
Our knowledge and experience play a role in the data assessment and veriﬁcation stages leading
to the acceptance or rejection of selected objects. The Archaeologist’s judgment is necessary to assess
the accuracy of algorithmic output [81], though the processes by which that may happen can be opaque.
It is deﬁnitely a reduction of the potential and stock of past relics present in the data. Such are the
limitations resulting from the use of a speciﬁc algorithm (problem-oriented algorithm) and its positive
result. There is also a question about the possibility of validating its (their) functioning. At these stages
of automatic detection (including DL) archaeologists focus on what the algorithm oﬀers (even if it is
ﬁnally rejected). In the “cognitive non-existence” there remain all those objects that do not meet the
criteria of the algorithm and fall out of the ﬁeld of the archaeologist’s perception. Although they are
still in the raw data, the question remains, will there be new data search algorithms, and will the new
algorithms allow for a signiﬁcantly similar or a diﬀerent result?
At one point, archaeologists became aware of the presence of bias in their work (e.g., [14,82–84])
and almost simultaneously, initiatives were undertaken to eliminate this phenomenon (e.g., discussion
on bias of oblique and vertical aerial photographs). The need to reduce bias in archaeological research
procedures is often an argument for the application of high-tech methods and devices in remote sensing
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(e.g., [17,85,86]). In particular, this occurs in the context of working with remote sensing data. The
above considerations of automatic detection probably suﬃciently demonstrate that such solutions do
not lead to bias reduction. Bias permeates the whole complex classiﬁcation procedure and perhaps
because of that it is so diﬃcult to grasp. However, there is also a growing awareness of its presence
and inevitability (e.g., [72]), even when using sophisticated technologies.
My primary objective in considering (semi-)automatic detection in archaeology is not to assess its
eﬀectiveness in comparison with traditional methods of identifying archaeological objects. Rather,
I would like to ask the following question: Does this new technology change anything in archaeologists’
cognitive process, or does it modify the current thinking about the past? The existing applications of
(semi-)automatic detection in remote sensing archaeology clearly demonstrate the risks mentioned
by Heidegger.
For many authors, the main goal is to identify archaeological resources in areas that have so far
been poorly explored. The eﬀectiveness of the method is assessed on the basis of the extent to which
it generates an increase in the number of database records (e.g., more round barrows, charcoal kilns
or round houses). Archaeologists frequently are driven by their desire to ﬁnd/reveal new (although
already known types) sites. The question arises whether increasing the amount of empirical data
(records in the database) can transform archaeology and the archaeologist’s ability to explore the
past? In archaeology, technology only serves to increase the number of discoveries. Conceptually,
archaeologists remain at the same stage when aerial archaeology was criticized of a “stamp collection”
approach (e.g., [87–89]). The fetish of empirical data (eﬃciency of identifying new objects) leads to a
focus on discovery in the common sense (see above). And in this sense, technology is a threat to science
(as understood by Heidegger). The eﬀectiveness of technology obscures the complexity of the world,
including the past world (and not only because archaeologists discover what they know), but also the
complexity of research practices. This leads to impoverished reﬂection on what archaeologists do and
how they do it.
7. Archaeologist as User: From Perception to Interpretation
Image technology (and the image itself) is a medium that allows the transmission, translation,
storage, and transformation of a message. But it is not created without prior perception and
interpretation. While hermeneutical interpretation has been present for quite a long time in humanistic
discourse (Edmund Husserl, Paul Ricoeur), the reﬂection on perception and its cultural entanglement
is not at all obvious. The process of perception is related to the inﬂow of external stimuli (here usually
visual), which are subject to various further transformations leading to the recognition of the object
(e.g., [90] (p. 6), [91]). Perception and its role in cognitive processes is now largely a subject of cognitive
psychology ([92–94]), but philosophical reﬂection on the relationship between perception and cognition
goes back to Immanuel Kant’s considerations. Among many studies dealing with this issue from an
epistemological perspective, it is worth recalling the works of Ludwik Fleck from the 1930s [95], which
appear more and more frequently in contemporary discussions (e.g., [96,97]). In the discourse on the
development of science and technology, Fleck’s views place him conceptually (not chronologically)
between Thomas Kuhn and Bruno Latour [97,98]. While the former, for example, emphasizes the
commitment to the paradigm in science, Fleck places scientiﬁc activity in the cultural context of the
researcher, i.e., in line with the anti-naturalistic approach proposed in this paper. Considering the
questions raised, Fleck’s assertion that “To see is to know” seems fundamental. Certainly, such a
statement does not raise any fundamental doubts today, but in the period when it was formulated
it must have had a very controversial resonance. With this assertion Fleck questioned perception
as a means of objective learning about the world, and thus the foundations of science built on
Enlightenment concepts [99]. According to him, it is impossible to see without anticipating knowledge,
and consequently we see what is mental and not physical (!). It is not stimuli that decide what we
see, but the processes taking place in our minds. Such assertions contradict the common opinion
that physical vision is objective. Ludwig Wittgenstein (late Wittgenstein) [100] expressed himself in a
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similar spirit, claiming that we see only an insigniﬁcant tangle of shapes and colors, which we give
meaning to, but which can change. This is related to targeted or directed perception (attention, attitude,
aspect) (e.g., [101]) and, in consequence, to interpretation. The way of perceiving is nothing more than
a certain interest in the surroundings, but also an image/visualization. In the case of remote sensing
data, the problem is even more complex and multilevel, because we observe a mediated reality in
the data. In our interpretation, we usually ignore the whole process of data acquisition, processing,
and generation of various forms of visualization and focus on the ﬁnal product (ﬁnal visualization).
The perception processes are present in the data workﬂow much earlier. The way we see is the
social arrangements (contracts) of what we see. They are so mentally close to us that we do not even
notice that we are learning to see [99]. This social creation of ways of seeing illustrates very well
the diﬀerence in the presentation and reading of topography in the tradition of British archaeology
and other countries (e.g., [102–104]). This social dimension of knowledge-based perception was
also stressed by Fleck. His concepts of “thought style” and “thought collectives” have been widely
discussed in literature [96–98,105,106]. An independent (socially excluded) researcher does not exist.
Everyone is entangled in certain communities, including groups of scientists with their exchanges
of ideas or intellectual interactions. Itrected perception, with corresponding mental and objective
assimilation of what has been so perceived. It is characterized by common features in the problems of
interest to a tht. The “thought collective” is “[ . . . ] a community of persons mutually exchanging or
maintaining intellectual interaction, we will ﬁnd by implication that it also provides the special “carrier”
for the historical development of any ﬁeld of thought, as well as for the given stock of knowledge
and level of culture” [95] (p. 39). The opportunity to be part of such a community is given to those
who, in the course of their education, have mastered and accepted the rules in force [107] (p. 198).
The “thought style” is understood by Fleck [95] (p. 99) as “[the readiness for] directed perception,
with corresponding mental and objective assimilation of what has been so perceived. It is characterized
by common features in the problems of interest to a thought collective, by the judgment which the
thought collective considers evident, and by the methods which it applies as a means of cognition.
The thought style may also be accompanied by a technical and literary style characteristic of the given
system of knowledge.”
In science, the consequences of “thought styles” and “thought collectives” are far-reaching.
Of course, they also concern archaeology and the use of visualization in the study of the past. Belonging
to “thought collectives” perpetuates the belief in the rightness of the adopted views and research
conduct. As a consequence, scientists have identical or very similar views in a given ﬁeld. They do not
realize the nature of their own thinking, conditioned by the socio-historical context. The conviction
is formed that since everyone thinks the same, it is the only possible culture-independent way of
seeing the world [107]. The dissemination of certain views in society (outside the research community)
co-creates common-sense knowledge that is not even subject to veriﬁcation. This is in line with
Heidegger’s concept of concealing the world by formulated and accepted views, and with the lack of
critical reﬂection on such views resulting in “idle talk.” In the context of archaeological development,
such deeply rooted and unconscious convictions are “belief in experience/observation,” “objectivity of
facts,” “pure description and classiﬁcation,” and the possibility of “knowing the past.” They originate
from the 18th- and 19th-century concepts inﬂuencing science (empiricism, positivism, evolutionism)
and are particularly strongly rooted in cultural-historical archaeology.
According to Fleck, two elements in the most popular views, in particular, aﬀect the consolidation
of our beliefs about the objectivity of our ﬁndings on the (past) world. These are “technical terms” and
“scientiﬁc device.” The speciﬁc power of scientiﬁc terms consists, to a large extent, in detaching their
signiﬁcance from the subject of cognition, hence in establishing the “objective” meaning. In this way the
object being deﬁned becomes independent, as if possessing absolute existence [108] (p. 108). Even more
so, the cultural dimension of data acquisition for visualizing the (past) world resounds in the context
of the “scientiﬁc device.” “The analysis of epistemological signiﬁcance of a scientiﬁc device would also
require a separate study. It can be mentioned brieﬂy that a scientiﬁc appliance, which is realization of
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some result of a deﬁnite thought-style, directs our thinking automatically on to the tracks of that style.
Measuring instruments force one to apply the notion of unit for which they were constructed; even
more so, they force one to apply the notion from which they originated [...]” [108] (p. 109). From this
perspective, there is no gap between the process of cognition in Fleck’s viewpoint and the views of
contemporary philosophers signiﬁcant in the context of the use of images/visualizations (e.g., Roland
Barthes, Jean Baudrillard).
Both “thought styles” and “thought collectives” aﬀect the perception and interpretation of the
world, and their alterations modify ways of thinking about it. There is no single “thought style” or
“thought collective,” which means that particular groups of scientists compete against each other, as if
participating in speciﬁc social games [109] within the space between the legitimate and the illegitimate
image of the world. “Pure facts” do not play a decisive role in these games because facts do not exist
independently of cognition, and this cognition refers only to what is useful to the “learner” [110]
(p. 267). The emphasis is therefore placed on language games, because it is through language that we
communicate our views, ideas, and manipulate the image of the world. Therefore, it is important to
construct a narrative in such a way that it becomes more persuasive and, as a result, it can become
established and, relatively, universally accepted. This invites reﬂection on the discursive dimension of
visualizations produced from remote sensing data.
8. Discursive Dimension of Visualization
In contemporary humanistic reﬂection, the concept of truth is far from the common understanding
of it going back to ancient Greek philosophy (e.g., [111]). This also applies to the role of empirical
data in knowing about the world and the determinants of knowledge legitimacy (e.g., [112]). In a
fundamental way, the understanding of truth has been shifted from the external world, as a point
of reference, to the knowledgeable subject entangled in culture. This means that seemingly mimetic
visualizations of data are in practice involved in a variety of discourses and cultural games that include
dialogue, communication, and power experience. Discursive practices permeate all spheres of culture
and are part of the processes of producing images of the world (including archaeological construction
of knowledge about the past). Thus two aspects that are increasingly being raised in the context of
images/visualizations and their presence in the scientiﬁc/political.
Research on image persuasion is conducted, in particular, in psychology and cognitive science.
Does archaeology use such knowledge and, consequently, consciously manipulate the image to achieve
the intended eﬀect in the recipient? It is diﬃcult to ﬁnd examples in literature that could support
such an unequivocal assertion (although, for example, the analytical uses of DEM visualization
algorithms may prove otherwise, see [113]). I think that rather a common-sense approach to the
image, i.e., what is the object/site/landscape everyone sees, is the dominant one. To a greater extent,
one can count on complying to certain standards and established customs in the archaeological
community. This means that in terms of the persuasive power of the image, we use categories that ﬁt
into Fleck’s concept of “thought style.” It is this “thought style” that makes images/visualizations more
comprehensible (and thus persuasive), if they are consistent with the knowledge and expectations
of the audience [114,115]. John Casey [116] (p. 172–173), in his discussion of Wittgenstein’s views,
even formulates a claim that the unity of perception implies identical judgements. In archaeological
practice, this persuasiveness seems to be multilevel and concerns at least two relations: data processing
expert → archaeologist, and archaeologist → other archaeologists and the public.
Not every archaeologist using remote sensing data has the ability to work with it. Archaeologists
are often unaware of the complexity of data acquisition processes and data processing (black boxes).
As a consequence, in order for the data to be used in research, visualizations should be in line with an
archaeologist’s expectations. It is often an expert who prepares a visualization in such a way that it
satisﬁes the archaeologist (regardless of whether it is to be used only as an illustration or for analytical
and/or interpretative procedures—though simple visualization toolboxes are changing this dynamic).
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Persuasion as a form of communication can inﬂuence the recipient in various ways. It is not
only a matter of conveying a message, but also of exerting inﬂuence (even pressure) on the recipient
(cf. [117]). In their reﬂections on the role of persuasion in advertising, Gerald Miller [118] and Richard
Perloﬀ [119] (pp. 19–20) stress that it can take on various functions: shaping, reinforcing, and changing.
Shaping is a tendency to use persuasive messages to inﬂuence the actions and attitudes of the recipients;
reinforcing is rather directed toward strengthening and deepening existing attitudes and actions;
and changing is aimed at causing a signiﬁcant change and establishing new, expected actions or
attitudes [119]. Can archaeologists directly apply the reﬂection present in the discourse concerning the
role of advertising in trade or persuasion in politics? Persuasion is addressed to the recipient; thus it is
the broadcaster (expert, archaeologist) who formulates objectives related to the form of persuasive
visualization. A question can be asked: is the role of persuasion (in the sender–recipient relationship)
in scientiﬁc archaeological discourse discussed? Is the sender (archaeologist) aware of the signiﬁcance
of this message, or do they operate in the knowledge of how it is received? If we look at this problem
from the perspective of the “thought collective,” it may turn out that what is persuasive to me is also
persuasive for the recipient as a representative of the same “thought collective” (no matter if it is a
diﬀerent archaeologist or the public Visualization is persuasive if it convinces me, and reinforces my
views. The viewer might be less important, or is treated as a representative of the same “thought
collective.” Then, if something is persuasive for me, it will also be persuasive for the recipient, because
it represents the same learned way of thinking. In consequence, we continue to function using the
same cognitive models and remain exclusively in the area of persuasion as “reinforcement.” There is
no chance for a “changing” or “shaping” eﬀect to take place because it requires critical reﬂection and
attention to the way the viewer thinks. Such thinking appears in studies and practices related to the
inclusion of children, youth, and local communities in the understanding of the past (e.g., [120]).
The power of persuasion is inseparably connected with aesthetics. It is assumed that aesthetics
plays an important role in cognition, because it inﬂuences, among other things, the perception and
understanding of described phenomena. In the traditional understanding, aesthetics is considered a
philosophy of beauty and art, and stands in opposition to reason, knowledge, and science. At present,
the approach to aesthetics has been re-evaluated toward the study of the aesthetic process which
includes the creator (artist), the creative process, the work, the recipient, perception, and aesthetic
values (e.g., [121,122]). It is clear that this contemporary approach to aesthetics is linked to the
linguistic turn and the philosophy of postmodernity. Aesthetics has become a general trend that also
encompasses science (including archaeology). As a result, the boundary between traditional science
and truth and persuasive narratives is blurred. The problem is that in the persuasive, discursive sphere,
the boundaries between reproduction, creation, and simulation are fading. There is a loss of attributes
of the real world, and the phenomenon of “vanishing reality” can be observed. As a consequence,
aestheticism is one of the processes that leads to the concealment of the sense of a visualized object [60].
This automatically evokes Heidegger’s view that the sense of the phenomenon under investigation is
concealed by the initial interpretation. If it is enhanced with aesthetic visualization, this eﬀect is much
stronger. Walter Benjamin [22] went even further, claiming that aesthetics can be used in politics to
strengthen demagogic messages that mold the ideas of broad social groups. But, is this only in politics?
Or, does it also apply to archaeology or messages about the past? Is it at the level of critical reﬂection
on the past or methods of researching it and creating new models of narration, or is it at the level of
inscribing oneself into existing research questions, which have been repeated for decades, and ways of
solving them?
In traditional discourse visualization is a tool of power and domination. An archaeologist uses
visualization to impose a vision of reality that they accept, but does not know how it is constructed (a black
box product). In this way archaeologists value themselves and their research (e.g., [123]). It is in such an
approach that the aesthetics of visualization plays a decisive role. The data itself becomes less important.
The visual attractiveness of generated images or 3D models brings a fascination with the potential of
technology and becomes a part of technological fetishism in archaeology [124]. Such an approach to
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technology (including remote sensing and visualization methods) is consistent with Heidegger’s view
that the greatest threat of technology is the formation of attitudes in which we treat a given technology
as a provider of ready-made solutions. The applied technology, however, obscures our reality and
consequently, we ignore other alternative solutions, interpretations, or possibilities [63] (p. 13).
Another important issue in these reﬂections on aesthetics relates to conventionalization.
Contemporary technology moves toward standardization, repetition of patterns, comparability,
and homogeneity. In the practiced discourses “The fact must be expressed in the style of thought
collective” [95] (p. 102). Thus, the generated visualizations are adjusted to stylistic conventions,
in which (aesthetic) visualization itself becomes a standard in the “research” procedure, and its
aesthetics become inscribed in culturally ﬁxed patterns (but not necessarily in postulated rules of
standardization of visual representations, e.g., [53,125]). In further consequence, the aesthetics of
visualization may replace the reﬂection on the meaning of an object in the past and in contemporary
discourse. This state of aﬀairs leads to the question: Why do archaeologists approach contemporary
visualizations so exaggeratedly and uncritically? In a sense, Heidegger provides the answer to this
question—that science has stopped thinking because it focuses on the technical approach.
In the contemporary debate on digital humanities, Heidegger’s position is interesting because it
allows us to gain a distance to the technical approach to the humanities, and reveals the necessity of
turning to the original thinking that underlies all thinking, including thinking about the humanities [126]
(p. 137). This seems to be the essence of the matter. Thinking should be the basis for all activities
of archaeologists. These activities cannot be limited to collecting and describing (also visualizing)
data. Critical reﬂection and understanding cannot be limited only to black boxes, but to all components
of the research procedure. Referring again to Heidegger, the lack of critical reﬂection on the created
and used visualizations may lead to obscuring (past) reality and perpetuating the ideas proposed by
archaeologists themselves and/or even by experts cooperating with them. And the use of once ﬁxed
images, additionally subject to cultural standardization, contributes to the spread of Heidegger’s “idle
talk” in the context of visual assertions (and through visualization) about reality (also past reality).
According to Heidegger, “idle talk” is a superﬁcial statement that only roughly refers to beings. Speech
or text (or visualization in archaeology) does not touch beings as it is, but communicates through
repetition. Such a statement quickly becomes popular, “authoritative,” and inscribes itself in power
relations losing its reference in being [18] (pp. 157–159). Additionally, the excessive pursuit of eﬃciency,
resulting in the loss of the essence, contributes to the formation of an intellectual desert [126] (p. 144).
9. Final Remarks
In trying to answer the questions posed about the extent to which changes in technology
(including remote-sensing methods) inﬂuence the understanding of the place of image/visualization in
archaeological research and the cognitive status of images, it is worth remembering that it is not only
the cultural environment that shapes archaeology, but also what archaeologists themselves think about
archaeology and its cognitive capabilities (obviously aﬀected by their own cultural contexts).
In 1973 David Clarke published an article Archaeology: The Loss of Innocence in which he summarized
the changes in archaeology and its setting from the 1950s to the 1970s. Clarke wrote that “The loss
of disciplinary innocence is the price of expanding consciousness; certainly the price is high but
the loss is irreversible and the prize substantial. Although the loss of disciplinary innocence is a
continuous process we can nevertheless distinguish signiﬁcant thresholds in the transitions from
consciousness through self-consciousness to critical self-consciousness” [127] (p. 6). One may ask
whether the “loss of innocence” has aﬀected all archaeologists, and whether it has covered all the
necessary areas of critical self-consciousness. I have no doubt that in practice a number of remote
sensing archaeologists remain innocent in the way Clarke puts it [128–135]. The place of technology
(including remote sensing methods) and forms of visualization is only one of the ﬁelds in which
traditional innocence manifests itself. It is a consequence of what Fleck describes as “thought styles”
and “thought collectives,” which in themselves inhibit critical reﬂection and inﬂuence the rejection of
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diﬀerent views, perpetuating the innocence. Technology (especially remote sensing methods) itself
does not constitute progress in archaeology. First of all, archaeologists need critical reﬂection on what
they do, how they do it, and why they do it [136]. Only with such an attitude can we eliminate the
threat to culture posed by technology as understood by Heidegger.
There are many diﬀerent questions raised in the text above and the readers may not ﬁnd simple
answers to them. Rather, it is my intention to ask questions, not to provide answers, especially
unequivocal ones. Gone are the days when one way speciﬁc of thinking could be imposed. If these
questions have encouraged the readers to try to ﬁnd their own answers, I will consider it a success.
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Abstract: This article presents a novel deep learning method for semi-automated detection of historic
mining pits using aerial LiDAR data. The recent emergence of national scale remotely sensed datasets
has created the potential to greatly increase the rate of analysis and recording of cultural heritage sites.
However, the time and resources required to process these datasets in traditional desktop surveys
presents a near insurmountable challenge. The use of artiﬁcial intelligence to carry out preliminary
processing of vast areas could enable experts to prioritize their prospection focus; however, success
so far has been hindered by the lack of large training datasets in this ﬁeld. This study develops
an innovative transfer learning approach, utilizing a deep convolutional neural network initially
trained on Lunar LiDAR datasets and reapplied here in an archaeological context. Recall rates of 80%
and 83% were obtained on the 0.5 m and 0.25 m resolution datasets respectively, with false positive
rates maintained below 20%. These results are state of the art and demonstrate that this model is
an eﬃcient, eﬀective tool for semi-automated object detection for this type of archaeological objects.
Further tests indicated strong potential for detection of other types of archaeological objects when
trained accordingly.
Keywords: deep learning; transfer learning; historic mining; heritage management; LiDAR

1. Introduction
Airborne LiDAR systems are an increasingly valuable tool for locating, visualizing and
understanding cultural heritage sites. The ability to perceive subtle depressions and patterns in
the landscape uncoupled from photometric representations has led to discoveries ranging from
additional monuments at Stonehenge [1] to Mayan cave dwelling entrances in Belize [2]. These are
examples of the more traditional uses of LiDAR in archaeology, where data over a small area is visually
analyzed through an experience and knowledge based process to obtain a detailed understanding
of a landscape, usually by displaying the LiDAR data as a hillshaded image [3]. This approach is
eﬀective for discrete areas, especially where high resolution datasets have been gathered, but does
not fully leverage the advantages of newly available large scale general purpose LiDAR datasets [4].
Whilst analysis by experts will always produce the best results, the increasing availability of these new
datasets now requires a paradigm change towards the integration of computer aided detection to take
advantage of these greatly increased volumes of data [5].
In England alone, the Environment Agency has pledged nationwide coverage at 1 m resolution or
higher by 2020, totaling over 130,000 km2 of coverage [6]. Scotland has currently been partially covered
by a two phase campaign, with more coverage planned for the future [4]. Analyzing these volumes of
data efficiently by human operators is extremely challenging. For example, the English Heritage National
Mapping Program (primarily aerial image interpretation) achieves a coverage rate of approximately 1 km2
per person per day; this project has been running for over 20 years employing on average 15–20 staff
Remote Sens. 2019, 11, 1994; doi:10.3390/rs11171994
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and had covered an area of 52,000 km2 by 2012, in contrast, the Baden-Württemberg study, whilst still
a primarily manual approach, took advantage of automated processing where possible, allowing an
estimated coverage rate of over 35,000 km2 by a single operator in six years [7]. These two projects are
not directly comparable, as the quality and accuracy of their results varies greatly along with the data
types analyzed [3], but it is an indication of the speed advantages gained from integrating automated
processes into an analysis workflow. Despite the differing data types, the English Heritage study provides
an indication of the timescales required to put human eyes over nationwide remotely sensed data tiles
at a high resolution scale. With current advances in computing power the potential to pre-process entire
national datasets in weeks rather than decades is now a distinct possibility.
This approach would be particularly valuable for countries which do not have many existing
historic site records; a rapid Artiﬁcial Intelligence (AI) scan would provide a preliminary database
which could be developed further as more resources become available. Due to the very low time and
cost overheads required for automated processing there can be complementarity between achieving
the quantity of the automated results versus the quality of traditionally generated databases, which
can proceed to be created as normal in tandem to the automated processing. Even if imprecise, these
machine learning tools would be capable of identifying the greater trends in the data [3], allowing
human resources to be prioritized to the areas with a large number of potential sites for detailed
precision mapping. Especially when sites are under threat from development, rapid identiﬁcation and
mapping would give cultural heritage managers more time to act.
In the UK, sites such as those deﬁned by English Heritage as National Importance sites would also
beneﬁt from a semi-automated approach. These are sites that are deemed to have national importance
but are not currently or cannot be designated as heritage assets and scheduled monuments [8]. Many
of these sites have a landscape scale, consisting of ‘a coherent and contiguous group of monuments,
the group value of which augments the signiﬁcance or importance of each, though the importance of
the whole landscape can also be deﬁned in its own terms’ [8]. Identiﬁcation and delineation of sites
such as these remains a challenge due to limited mapping resources and the large extent of these sites.
Large-scale monument counting tools, especially if cheap and eﬃcient to run, would underpin more
informed management of these types of sites, provided the sites present above ground topographical
representations visible to an aerial LiDAR sensor. The results from such a preliminary survey could be
stored in a geospatial database such as that described in [9].
Alongside the vast speed improvements possible from semi-automated detection, computer-based
methods have other strengths compared to human observers. Humans are inherently unable to
process height data in its native state; therefore, it must be processed to create visualizations that
are interpretable by the human eye. This can lead to a loss of information, image artefacts [10]
or a bias stemming from the visualization techniques used [11]. As a computer can process the
single channel numeric gridded height data directly, this removes some of these issues. Conversely,
multi-channel or hyperspectral data containing more than three channels is also not easily representable
in a human readable form [12], whereas a computer can stack as many channels as necessary to process
hyperspectral or multiple data source imagery. Artiﬁcial intelligence based solutions can also make
their own generalizations and assumptions; often diﬀerent to those that a human would make. Whilst
this in itself will create biases, discussed later in this work, the addition of a very alien ‘brain’ to the
problem will go some way to alleviate human biases. Humans see what they are expecting to see [13],
and a trained neural network will also see what it is expecting to see; using both allows for potentially
unexpected objects to be discovered.
However, despite all the advantages discussed above, computer aided methods are still inferior to
human interpretation in terms of accuracy, inference and knowledge [3]. To beneﬁt from the power
of automation whilst maintaining the experience and insight gained from human experts a twofold
approach is needed. The challenge lies in both improving the algorithms to a point where they are ‘ﬁt for
purpose’ and integrating the semi-automated detections into the archaeological prospection workﬂow
in an appropriate manner [3]. It is envisioned that once applicable tools have been designed, they would
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be run as a pre-processing step over entire datasets, narrowing the areas to be inspected manually.
Another integration possibility is the combined citizen science and automation workﬂow proposed
in [14]. The integration of citizen science is already a powerful and well developed methodology
for both conventional and semi-automated LiDAR projects addressing the need for more manpower
than is available from experts in the ﬁeld, alongside leveraging the intimate knowledge of a local area
provided by the people who live, work and recreate there [15,16]. However, a major building block
of any large-scale site detection system is the algorithm itself; accurate, generalizable and repeatable
methods are required to create conﬁdence in such a system and much research has been focused on
this problem.
Early methods for semi-automated archaeological site identiﬁcation used template matching
(where a predeﬁned template is passed over the scene) or rule-based methods (where rules are applied
to determine an object’s category). Successful applications of template matching are described by
Trier in [17,18]. Other proposed methods utilize Geographic Object-Based Image Analysis (GEOBIA),
examples of these are described in Sevara et al. [19] and Freeland et al. [20]. These types of techniques
require prior knowledge of the shape and size of the object to be identiﬁed and perform well on
relatively simple geometries but are less eﬀective at generalizing to unseen or partially occluded
examples [21]. This is because these methods are responding to preprogramed deﬁnitions of the object
to be detected rather than ‘taught’ about the object features.
Machine learning is where a computer model is developed that can recognize features. The model
is developed by ‘training’—a process by which known examples are fed into the model and it is
adjusted until it can predict the correct answer. The model is then evaluated with a second set of known
examples (to ensure that the model does not simply memorize the data) before being used in a real
situation. There are many types of machine learning algorithms from simple statistical models to deep
neural networks. Recently, some results with very high accuracy have been obtained by combining an
advanced visualization technique based on topographic deviation at multiple scales with a random
forest machine learning classiﬁer to identify Neolithic burial mounds [22].
In the ﬁeld of computer vision, a particular type of neural network called a convolutional neural
network (CNN) has been shown to be capable of solving diverse and complex problems such as visual
image question answering [23] and real time object detection for over 9000 categories [24]. Considerable
research has been carried out in the broader remote sensing community as to how to design and modify
similar systems for aerial remote sensing tasks. Primarily this work has involved Very High Resolution
(VHR) images as the input to the CNN, either building their own network architecture [25] or modifying
and ﬁne tuning existing computer vision models [26,27]. Nogueira et al. [28] give an overview of the
advantages and disadvantages of these approaches, concluding that ﬁne tuning an existing trained
model provides the best results, however, the lack of an appropriate training datasets makes it very
diﬃcult to develop a model. Borrowing a similar model and transferring it to the problem at hand is
one possible solution [29].
The primary balance that must be addressed when choosing an approach is the applicability
of the model versus the availability of training data. If training data and computing power allow,
the ideal scenario is to design and train a model from scratch for the required task using the speciﬁc
data that is required. However, available training datasets for remote sensing data are small and
usually not representative of a wide range of environments. Conversely, labelled training datasets
in the computer vision community are vast: ImageNet has over 14 million labelled images in 20,000
object categories [30] and models trained on these large datasets tend to be less prone to overﬁtting and
can generalize well compared to ones trained on small datasets [28]. However, there are diﬀerences
in the type of objects they have been trained to detect. For example, in computer vision the objects
tend to take up more of the frame and can appear at very diﬀerent scales, but generally not in many
diﬀerent rotations, whereas for aerial data the scale is relatively constant, but the object can have many
rotations [27]. When using a pretrained model to generalize to images created from a LiDAR DEM the
problem is exacerbated, as most existing models have been trained on three channel RGB images and
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not one channel depth images. This, along with the diﬀering ways that objects appear in a LiDAR
DEM versus imagery, can make transfer learning with LiDAR data challenging [31].
Two published studies have used CNNs with LiDAR data to identify archaeological objects, with
promising results. Trier et al. [32] found strong positive identiﬁcations on one dataset but on their
second dataset, which contained more varied objects, their results were less conclusive. Verschoof-van
der Vaart and Lambers [33] employed a similar methodology using variously trained versions of the
same pretrained deep learning model to detect multiple classes of archaeological objects, achieving
accuracy scores comparable or surpassing those obtained by the other machine learning methods.
In both studies a transfer learning technique was used, with the essential methodology involving the
generation of a local relief model [34] from the LiDAR data and then either converting this generated
single channel image into a conventional three channel image stack by triplicating the greyscale
channel [32] or by modifying the input layer of the CNN [33]. Both studies used models that had been
trained on RGB images of terrestrial scenes such as ImageNet. A recommendation from both studies
was to use a model pretrained on data more similar to LiDAR data in the future; however, obtaining
such models was determined to be challenging.
A possible solution can be found in the planetary remote sensing ﬁeld. Large planet scale digital
DEM datasets exist from sources such as the Lunar Reconnaissance Orbiter [35] and the Mars Global
Surveyor [36]. Several studies have built and trained CNNs to detect craters from these datasets [37–39].
These models are designed to be highly receptive to elevation changes and to roughly circular patterns
observed in single channel DEM images. This makes them a good ﬁt for the problem of archaeological
object detection. An example of this type of model was built by Silburt et al. [37], based on the
U-net semantic segmentation model, itself originally designed for medical image segmentation [40].
This model, named DeepMoon (Available at https://github.com/silburt/DeepMoon.git) was trained
on 30,000 labelled images randomly extracted over the entire surface of the moon combined with the
existing catalogues of moon craters. This is a larger and more robust training data set than those
available for archaeological remote sensing, solving the problem of applicable transfer learning datasets.
In this paper we propose a highly eﬀective transfer learning strategy to detect historic mining pits
utilizing the DeepMoon base model ﬁne-tuned with local LiDAR data. Several diﬀerent resolutions
and representations of LiDAR data are tested, and the ﬁnal model predictions are veriﬁed with a full
ground inspection. Mining remains were chosen as the class of interest as there is a rich mining
cultural history in South West England, and the evidence of these historic extractive industries is
both numerous and well recorded. These mining areas are also suitably covered by freely available
high-resolution LiDAR data. Whilst this model has been trained and tested speciﬁcally to detect
historic mining pits, it is hypothesized that the principals will remain true for any archaeological
feature that presents with a circular height change in aerial LiDAR data, such as: Charcoal kilns [41],
pitfall traps [42], shell rings [43], conical mounds [18,20,43] and roundhouses [32] Thus, our method
has potential applicability across many archaeological prospection challenges when furnished with
appropriate training data.
2. Materials and Methods
2.1. Study Area
The primary study area for this research is Dartmoor National Park, an upland area of moorland
studded with exposed granite hilltops known as tors. The ground cover is primarily low vegetation,
including heather, bracken, gorse, fern and marsh grasses. Tin and copper mining on Dartmoor has
taken place almost continuously from the 12th to the 20th centuries and the remains are pervasive
and visually striking throughout the landscape [44]. Three areas of concentrated historic mining
activity were used to develop this deep learning model; these are shown in Figure 1. The diﬀerent
colors in Figure 1 refer to the distribution of training, validation and testing data. The training and
validation areas include in the north the old Birch Tor Mine (1726–1928) [45] and in the south the
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former Whiteworks Mine. It is believed that the Whiteworks area was being mined as early as 1180
although the mine was expanded substantially around 1790 towards the beginning of the industrial
revolution when the demand for tin increased [45]. The mine was owned by the wealthy Tavistock
mining entrepreneur Moses Bawden and operated for just under 100 years until 1880, brieﬂy reopening
in early 1900 before ﬁnally closing for good by 1914 [46]. The test area for Dartmoor is the site of
Hexworthy Mine (1891–1912). This is an interesting site as it displays remains from multiple eras
of mining; from the early unrecorded open workings, through traditional 19th century mining to
semi-modern 20th century workings [47]. The mine operated productively until the call up for men in
1914, during the war it was placed in care and maintenance before a large storm in 1920 destroyed the
waterwheel ﬂume, causing the underground workings to ﬂood [46].

Figure 1. Overview of the Dartmoor dataset. Grey areas represent training data (14 tiles), the purple
tile shows the cross validation area and the orange tile shows the test area. Coordinate system British
National Grid, image data © Environment Agency 2015 & Getmapping Plc. Basemap © ESRI 2019.

A further testing area was selected in the Yorkshire Dales National Park more than 500 km from
Dartmoor to examine the model’s ability to generalize to new locations, mine types and data resolutions.
This test area is part of the site of the former Grassington Moor lead mine. The ﬁrst known exploitation
of lead at Grassington was by the 4th Earl of Cumberland in the early 17th century, although it is
thought that some primitive extraction and smelting had taken place earlier. The early exploitation
involved the digging of shallow shafts along the vein. The ﬁrst mill to process the Grassington lead ore
was the Low Mill built in 1605. The test area covers the western part of the Yarnbury mine, including
Tomkins, Barretts and Good Hope shafts [48].
In all cases, the objects to be detected are trial pits, shallow pit workings and shaft heads. Examples
of these are shown in Figure 2. Trial pits are dug whilst prospecting for tin lodes. They are usually
2–3 m in diameter, of limited depth (up to 1 m) and are often silted, water ﬁlled and reedy [44]. Shallow
pit workings are comprised of alignments of deeper pits which are dug to below the soil overburden
and mined downwards from there; however, these are not underground mines and there is no lateral
development between the pits. The depth of these types of workings would be limited by the ability of
the surrounding side-walls to remain intact before collapsing, which is usually less than 3 m. These
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workings present as conical depressions often accompanied by a ring of spoil material, crescentic on
the downhill side in sloping ground [44]. The ﬁnal category are shafts for true underground mines.
These have mainly been capped or backﬁlled in Dartmoor for public safety; however, evidence may
remain in the form of large conical pits or straight openings. Site inspections may reveal a collar of
ﬁnished material lining the inside of the shaft, but this is generally not visible from aerial surveys.

Figure 2. Examples of the historic mining objects found in this study displayed on a 315◦ azimuth 35◦
sun elevation hillshaded visualization created in ArcGIS. Base DSM © Environment Agency 2015.

2.2. Data Pre-Processing
The LiDAR datasets used for this project was obtained from the Environment Agency under their
Open Government License and are available at https://environment.data.gov.uk/ [49]. The Dartmoor
data was ﬂown in 2009 at a resolution of 0.5 m and the Yorkshire data in 2012 at a resolution of 0.25 m.
In total twelve 1km × 1km tiles were processed for this study. Both datasets are available in either
Digital Surface Model (DSM) or Digital Terrain Model (DTM) formats produced by the Environment
Agency. The DSM was chosen in preference to the ﬁltered DTM due to concerns that the ﬁltering
algorithms used to produce the DTM can excessively smooth small features [50].
The data was imported into ArcGIS Pro [51] along with several other interpretive layers such as
historical maps [52] and aerial images [53] to create a GIS of the study area. Other GIS software could
be used for this step, but ArcGIS Pro was chosen as it has a function for automatic exporting of image
tiles and training labels, crucial for the later steps of the workﬂow. The additional GIS layers were
only used to add context to the dataset to aid the human operator. To generate training and validation
datasets, a desktop survey was carried out to identify features resembling mining pits. From this
survey over 1,500 samples were identiﬁed and marked as point features. The test area dataset was
created in the same way, but in order to validate the performance of the model every feature in the test
set was also conﬁrmed with a ground survey. This survey involved visiting the test sites with two
reference maps, one containing the predictions and one containing the human generated pit locations
from the desktop survey. Using these maps in conjunction with a handheld GPS for site orientation the
true existence of pits shown on the maps was conﬁrmed or rejected. The pits were not recorded with
the GPS as in many cases it is not safe to access the ground directly above suspected shafts. A schematic
of the project process is shown in Figure 3 and full details of the processing steps are provided in
Supplementary Document S1.
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Figure 3. Methodology process diagram. Full details of the processing steps are provided in
Supplementary Document S1.

For the model inputs, image tiles of 256 × 256 pixels were exported along with the pit locations as
xml labels to create image segmentation masks. The overlap between tiles was set to 52%. To preserve
the fine detail in the DSM image, the image tiles first were exported as 16-bit float images with the
values corresponding to the actual ground elevation of the data within that tile. Each tile was then
individually rescaled to greyscale values between 0–1 maintaining its original distribution before finally
being converted to an 8-bit integer format. To enhance contrast the image tiles were further rescaled
linearly prior to model input. The image tile preparation process is shown in Figure 4. For the training
and validation datasets, only image tiles which contain mining pits were exported. The training dataset
contains 520 images and the test and validation datasets contain 70 images each. These datasets are
stored in hdf5 format with the image names used as the database key. Table 1 shows the dataset split,
number of pits and pit instances per dataset, along with the minimum, mean and maximum pits per
image tile. The pit instances are greater than the number of pits as some pits are present on more than
one image tile due to the >50% overlap between tiles.

Figure 4. Overview of image preprocessing pipeline. (a) shows a selection of original individual pixel
values, (b) shows the same pixels rescales between 0 and 1. (c) shows the conversion to greyscale.
For subimages (a–c) the actual greyscale value does not change as the range is still determined by the
elevation range across the original 1 km × 1 km DSM tile, in this simple example this is set as 20 m.
(d) shows the pixel values after linearly rescaling by tile range.
63

Remote Sens. 2019, 11, 1994

Table 1. Dataset statistics.
Dataset

Image Tiles

Pit Ground

Pit Instances

Minimum

Mean

Maximum

Train
Cross-validate
Test Dartmoor
Test Yorkshire

542
71
196
900

1568
254
193
172 1

3649
423
654
n/a 2

1
1
1
n/a 2

5.96
5.96
5.74
n/a 2

59
33
24
n/a 2

1

Only pits within a section of the dataset were ground truthed as shown in Figure 10c.
exported for testing without human generated labels.

2

The Yorkshire dataset was

Other visualization of LiDAR data have been shown to aid in identiﬁcation of archaeological
features. Using the Relief Visualization Toolbox [10,54] several other representations of the data were
generated from the original exported tiles. A simpliﬁed local relief model (SLRM) is a representation
where the major features of the landscape have been removed. This process is known as detrending.
These models are created ﬁrst by smoothing a DEM so that small features are removed. The smoothed
DEM is then compared to the original DEM and areas that are the same in both models are extracted to
build the new smoothed DEM. This is ﬁnally subtracted from the original to produce the SLRM [34].
The SLRM is a very clear way to depict small relative changes in the landscape such as those
from archaeological or mining features, and is the visualization method chosen by both [32,33] for
their models.
Alongside the SLRM another visualization type known as openness was created. Openness is
a geographical visualization technique that is calculated by measuring the angular size of a sphere
either looking up or down from each pixel. It is described as either positive or negative openness.
Negative openness is not the inverse of positive openness and highlights deep features instead of
protruding features. As openness is calculated in relation to terrain rather than the sky, features on
slopes appear the same as features on horizontal ground [55]. This is a valuable property for the
Dartmoor data as most of the features are situated in rolling moorland terrain. Figure 5 illustrates the
diﬀerent visualization types generated for this study.

Figure 5. Illustration of the diﬀerent advanced visualizations created from the original LiDAR DSM. Base
DSM © Environment Agency 2015, visualizations created using the Relief Visualization Toolbox [54].

2.3. Deep Learning Model
The type of model used in this research is a variant of an Artiﬁcial Neural Network (ANN) known
as a Convolutional Neural Network (CNN). A simple ANN contains one or more hidden layers, with
every node in a hidden layer directly connected to every node in the layers before and after it. Each
node has a weight associated with it which determines the ﬁnal output result. When ﬁrst initialized,
the weights are randomly assigned and the ﬁrst result from the network most likely will be incorrect.
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The direction in which to change the weights to approach the correct answer is then determined using
gradient descent and the weights are updated; this process is known as backpropagation. The network
continues to feedforward and backpropagate until it has converged on a satisfactory result. Each input
is treated individually, therefore a 256 × 256 pixel image would have 65,536 inputs; as input images get
larger the process becomes untenable.
The original Convolutional Neural Network was proposed by Lecun et al. [56], however the
power of CNNs to solve complex image processing problems was not capable of being fully
realized until the advent of powerful graphical processing units since 2010, with the ﬁrst highly
successful implementation [57] winning the 2012 Large-Scale Visual Recognition Challenge (ILSVRC)
by a signiﬁcant margin. CNNs improve upon the ANN design by allowing the sharing of weights
across nodes, thus greatly decreasing the number of weights to optimize whilst also introducing spatial
connectivity across the image. This is achieved by convolving a ﬁlter across the image which activates
diﬀerent underlying structures. The result of this convolution is a feature map. A single convolutional
layer can have many ﬁlters, producing a multidimensional feature map of activations. To reduce the
dimensionality of the image and increase the ﬁeld of view of the ﬁlter, downsampling via max pooling
is carried out on the layers to reduce the spatial dimensions. For a detailed description of the theory
and mathematics of CNNs, see [58] Chapter 9.
In general, the lower layers of a CNN have high spatial resolution and describe the low level
features which make up an image, and the upper layers have low spatial resolution and describe more
complex patterns such as objects. For the task of image classiﬁcation this is the ﬁnal convolutional
stage, as the question being asked is whether a certain object is present in the image. The next step,
object detection is popularly achieved using R-CNNs, which use a region proposal network to identify
areas of the image which may contain objects, these regions are then extracted and classiﬁed [59].
Finally, semantic segmentation, where every pixel in the image is assigned a class can be achieved by
either extending the R-CNN approach [60] or by adding a deconvolutional network which up-samples
the high level, low resolution feature layers by up-convolution to return to the resolution of the input
image; this architecture is known as an encoder-decoder model [40].
Initially in this research an object detection pipeline using the Inception model [61] pretrained on
the Common Objects in Context dataset [62] was trialed. The preliminary results from this method
were reasonable but there appeared to be many mining pits not detected by the model even after
100,000 training epochs. Images from this initial method are shown in Figure 6. It is suspected that the
mining pits detection task is simply too diﬀerent from the original task to achieve optimum results.
These initial tests showed a detection rate of less than 40%, this result, along with the recommendations
from Trier et al. [32] motivated a search for a transfer learning candidate model that resembles more
closely the task at hand instead of continuing to reﬁne the Inception model.
After exploring several alternatives, the exact model chosen for this study is a version of the U-net
model designed by Ronneberger et al. [40] and modified by Silburt et al. [37]. The U-net model is
an encoder-decoder (see [63]) model with a near symmetrical architecture, designed for biomedical
image segmentation. It has no final fully connected layer, replacing it with a 1 × 1 convolutional layer
with a sigmoidal activation function to output pixelwise class probabilities, thus reducing the number of
hyperparameters to tune and making it more suitable for small numbers of training data. The original
U-net achieved significant accuracy improvements over the next best architecture in the ISBI cell tracking
challenge despite the training set only containing 35 images [40]. Biomedical image analysis shares
many challenges with remote sensing LiDAR analysis such as small training sample sizes, single channel
images and high resolution data. Therefore, it is more applicable to use a model such as U-net rather
than one of the models designed for large datasets of natural images, as shown in Figure 6.
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Figure 6. Examples of the input data to diﬀerent pretrained models. (a) is an example from the
Common Objects in Context (COCO) [62] dataset which many existing models are trained with and is
similar to the image type found in ImageNet [30] and other natural photography datasets. (b) and (c)
show the results from an object detector pre-trained using the COCO dataset. It can be seen that whilst
it makes many correct detections there are also many missed pits. (d) shows the type of microscopy
data which the U-net architecture was designed to segment [40] and (e) shows data from the lunar
DSM which was used to pre-train the model used in this research [37]. (f) shows the DSM data used in
this project. Base DSM in (b,c,f) © Environment Agency 2015.

2.4. Transfer Learning
Nogueira et al. [28] found that for remote sensing problems with limited training data, a transfer
learning strategy achieved the most accurate results across all tested datasets. In transfer learning,
instead of initializing the model weights from scratch, the weights from another model trained for many
epochs on a larger dataset are used. One transfer learning strategy involves removing the last layer of
the network and replacing it with a layer to classify the objects of interest, this is required if the ﬁnal
classiﬁcation categories are diﬀerent. Another approach is to ﬁne tune a model by adding new training
examples whilst keeping the ﬁnal output layer the same. All the model weights can be updated, or the
lower layers can be frozen and only the weights in the upper layers are updated. For this research,
as the classiﬁcation is the same geometrically if ‘crater’ is substituted for ‘pit’ a ﬁne-tuning strategy
was employed with all weights unfrozen and the learning rate set to 10−4 . As this study utilizes
a pre-existing model, the same software (Python [64], TensorFlow [65] and Keras [66]) used by the
creators of the original DeepMoon model [37] are used throughout. All of these packages are industry
standard and available free from their respective websites.
2.5. Training
In a neural network the hyperparameters can be used to control overﬁtting; for the DeepMoon
model, the hyperparameters include weight regularization for the convolutional layers, dropout layers,
ﬁlter size, model depth, and learning rate. Full details on these hyperparameters and complete model
design can be found in [37]. These hyperparameters were chosen after a cross validation check using
60 models, where the hyperparameters were chosen randomly from across their standard ranges.
To avoid overﬁtting on the small project dataset used in this research the hyperparameters chosen
in [37] have been maintained here, with only minimal ﬁne tuning training. Silbert’s base model was
trained for 4 epochs (where one epoch equals a full pass through the entire training set). As the lunar
dataset contained 30,000 images this training totaled 120,000 training examples. A standard learning
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rate of 10−4 was found to deliver the best results [37]. The additional training for transferring the
model to its terrestrial archaeological context involved 4 more epochs of 520 images, totaling 2080
new training examples. The number of ﬁne-tuning epochs was varied to determine the most eﬀective
ﬁne-tuning strategy, this is discussed further in Section 3.1. To further control overﬁtting between
epochs data augmentation is carried out, where all input images are randomly ﬂipped, rotated and
shifted prior to model input.
2.6. Post-Processing
Once the model is trained and veriﬁed against the cross validation dataset, individual image
tiles to be tested are inputted to the model and probability masks are outputted as tif ﬁles. Using the
same naming convention for both input and output ﬁles results in correct translation into the original
coordinate system. Using ArcGIS, all output probability masks are then mosaiced into one continuous
raster covering the entire test area.
For qualitative visual analysis and map creation, a graduated stretch symbology where solid
color depicts probabilities of 1 and fully transparent depicts probabilities of 0 is used for maximum
readability. This visualization scheme maintains information on the conﬁdence of the prediction
and allows for the more subtle workings of the model to remain visible. This enhances the model’s
readability in comparison to a yes/no response as it symbolizes uncertainty in the model, allowing
an archaeological prospector more freedom to interpret the results using superior human reasoning.
To quantitatively determine the rate of true positives, false negatives and false positives in order to
report accuracy metrics, a new binary mask layer was created containing only pixels with prediction
probabilities above 0.5. These pixels were then vectorized, merged and ﬁlled to create a vector layer
of predicted pits to use in spatial queries. A comparison of these post processing methods is shown
in Figure 7. It can be seen in Figure 7c that there are some incomplete rings, this is because some
detections are made up of a mixture of pixels above and below 0.4 probability. This further supports
the decision to use the full masks rather than the instances for interpretation where possible.

Figure 7. Comparison of qualitative and quantitative results representations. (a) shows the ground
truth locations of a section of very shallow (30–50 cm depth) mining pits in the Hexworthy test area.
(b) shows the model’s predicted results depicted with a graduated transparency color scale representing
model conﬁdence and (c) shows a binary mask where all prediction pixels above 0.4 are assigned as
‘pit’ and all others are discarded. DSM © Environment Agency 2015.

3. Results
3.1. Cross Validation Results
During training binary cross-entropy was used as the loss metric; the training loss began at
approximately 0.02 for the DSM and between 0.03–0.04 for the other visualization types, reducing to
an average of 0.0146 for all data types after four epochs. There was negligible variation in the loss by
visualization type. The cross validation loss remained within 0.005 of the training loss for each epoch
with the average cross validation loss 0.0145 after four epochs. However, during human examination
of the output masks it was observed that because the model is attempting to lower the global loss over
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every pixel, the numeric values output from the TensorFlow console did not fully describe the real
eﬀectiveness of the model for detecting pit objects. This is suspected to be due to the fact that the
model loss is a pixel based loss function rather than an object based one. Figure 8a displays the losses
per epoch; showing that whilst the cross validation loss continues to decrease after four epochs, when
compared to the F1 score shown in Figure 8b it can be seen that the real detection accuracy degrades
after four epochs.

Figure 8. Training and validation loss by epoch across the entire validation dataset (a). Accuracy
metrics by training epochs (b) and accuracy metrics by visualization type (c), both evaluated on sample
tiles from the validation dataset. Note: (b) and (c) show accuracy metrics over only 5 tiles from the
validation dataset chosen for their diﬃculty to evaluate model generalization ability. Therefore, they
do not represent the accuracy obtained by the model on the test datasets.

In light of this, a much smaller human cross validation was carried out on ﬁve sample tiles from
the cross validation dataset. These tiles were visually chosen after inspecting all tiles in the validation
dataset to asses each model’s performance at both ends of the diﬃculty spectrum, from simple cases
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with several well deﬁned pits to complex cases with multiple ill-deﬁned and overlapping pits or pits
within larger trenches. To determine the optimal ﬁne-tuning strategy, the number of epochs for which
the model was retrained was varied and the results were examined by counting the detection instances
over these tiles.
For each model and each tile, the number of true positives (correctly detected pits), false negatives
(undetected pits) and false positives (detections which do not correspond to true pits) were counted.
From these numbers the precision (the proportion of the model’s pit predictions that were correct) and
the recall (the proportion of actual pits that were detected) were calculated. The F1 score (harmonic
mean of precision and recall) was also calculated, as it is a useful single valued accuracy metric for
a detection problem of this kind (formulas deﬁned in Table 2). Due to the variability of deep learning
model convergence, training will not produce identical results every time, to account for this each test
was run three times and averaged. Figure 8b shows how the precision, recall and F1 scores vary as the
number of ﬁne-tuning epochs is increased. It should be noted that this ﬁgure shows accuracy metrics
over only 5 tiles from the validation dataset, chosen for their diﬃculty to evaluate model generalization
ability. Therefore, it does not represent the accuracy obtained by the model on the test datasets. It can
be seen that the best results are found after three to four epochs of training. The degradation of accuracy
after four epochs could correspond to overﬁtting; because each epoch trains the model using the same
520 test images, albeit augmented diﬀerently each time. As another test, the DeepMoon model was
also run directly on the Dartmoor data without any ﬁne-tuning training, this gave detection rates of
approximately 40% with a bias towards large pits more similar in appearance to impact craters.
Table 2. Full results from test datasets.
Test Area

True Positives

False Positives

False Negatives

Precision 1

Recall 2

F1 3

Dartmoor
Yorkshire

155
142

37
13

38
30

0.81
0.92

0.80
0.83

0.81
0.87

Precision = True Positives/(True Positives + False Positives), 2 Recall = True Positives/(True Positives + False
Negatives), 3 F1 = 2 × ((Precision × Recall)/(Precision + Recall)).
1

Once the optimal amount of ﬁne tuning was determined, the four advanced visualization types
were tested against the same ﬁve sample images. Each of the visualization types depicted previously
in Figure 5 were used as the training data input for ﬁne tuning the model. Using the knowledge from
the previous validation test, the models were trained for four epochs, as before, each test was run three
times and averaged. Longer training runs of eight epochs were also tested. This is to account for the
possibility that due to the greater diﬀerence between some of the visualization styles and the model’s
original lunar DSM training data more epochs might be required to obtain strong results. However,
these tests displayed the same behavior as that shown in Figure 8b. It can be seen from Figure 8c that
whilst the precision is high for all four data representations, the recall and therefore the F1 score is
poorer for the advanced visualizations.
3.2. Test Area Results
The cross-validation results informed the development of the ﬁnal model, which was then
evaluated on the ﬁnal unseen test datasets. The model was evaluated on a 1km2 tile of LiDAR data
in Dartmoor approximately 20 km away from the training area. An additional test was carried out
on a 0.2 km2 of Yorkshire more than 500 km away from the training data. The results obtained are
summarized in Table 2. For both sets of results the highest performing model from the validation
dataset was used for the predictions. It must be noted that these results have been calculated from the
binary results mask. Of the missed detections 23 out of the 38 in Dartmoor and 17 out of 30 in Yorkshire
are still visibly predicted in the full transparency results layer. This is because they fall below the 0.5
probability threshold used in the binary masking operation, thereby removing them from the count.
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To further investigate the model’s generalization capabilities for additional archaeological object
detection, a ﬁnal experiment was carried out. For this, the model was run directly on 1m resolution
LiDAR from the same section of Machie Moor (Arran, Scotland) as that tested by Trier et al. [32].
To validate, the true roundhouse locations were taken from [32]. In this experiment no additional
training was carried out and the Dartmoor model was applied in its naive state. The results show
the model generalized well considering the lack of training, with a precision rate of 0.55 and a recall
rate of 0.45. This suggests real potential if trained for this type of feature detection. These results are
consistent with how the original DeepMoon naive model performed on the Dartmoor data before ﬁne
tuning training was undertaken. From these results it is hoped that by introducing limited amounts of
training data for other features of interest, this model is capable of being applied to a wide range of
archaeological prospection problems.
4. Discussion
The cross-validation results from the diﬀerent types of LiDAR visualizations indicated that the
model performed better when trained on the raw 8-bit DSM height values rather than any of the
advanced visualizations. It is suspected that whilst these visualizations are eﬀective for human
interpretation of archaeological data [11] and also eﬀective for more traditional machine learning
techniques [22], because deep CNNs learn their own feature representations during training, it is not
desirable to artiﬁcially alter the data representation prior to input. However, it also must be taken
into account that the CNN chosen in this study was pretrained on 8-bit DSM height values, thereby
introducing a bias towards this representation. To fully test which LiDAR visualization is best suited
for CNNs in future, would require a robust CNN trained from scratch on multiple diﬀerently visualized
representations of the same data; however, such a model has not been made publicly available from
any known sources at this time. To attempt to test this theory with the existing datasets experiments
were carried out to create a model from scratch using the DeepMoon architecture and the Dartmoor
training data with diﬀerent visualizations. However, no meaningful results were obtained from
any visualization, presumably due to the limited size of the training data. The SLRM and openness
visualizations are included in this study as discussion points, to observe how the predictions vary and
to provide stimulation for future work. An example of the predictions on a single challenging tile for
each visualization type is shown in Figure 9. It can be seen that the predictions from the raw DSM are
the most sensitive, resulting in the least amount of missed detections, and is the only one that picks up
the isolated pit in the lower right corner. The confusion areas of low probability are easily ﬁltered out
by setting a probability threshold of 0.5 in the post-processing steps, as discussed in Section 2.6.
The ﬁnal test area results demonstrate that the model is highly eﬀective with the correct
detections greatly outnumbering the missed and false detections, displaying strong precision and
recall simultaneously. Precision and recall ﬁgures concurrently above 0.8 has not been achieved to
date by any other deep learning tool for archaeological prospection [33], however, as there is no
standard archaeological test dataset diﬀerent approaches are not directly comparable, though the
results obtained here clearly indicate this model has achieved state of the art results.
Figure 10 shows the full transparency results overlaid on the Dartmoor and Yorkshire test
datasets. This ﬁgure shows that the model is highly capable of discerning mining pits and is not
overwhelmed by false positives. It also demonstrates that even if individual detections might not
always be correct the greater trends in the landscape are very clearly reproduced by the model. This is
in line with the recommendations from Cowley for ‘a key conceptual shift from a widely held ﬁxation
in archaeology on individual identiﬁcations being correct to overall patterns being descriptive’ [3].
From a management perspective, these automatically generated maps clearly delineate the extents and
key structures of these historic mining sites, with limited confusion areas due to model assumptions
and landscape morphology.
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Figure 9. Results from a single image tile for each of the diﬀerent visualization predictions. 1 Hillshade
used for display purposes only and not processed by the CNN model. Coordinate system arbitrary
pixel based.

In Figure 10a,b small confusion areas can be seen around the ends of larger openworked trenches.
This is due to the fact that the model is making predictions on cropped image tiles; if only the end of
the trench is visible in the tile, the model’s strong generalization ability works against it and it will
predict a semi-circular occluded hole. As the tiles have 52% overlap these false positives are typically
removed by the raster mosaic post processing step, however, due to anomalies in position and tile
overlap, some remain.
The Yorkshire test as shown in Figure 10c,d was carried out to examine the model’s ability to
generalize to diﬀerent types of mines and diﬀerent resolution data. The model surpassed its previous
performance on this dataset, as shown in Table 2. The Yorkshire LiDAR DSM is twice the resolution of
the Dartmoor data at 0.25 m but contains more confusion objects such as building remains, stone lined
trenches and drainage culverts. The model was capable of discriminating between building foundation
remains and excavated platforms from mining pits and made only two false positive detections in these
areas. This is an extremely positive result and indicated the model is doing more than just looking
for unnatural changes in ground elevation and is searching instead for areas that contain the features
which it was trained on.
Of the mistakes, one drainage culvert was mistaken for a hole, but the geometry was such that
is was only discernible as a culvert from a side view under the road unaﬀorded to the LiDAR data.
This is a limitation of all overhead remotely sensed data and is not speciﬁc to a deep learning model.
Two trenches were misidentiﬁed as pits but only where dense vegetation masked their linearity causing
them to appear as circular depressions on the LiDAR.
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Figure 10. Results overlaid on hillshaded LiDAR. (a,b) are from the Dartmoor Hexworthy mine test
area, Ordnance Survey grid tile SX6570. (a) shows the true mining hole locations in blue and (b) shows
the model’s predicted mining hole locations in magenta. (c) and (d) show the results from the Yorkshire
Yarnbury mine test area, Ordnance Survey grid tile SE0166. (c) shows the true mining hole locations
in blue and (d) shows the model’s predicted mining hole locations in magenta. In the extensively
mined area to the southeast it was not possible to ground verify precise locations as it was fenced oﬀ as
a hazardous area, however, a visual inspection conﬁrmed many pits and shafts present thereabouts.
Their locations were determined from a desktop search and are marked accordingly in (c). Coordinate
system British National Grid, DSM © Environment Agency 2015.
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The site veriﬁcation visits revealed that many of the detected pits would be diﬃcult to locate
either on foot or from aerial photography as they are faint, shallow and reed-ﬁlled. Whilst ground
truthing many pits were near-invisible until the surveyor was within a few meters of the model’s
predicted location; as well, whilst traversing the sites to verify the predictions, no isolated pits were
seen that were missed by the model, all missed detections were within larger excavations that had
caused confusion. Figure 11 shows a photograph taken looking north from the Hexworthy site, aligned
with the same view from the LiDAR model overlaid with aerial imagery and predicted hole locations.

Figure 11. Ground level view of the Hexworthy historic mine site. (a) is a photograph taken during
the veriﬁcation survey, (b) shows the same scene in a hillshaded DSM, (c) includes OSGB 2010 aerial
imagery and (d) includes the model’s predictions. DSM and aerial imagery © Environment Agency
2015 & Digimap Getmapping Plc.

The results from the two tests indicate that this model is able to generalize to new sites and
that higher resolution LiDAR improves classiﬁcation accuracy. These tests also show that despite
being trained on one resolution of data the model is capable of being applied at a diﬀerent resolution
without the need for additional training, greatly increasing its applicability for varying quality and
resolution general purpose LiDAR datasets. This is crucial as most LiDAR is not ﬂown speciﬁcally for
archeological site detection purposes; therefore, site detection algorithms must be capable of working
with varying accuracy and resolution datasets gathered by many agencies for diverse reasons.
This model is a single class segmenter; therefore, to extend the model to more general archaeological
prospection tasks multiple models must be trained for diﬀerent classes. Whist this could be considered
a weakness of this approach, no other work to date has managed to fully optimize models for multiple
classes simultaneously, despite architectures which permit multiclass outputs. Verschoof-van der
Vaart and Lambers [33] successfully trained a multi-class detector and achieved high F1 scores in both
classes, however, the highest F1 scores per class did not occur simultaneously. Multi-class learning is
more diﬃcult than single class learning, and the problem of automated archaeological site detection is
also more diﬃcult than general image classiﬁcation, due to the small amount of training data and the
subtlety of the detections required. It is proposed that at this early stage, development of accurate
single class detectors which can be stacked into multi-layer images will produce the most eﬀective,
repeatable and easily usable results. These detectors do not have to be trained for every type of
potential feature, an approach which would be neither achievable nor desirable, but rather trained to
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detect general areas of suspicious topology in several broad categories, ﬂagging it for further inspection,
leaving the interpretation to humans for now. The results shown in this study prove that as a ﬁrst
part of a multi-stage phased landscape analysis this model is capable and eﬀective. Delineation and
quantiﬁcation of sites using an approach such as this would add to the body of knowledge about such
sites, provide impetus for further surveys and underpin protection of these sites from future threats.
The mining pit detection model created here can be rapidly run on any LiDAR DSM suspected of
containing remains of historic mining activity; the approximate time to process a 1km tile including
manual ArcGIS post-processing is 5 min. This pipeline could be easily automated further, as this
research has been concerned with the ultimate performance of the deep learning model the periphery
workﬂow has not yet been streamlined. As an output, simple GIS point layers (with their accuracy
speciﬁcations of ± 20%) can be supplied to the land managers such as Dartmoor National Park and
Yorkshire Dales National Park. These results are usable directly by the land managers to rapidly inform
future decisions about preservation and management.
A model trained for a diﬀerent type of site detection could be applied similarly, provided the
appropriate training and testing had been carried out. Development of these new models is an exciting
direction for further research. The logical next step would be to trial this model on a well-researched
study area such as Arran [4], with the aim of developing accurate general purpose, large scale
semi-automated site detection tools in the near future.
5. Conclusions
The transfer learning model developed in this research shows strong, repeatable results for the
task of detecting historic mining pits, alongside promising generalization abilities for other similar
tasks. It is a novel application of knowledge from the disparate but related ﬁeld of planetary remote
sensing, achieving state of the art results on its allocated task. It is capable of diﬀerentiating between
natural depressions and manmade ones, even in areas of occlusion and erosion. This is due to the close
resemblance between the data on which the base model was pretrained and the data for the problem
at hand. Other strengths of this model are its ability to output full pixelwise segmented conﬁdence
masks for any size and resolution data, alongside this workﬂow’s integration with existing ArcGIS
tools where possible to ensure ease of use and repeatability.
This research builds on the work of Trier et al. [32] and Verschoof-van der Vaart and Lambers [33]
by following their recommendations to seek closely applicable transfer learning models for deep
learning on archaeological LiDAR data. It is hoped that this model will prove suitable for other
archaeological prospection tasks when furnished with applicable training data. The initial naive
applicability test using the Arran data showed promising results for future work in this direction.
This model can run on large swathes of LiDAR data extremely quickly and produces meaningful
results which will aid interpretation of large scale historic mining landscapes. The model is also
valuable for detecting outlying smaller pits away from the main shafts and mineral veins. These
are often unrecorded remains of earlier prospecting and information on their location can add to
understanding of a site’s exploitation history. It is envisaged that this model would be run as a ﬁrst
step in the prospection process, vastly reducing the areas to be analyzed in ﬁne detail in a desktop
search or ﬁeldwork survey by a mining historian. With a false positive rate of less than 20% it does
not overwhelm the analyst with incorrect predictions, providing an eﬀective tool for preliminary site
investigation and allowing conﬁdence in the use of the model. The workﬂow and model presented
here will allow the scale and magnitude of sites to be rapidly analyzed, underpinning better cultural
heritage management decisions for these valuable records of our industrial past.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/17/1994/s1,
Workﬂow document: S1, Model S2: Deep learning model.
Author Contributions: Conceptualization, M.E. and J.G.; investigation, J.G.; methodology, J.G.; software, J.G.
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supervision, M.E. and J.C.
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Abstract: Nearshore areas around the world contain a wide variety of archeological structures,
including prehistoric remains submerged by sea level rise during the Holocene glacial retreat.
While natural processes, such as erosion, rising sea level, and exceptional climatic events have always
threatened the integrity of this submerged cultural heritage, the importance of protecting them
is becoming increasingly critical with the expanding eﬀects of global climate change and human
activities. Aerial archaeology, as a non-invasive technique, contributes greatly to documentation
of archaeological remains. In an underwater context, the diﬃculty of crossing the water column to
reach the bottom and its potential archaeological information usually requires active remote-sensing
technologies such as airborne LiDAR bathymetry or ship-borne acoustic soundings. More recently,
airborne hyperspectral passive sensors have shown potential for accessing water-bottom information
in shallow water environments. While hyperspectral imagery has been assessed in terrestrial
continental archaeological contexts, this study brings new perspectives for documenting submerged
archaeological structures using airborne hyperspectral remote sensing. Airborne hyperspectral
data were recorded in the Visible Near Infra-Red (VNIR) spectral range (400–1000 nm) over the
submerged megalithic site of Er Lannic (Morbihan, France). The method used to process these
data included (i) visualization of submerged anomalous features using a minimum noise fraction
transform, (ii) automatic detection of these features using Isolation Forest and the Reed–Xiaoli detector
and (iii) morphological and spectral analysis of archaeological structures from water-depth and
water-bottom reﬂectance derived from the inversion of a radiative transfer model of the water column.
The results, compared to archaeological reference data collected from in-situ archaeological surveys,
showed for the ﬁrst time the potential of airborne hyperspectral imagery for archaeological mapping
in complex shallow water environments.
Keywords: hyperspectral data; submerged areas; cultural heritage monitoring; anomaly detection;
MNF; radiative transfer model

1. Introduction
Whether of natural (e.g., erosion, rising sea level and exceptional climatic events) or human (e.g.,
urbanization, agriculture, and pollution) origin, threats to archaeological heritage are increasingly
signiﬁcant [1,2]. Documenting and monitoring archaeological sites is consequently increasingly
becoming a crucial aspect of conserving cultural heritage. In an underwater context, documenting
archaeological remains requires mapping seabed details to interpret various forms of past human
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traces [3–5]. While much underwater archaeological research has been oriented to shipwrecks [5–7],
nearshore areas contain a wide variety of ancient structures, including prehistoric remains submerged
by the sea rise initiated 15,000 years ago by the Holocene glacial retreat. On a global scale,
the now-submerged landscapes that were once attractive terrestrial habitats for prehistoric human
occupation are estimated to cover ca. 20 million km2 [8].
In the last few decades, active remote-sensing methods have successfully detected and recorded
submerged archaeological sites in deep and shallow water. From the water surface, multibeam echo
sounders (MBES) installed on hydrographic vessels or USV (unmanned surface vehicles) are used for
archaeological applications. Despite high costs of operation and relatively low spatial coverage per
time unit, MBES remain the preferred solution for seabed prospection, especially in deep water [9].
In coastal shallow waters, however, rock outcrops and rough sea conditions can reduce the potential
area of operation due to safety issues, and multipath acoustic propagation interference also decreases
the quality of acoustic measurements [10]. More recently, underwater hyperspectral imagers have also
shown considerable potential for underwater archaeological surveys [11]; however, their use is limited
to in-situ observations and low spatial coverage. Airborne LiDAR bathymetry (ALB) has gained great
interest for underwater archaeological mapping [12–14]. When operated in topo-bathy mode, it can
cover the intertidal zone and provide seamless representation of terrestrial and submerged topography.
ALB has drawbacks, however, including relatively high deployment costs and diﬃculty in retrieving
reliable depth measurements in very shallow water [15,16].
In comparison, passive remote-sensing data, such as multispectral or hyperspectral airborne and
spatial imagery, have so far focused almost exclusively on terrestrial archaeological contexts. Airborne
hyperspectral instruments measure, for a large number of pixels (millions) and wavelengths (tens to
hundreds), the radiation (spectral radiance) received at the sensor. The data they collect are generally
presented in the form of a data cube (2 spatial dimensions × 1 spectral dimension). Depending on
sensor characteristics, the spectral dimension covers speciﬁc wavelength ranges, such as the Visible
Near Infra-Red (VNIR) range, corresponding to wavelengths of 400–1000 nm. Due to its ability to
acquire highly detailed spectral information, airborne hyperspectral imagery (AHI) has been used
for various types of earth observation: land-cover/land-use mapping [17,18], target detection [19],
geology [20] and coastal mapping [21]. For archaeological applications, airborne hyperspectral data
have been greatly valuable for terrestrial mapping [22–31], but to our knowledge, no studies have
yet assessed AHI in a submerged context. Using it for underwater mapping requires addressing
challenges related to the complexity of (i) the data (including high dimensionality and signal-to-noise
ratio), (ii) the object of study (degraded and partially documented structures) and (iii) the environment,
especially the complex light-matter interactions in water, aﬀected by multiple environmental factors
such as water constituents, surface conditions and benthic composition.
Thus, the aim of this study was to evaluate the potential of AHI for detecting and documenting
submerged sites in coastal archeology. The questions addressed are (a) can submerged archaeological
structures be visible using AHI? (b) Can they be detected automatically? (c) Can they be characterized
spatially and spectrally?
2. Materials and Methods
2.1. Study Area
The Gulf of Morbihan (France) has one of the most important architectural heritages of megaliths
in the world. Due to their density and exceptional character, these Neolithic monuments, built from
the 5th to 3rd millennia BC, are candidates for the UNESCO World Heritage List. One of the most
emblematic sites in this region is the islet of Er Lannic and its two semicircular stone monuments.
The islet of Er Lannic, 80 ha in size, lies between the island of Gavrinis (with an imposing tumulus
and abundant Neolithic engravings), 300 m to the north, and the Point of Penbert, on the Rhuys
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peninsula, 500 m to the south (Figure 1a). The islet borders the main channel of the Gulf of Morbihan,
which
has one of the strongest tidal currents in Europe.
5HPRWHVHQVLQJ

Figure 1. (a) Location of the study area (Er Lannic islet, Morbihan, France), (b) the archaeological
reference data (submerged steles are numbered).

The two semicircular stone monuments, each 50–60 m wide, are located on the southern end of Er
Lannic. After its construction by Neolithic humans, the site was submerged due to the rise in sea level
during the post-glacial marine transgression [32]. The coastline of the Gulf of Morbihan is estimated to
have been ca. 5 m below the current sea level during the Neolithic period [32]. The megalithic site
of Er Lannic (Figure 2) was ﬁrst mentioned in 1866 by archaeologist G. de Closmadeuc [33]. Initially,
only the terrestrial part of the monument was discovered and identiﬁed as a complete stone circle.
The submerged structures were then revealed to archaeologists several years later by an extremely
low tide. The ﬁrst site map, depicting two adjacent stone circles, was drawn in 1882 [34]. Since then,
several archaeological operations have been performed on site to complement and improve the site
map. However, the strong tidal current and rock outcrops at the sea surface complicate surveys of the
subtidal rocky platform, preventing any MBES surveys by boat. Despite the scientiﬁc interest of the site,
few underwater measurements have been taken. The most recent documented underwater surveys
were performed in the early 1990s [35] using traditional topographic techniques with a theodolite and
a leveling rod, the latter being held in shallow water by divers during each measurement.

Figure 2. Megalithic monument of Er Lannic.
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2.2. Airborne Hyperspectral Data
The study was based on AHI acquired by Hytech Imaging (Plouzané, France) with a NEO HySpex
VNIR-1600 push broom sensor (Table 1). The sensor was coupled with an IMAR iTrace-RT-F200 system
and an OmniSTAR L1/L2 GNSS antenna to measure position and orientation.
Table 1. Characteristics of the HySpex Visible Near Infra-Red (VNIR)-1600 sensor.
Spectral Spatial
Range
Pixels

Spectral
Resolution

0.4–1.0
μm

4.5 FWHM

1600

Spectral
Number
Sampling of Bands
3.7 nm

160

FOV across
Track

Pixel FOV
across/Along Track

Coding

17◦

0.18 mrad/0.36 mrad

12 bits

The aerial survey was performed on 14 September 2018 at an altitude of ca. 1200 m to obtain
a ground sampling distance of 50 cm (Table 2).
Table 2. Parameters of the aerial survey.
Flight
Altitude

Ground Sampling
Distance

Swath

Integration
Time

Viewing Angle

Solar Zenith
Angle

1200 m

50 cm

176 m

10.1 ms

16.75◦

16.75◦

During the survey, images were collected in clear sky and calm sea conditions (preconditions
to reduce sun-glint eﬀects and solar irradiance variation). Er Lannic was overﬂown at 13:00 UTC,
corresponding to low-tide conditions (tide coeﬃcient of 85).
2.3. Bathymetric Reference Data
The reference bathymetric data used for this study are based on the Litto3D project [36,37] of the
French Naval Hydrographic and Oceanographic Oﬃce (Shom) and the French National Geographic
Institute (IGN). This project produced a seamless, high-resolution topographic and bathymetric model
of French coastal areas using multiple survey techniques (Topographic LiDAR, ALB, MBES). For the
Gulf of Morbihan, the Litto3D data consist of three complementary, locally overlapping surveys:
•

ALB (SHOALS-1000T) by Shom (2005):


•

Topographic and bathymetric modes: spot spacing 2 and 5 m, altitude 900 and 400 m,
absolute planimetric accuracy < 1.5 and < 2.8 m, and absolute vertical accuracy < 0.3 and <
0.5 m, respectively

MBES by Shom (2003) and IFREMER (2013)

Shom/IGN provided the data as a merged 3D point cloud with source identiﬁers (Figure 3a).
Each point is deﬁned as XYZ coordinates in Lambert93 system using the RGF93 geodetic system (EPSG:
2154) and NGF/IGN69 height reference for elevation. The merged point cloud was converted to a raster
of 1 m resolution using Triangulated Irregular Networks interpolation (Figure 3b).
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Figure 3. Litto3D bathymetric reference data (a) point cloud and (b) 1 m resolution raster.

2.4. Archaeological Reference Data
Archaeological reference data for this study came from a georeferenced 2D map (Figure 1b) of
each stone (or stele) of the site recorded by archaeologists from 1990-2018 [38–40]. The Regional
Archaeological Service of Brittany (DRAC/SRA) currently uses this map. The map is projected in the
Lambert93 system using the RGF93 geodetic system (EPSG: 2154).
Spatially, the northernmost semicircular stone monument, composed of ca. 60 steles—collapsed
or erect—is entirely visible at lowest astronomical tide. The second semicircular stone monument,
composed of 29 steles, is submerged and sits on the shore platform 2–3 m below mean sea level.
Additional steles are also present at the junction of the semicircles, near a granite outcrop north of
the second semicircle, and at isolated points away from the semicircles. The steles, most of them
metamorphic orthogneiss, vary in projected horizontal area from < 0.5–11 m2 .
For identiﬁcation purposes, steles are numbered from 1-201 [38] (i.e., Stl#1 to Stl#201 ). Based on
the tide and sea conditions when the images were acquired, 17 steles (Stl#1 to Stl#14 , Stl#97 , Stl#116 and
Stl#117 ) were located beyond the shoreline, of which 15 were completely submerged and 2 (Stl#1 and
Stl#14 ) were partially submerged.
2.5. Dimensionality Reduction and Visualization
Dimensionality reduction techniques concentrate information by projecting the original data,
with high dimensionality, into a lower dimensional space. Its objective is to decrease computational
burden (i.e., reduce the number of bands), remove spectrally redundant information or noise and
highlight informative spectral variation in the imagery. For remote-sensing hyperspectral data,
for which interband correlation is high and noise omnipresent, dimensionality reduction algorithms
are used to enhance visual interpretation or as pre-processing before other procedures, such as
classiﬁcation [30]. These algorithms include Principal Component Analysis (PCA) and Minimum
Noise Fraction (MNF) [41]. PCA projects data into a new subspace where the projected components
maximize the variance of the data under the constraint that each component is orthogonal to its
preceding component. PCA can thus reduce dimensionality of the data while conserving the maximum
amount of information. When applied to hyperspectral imagery, however, PCA is not the most suitable
method, notably because of its limitation with noisy observations. MNF is a linear transformation
based on two sequential PCA rotations. The ﬁrst rotation decorrelates and scales the noise using
a noise covariance matrix calculated by estimating local noise using the diﬀerence between adjacent
pixels. The result is a hyperspectral data cube in which noise has unit variance and no band-to-band
correlation (white noise). The second rotation performs a PCA on the noise-whitened data cube to
separate noise from data and thus maximize the signal-to-noise ratio (SNR).
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2.6. Unsupervised Anomaly Detection
In the machine learning ﬁeld, unsupervised learning is the task of identifying structures or
relationships in the input data without prior knowledge by mean of reference or labelled data.
Since submerged archaeological structures might be undescribed in nature, degraded or covered
(with sediments, vegetation or bioﬁlm), archaeological prospection using remote-sensing data usually
seeks anomalies rather than looking for known signatures [24,31]. Unsupervised anomaly-detection
techniques are adapted to these conditions, since they require no predeﬁned target characteristics
and try to separate common observations from unusual observations. Doing the latter requires two
main assumptions: anomalies are (i) spectrally diﬀerent from the surrounding background and (2)
represent a minority of pixels in an image (low occurrence). Existing unsupervised anomaly-detection
algorithms include the Reed–Xiaoli detector (RXD) and associated variants, and the Isolation Forest
(IF) algorithm.
RXD, developed by [42], is based on a statistical distance (Mahalanobis distance) calculated
between the observation (a pixel) and the image background. Global RXD relies on a pre-calculated
background at the image level, while local RXD (LRXD) is based on a local background estimated
using a sliding window that can have inner and outer sizes to adapt to speciﬁc anomaly sizes.
IF, developed by [43], is based on the widely used Random Forest classiﬁcation algorithm.
IF combines multiple weak decision trees to calculate an anomaly score that reﬂects how much
an observation diﬀers from other observations. Each tree is created recursively by randomly selecting
a feature and an associated random threshold value. Each observation is passed through the tree
and compared to each node (feature and threshold) until it can be isolated from other observations
(reaching an external node). The shorter an observation’s path in the tree, the higher is its anomaly
score. The ﬁnal anomaly score equals the mean score of all trees.
2.7. Radiative Transfer Model over Shallow Water
Over optically shallow water (inland or coastal waters whose bottom is visible from the surface),
total radiance measured by the remote sensor includes contributions from the atmosphere, the water
surface, the water column and the water bottom. Hyperspectral remote sensing uses this radiative
relationship to characterize the water column and water bottom physically. The radiative transfer
model of Lee [44] calculates subsurface remote-sensing reﬂectance R−
rs as:


∞
−(Kd +kuW )Z
+ A2 RBrs e−(Kd +kuB )Z
R−
rs = Rrs 1 − A1 e

(1)

where R∞
rs is the remote-sensing reﬂectance for optically deep water; Kd , kuW , kuB are diﬀuse coeﬃcients
related to downwelling irradiance, upwelling radiance of the water column, and upwelling radiance
from bottom reﬂection, respectively; A1 and A2 are constants; RBrs is the bottom reﬂectance and Z is the
bottom depth.
∞
−
B
Equation (1) veriﬁes that for Z → ∞ , R−
rs → Rrs , and for Z → 0 , Rrs → Rrs . This semi-analytical
model is then inversed to retrieve the parameters (including RBrs and Z) that minimize the diﬀerence
between the observed and modeled spectra [45].
This radiative-transfer–based method, unlike empirical approaches, has the advantage of not
requiring prior bathymetric data (existing elevation model or in-situ measurements) for the inversion
process and derivation of bottom depth [21].
3. Methodology
3.1. Workﬂow
The methodology developed and the associated workﬂow (Figure 4) were organized in subsections
corresponding to the research questions of this study.
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Figure 4. Diagram of the method developed.

3.2. Pre-processing
The hyperspectral images were processed from level 0 (raw) to level1b (radiometrically
and geometrically calibrated) using the HYPIP (HYPperspectral Image Preprocessing) chain of
Hytech-imaging that includes ATCOR/PARGE software applications (ReSe Applications, Wil,
Switzerland) to obtain georeferenced images in spectral radiance (W.m−2 .sr−1 .μm−1 ). Surface reﬂectance
was then obtained by performing atmospheric corrections in a two-step process: (i) atmospheric
corrections using ATCOR-4 software and (ii) empirical adjustment of each spectrum by applying
coeﬃcients (gain and bias) calculated per spectral band by linear regression between surface reﬂectance
data and the reﬂectance signature of pre-calibrated targets (tarps) positioned near the area of interest
and overﬂown during the survey. The resulting hyperspectral products (at-sensor radiance, surface
reﬂectance) were then spatially subset to a 2048 px × 2048 px tile (representing an area of ca. 1 km2 ),
encompassing the area of interest of Er Lannic islet.
3.3. Simulation of True-color Image
The initial hypothesis of the study was that VNIR AHI carries information valuable for visualizing
submerged archaeological structures. To evaluate the contribution of hyperspectral data compared
to that of traditional true-color photography, a red-green-blue (RGB) image was simulated using the
spectra sensitivity response (Figure 5) of a digital single-lens reﬂex camera (DSLR Canon EOS 10D)
and the hyperspectral cube.
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Figure 5. Relative spectral sensitivity function of a Canon 10D digital single-lens reﬂex camera used to
simulate a true-color red-green-blue (RGB) image from the hyperspectral imagery.

Red, green and blue bands of the simulated image were produced by convolution products
(Equations (2), (3) and (4), respectively):
Redsim =

λ700


RSSr (λ) ∗ L(λ)stot.

(2)

λ400

Greensim =

λ700


RSS g (λ) ∗ L(λ)stot.

(3)

RSSb (λ) ∗ L(λ)stot.

(4)

λ400

Bluesim =

λ700

λ400

where L(λ)stot. is the at-sensor radiance from hyperspectral imagery, and RSSr (λ), RSS g (λ), and RSSb (λ)
are relative spectral sensitivity functions of the red, green and blue channel, respectively, of the DSLR
([46] citing [47]).
The contrast/brightness of the simulated RGB image was then adjusted using gamma correction
(γ = 0.4) to improve visualization [48].
3.4. Dimensionality Reduction Using MNFMinimum Noise Fraction Transform
MNF transform was then applied to the reﬂectance hyperspectral images. Full spectral information
from 400–1000 nm wavelengths was kept for the MNF decomposition. Noise was estimated by (i)
selecting a homogeneously dark area of the image and (ii) extracting the noise covariance matrix from it
using the shift diﬀerence method (i.e., the processed pixel minus its top-right neighbor). This procedure
respectively exploits the facts that (i) signal variation in a homogeneously dark area of an image is
due primarily to environmental and instrumental noise and (ii) the signal at any point in the image is
strongly correlated with the signal at neighboring pixels, while noise is not or only weakly spatially
correlated [41].
Given the site context and to allow for continuous visual interpretation of terrestrial and submerged
structures (including rock outcrops or emerging steles), the MNF transform was applied to the entire
subset of the imagery, including terrestrial and submerged areas. Only MNF components with
a SNR ≥ 5 were conserved. The resulting components were visualized individually and in multiple
pseudo-colored images (combining three components selected to highlight spectral and spatial
variation in the data) to enhance visualization of submerged features. The results were compared to
(i) the synthetically created true-color image and (ii) the georeferenced archaeological reference data
identifying each stele.
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3.5. Automatic Anomaly Detection
LRXD and IF unsupervised anomaly-detection algorithms were used to identify submerged
anomalies automatically and compare them to the known archaeological reference data. The algorithms
were applied to the MNF results calculated from the surface reﬂectance image. LRXD was applied to
the MNF subset within a sliding window of 30 px × 30 px (outer window) and 15 px × 15 px (inner
window). The IF model was trained with 100 decision trees, 100 randomly drawn observations and 10
randomly drawn features to train each tree.
For both algorithms, results were evaluated visually and statistically. Visually, the anomaly
score map was compared to the georeferenced archaeological reference data. Statistically, the receiver
operating characteristic (ROC) curve was calculated to illustrate the trade-oﬀ between the true positive
rate and false positive rate at diﬀerent score thresholds. Accuracy was assessed by calculating
a normalized confusion matrix of the binary classiﬁcation with a threshold deﬁned from the ROC
curve. Statistical evaluation was limited to the submerged area to focus on submerged anomalies.
3.6. Depth and Bottom Reﬂectance Estimation
Before inverting the radiative transfer model, a mask for the water was applied using the
normalized diﬀerence water index (NDWI) [49]:
NDWI =

R(λ550 ) + R(λ850 )
R(λ550 ) − R(λ850 )

(5)

where R(λ550 ) and R(λ850 ) are the pixel reﬂectance values in the green and near-infrared areas of the
spectrum, respectively.
To reduce variability due to noise, reﬂectance was extracted using the median values within
± 20 nm of each central wavelength (550 or 850 nm).
The semi-analytical radiative-transfer model, as seen in Equation (1) was inverted using SWIM
(Shallow Water mappIng using optical reMote sensor(s)) [45,50] to estimate bottom reﬂectance (Rbrs ),
bottom depth (Z) and water column parameters (Ccdom , Cphy , CNAP ) from the observed subsurface
reﬂectance (R−
rs ). The inversion problem is solved by minimizing a least square cost function
representing distance between the observed subsurface reﬂectance and the modelled subsurface
reﬂectance. Optimization was performed using the Levenberg-Marquardt. For each pixel, the algorithm
converged to a solution for a vector of parameters (Rbrs , Z, Ccdom , Cphy , CNAP ). Rbrs and Z were used
subsequently for further analysis. No external data (in-situ depth measurements or existing elevation
model) was used for reﬁning the bottom-depth estimation.
The bottom depth in raster format was post-processed using a median ﬁlter of 5 × 5 px to reduce
the salt-and-pepper noise that can decrease interpretability for archaeological purposes. The data were
then corrected for the tidal eﬀect using tide information available from Shom and converted from the
hydrographic reference to the terrestrial height reference NGF/IGN69 using the RAM product (maritime
altimetric reference values) provided by Shom. The results were compared to the archaeological
reference data as well as to the Litto3D continuous topo-bathymetric reference dataset collected from
MBES and ALB by Shom/IGN on the Gulf or Morbihan.
4. Results
4.1. Analysis of the Simulated Rgb Image
The northernmost and terrestrial semicircle of Er Lannic was visible on the RGB image, as were
the locations of archaeological structures (individually for large steles and linear shapes for groups of
smaller steles) (Figure 6b,c). Bright colors of on-shore steles and shadows projected by standing steles
facilitated visualization and interpretation. On the submerged part of the site, large terrestrial steles
on the upper intertidal platform were apparent, but the continuity of the submerged semicircle was
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diﬃcult to perceive without prior knowledge of the site or the reference archaeological data. Eﬀects of
the water surface were visible at the southern tip of the semicircle and corresponded to the presence of
an emerging stele (Stl#1 ).

Figure 6. (a) Archaeological reference map of the study site (submerged steles are numbered). True-color
(RGB) images simulated from hyperspectral data and spectral sensitivity functions (b) without and (c)
with gamma correction (γ = 0.4). (d) Minimum noise fraction pseudo-color image with bands Red
= 9, Green = 3 and Blue = 4. (e) Anomaly score calculated using the Isolation Forest (IF) algorithm.
(f) Anomaly score calculated using the local Reed–Xiaoli detector (LRXD) algorithm.
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4.2. Analysis of the Hyperspectral Imagery
According to the MNF components extracted from AHI, the hyperspectral data did not greatly
improve visualization or description of the northernmost semicircle (Figure 7). However, the variability
in the ground spectral signature near the steles highlighted many natural ground features (e.g., sands,
granitic rocks, dry algae, grass). On intertidal and submerged platforms, the presence of features
(local variations in MNF) through the water-column was visually conﬁrmed, especially from MNF
components 3, 4, 5, 8, 9, 12 and 13. Local variations were visually interpreted to identify the presence
of the submerged semicircle.

Figure 7. Minimum noise fraction (MNF) components 1–15 (signal-to-noise ratio ≥ 5) calculated from
surface reﬂectance.

The pseudo-color image, created from visual selection of components 3 (green), 4 (blue) and 9 (red)
of the MNF, conﬁrmed the identiﬁcation of submerged anomalies corresponding to the submerged
steles (Stl#1 to Stl#14 , Stl#97 , Stl#116 and Stl#117 ) (Figure 6d).
4.3. Automatic Detection of Archeological Structures
According to IF, the most anomalous pixels were located mainly on-shore due to the high
variability in spectral signatures (Figure 6e). Submerged archaeological structures had lower scores
(i.e., less anomalous than on-shore structures) but were clearly visible and spatially deﬁned due to
their diﬀerence with the background (common observations). In contrast, structures at the land/water
interface were not clearly deﬁned due to little diﬀerence in the anomaly score.
Results obtained with the LRXD algorithm emphasized the location and shape of each submerged
structure (Figure 6f). While LRXD is subject to impulse noise due to anomalous single-pixel observations,
the spatial pattern of the submerged monuments was clearly distinguishable as a whole and as
individual steles.
Comparing statistical results of the submerged area (at the time of acquisition) of the IF and LRXD
methods, IF performed better than LRXD because LRXD (i) tended to enlarge anomalies spatially and
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(ii) generated a higher false positive rate (0.16, vs. 0.08 for IF) because it detected more anomalies on
the submerged area (Table 3, Figure 8).
Table 3. Normalized confusion matrix for Isolation Forest (IF) and local Reed–Xiaoli detector (LRXD)
anomaly detection of submerged structures.
Predicted Label “Standard”
(IF)

Predicted Label “Anomaly”

True label “standard”

0.92
0.84 (LRXD)

0.08 (IF)
0.16 (LRXD)

True label ”anomaly”

0.12 (IF)
0.27 (LRXD)

0.88 (IF)
0.73 (LRXD)

Figure 8. Receiver operating characteristic (ROC) curves for Isolation Forest (IF) and local Reed–Xiaoli
detector (LRXD) anomaly detection calculated for the submerged structures.

4.4. Characterization of Archeological Structures
4.4.1. Morphological Characterization
The Bathymetric Digital Elevation Model (DEM) derived from AHI showed topographic variations
corresponding to the submerged steles. An adapted view (using slope and colored-ramp overlay
blending and 0.1 m contour lines) of the estimated water bottom highlighted the features (local
maxima) and provided an initial morphological description (shape, area). On the submerged semicircle,
10 features on the DEM were interpreted as archaeological structures (Figure 9). Eight of these features
(denoted F#) were associated with single steles (F#1: Stl#1 , F#3: Stl#5 , F#4: Stl#6 , F#5: Stl#8 , F#6:
Stl#9 , F#7: Stl#11 , F#8: Stl#12 , F#10: Stl#116 ), while the other two were associated with aggregations of
multiple steles (F#2: Stl#2 , Stl#3 , Stl#4 ; F#9: Stl#13 , Stl#14 ) since individual DEM signals for them were
not apparent. Submerged steles Stl#7 , Stl#10 and Stl#117 were not identiﬁed from the AHI-derived
water-bottom morphology.
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Figure 9. (a) Bottom depth estimated from airborne hyperspectral imagery (AHI), (b) Litto3D
bathymetric data (Shom/IGN) and (c) Bottom depth estimated from AHI with extraction of visible
water-bottom features (local maxima) from 0.1 m contour lines. Archaeological reference data (stele
centroids) are shown in red.
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The area of the features extracted (2D projected horizontal area) were then compared to those
of the archaeological reference data (Table 4). Linear regression between the two indicated relatively
good agreement (R2 = 0.72).
Table 4. Area of airborne hyperspectral imagery-derived water-bottom features compared those of
steles from archaeological reference data. Coeﬃcient of determination R2 = 0.72.
Feature ID (Feat#n )

Feature Area (m2 )

Stele IDs (Stl#n )

Stele Area (m2 )

1
2
3
4
5
6
7
8
9
10

10.3
5.8
2.5
0.7
4.0
1.5
2.0
5.1
15.1
2.8

Stl#1
Stl#2 , Stl#3 , Stl#4
Stl#5
Stl#6
Stl#8
Stl#9
Stl#11
Stl#12
Stl#13 , Stl#14
Stl#116

9.8
4.7 (1.4, 2.4, 0.9)
2.1
0.5
9.0
4.8
6.9
4.7
16.1 (6.9, 9.2)
0.7

Visualization of a path proﬁle of bottom depth along the submerged semicircle (Figure 10) allowed
AHI-derived bathymetry and Litto3D reference bathymetry to be compared. AHI-derived bathymetry
described water-bottom morphology in more detail, and the presence of local maxima at the location of
known archaeological structures conﬁrmed its ability to visualize submerged structures and, to some
extent, describe their morphological characteristics (i.e., shape, depth, and area).

Figure 10. Path proﬁle of bottom depth estimated from airborne hyperspectral imagery (AHI) and
reference Litto3D (Shom/IGN) bathymetric data over the submerged structures.

4.4.2. Spectral Characterization of the Archeological Structures
Spectral signatures (bottom reﬂectance) selected on the submerged semicircle (Figure 11a) had
a low amplitude of estimated reﬂectance (< 1%) due to low reﬂectivity of the water bottom. It also
revealed green (around 580nm) and red-edge (increase in spectral reﬂectance from 650–720 nm) peaks
on the submerged features, which reﬂected the presence of vegetation in plant-based bioﬁlm (i.e.,
micro-algae) or macro-algae on the steles. In-situ observations (Figure 11b) conﬁrmed the presence
and the diversity of macro-algae (green and brown) on the steles.
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Figure 11. (a) Spectral signatures of bottom reﬂectance showing archaeological structures and (b)
photograph of a permanently submerged stele of Er Lannic covered by green and brown algae.

5. Discussion and Perspectives
5.1. AHI: Potential for Application to Underwater Archaeology
Until recently, ALB was considered the only aerial remote-sensing technique that could collect
high-resolution data in very shallow water [51]. Development of AHI for shallow water mapping, ﬁrst in
academic contexts and more recently towards operational usages, shows that passive remote sensing is
becoming a potential alternative for estimating bathymetry and describing water-bottom morphology
and benthic cover types at a ﬁne scale (meter or sub-meter resolution) [21,52]. The present study
opens new perspectives for underwater cultural heritage monitoring and archaeological prospection.
Beneﬁts of AHI for these applications include lower survey costs than those of ALB [53] and high
spectral and spatial description. However, AHI also has drawbacks. As AHI is an optical remote
sensing system (such as ALB), the eﬃciency of AHI for accessing water bottom information depends on
environmental factors such as turbidity, water surface condition and sea state, bottom depth and bottom
reﬂectance. Moreover, as a passive optical system, the quality of the data is also dependent on the
illumination conditions and cloud cover [54]. While additional investigations are required to determine
the dependency of the proposed approach on these environmental variables, the management of AHI
surveys for archaeological mapping in a shallow water environment remains a sensitive aspect of
the workﬂow.
5.2. Data Uncertainty and Statistical Results
The statistical results for unsupervised detection of anomalies were inﬂuenced by uncertainties in
the context and input data. Since the target structures we sought had areas of 0.5–10 m2 , they were
represented by clusters of a few pixels in the image (spatial resolution: 50 cm). Given this resolution,
the sensor’s point spread function and the uncertainty in horizontal precision (usually 1-2 pixels),
the probability of having local/spatial discrepancies between the collected data and the reference data
was relatively high. Another source of uncertainty was the reference archaeological data. Like for other
archaeological reference data, a “ground truth” map is limited by at least two factors. The ﬁrst is the
measurement itself: every spatial measurement is inaccurate (as it never exactly matches with the true
value which remains undeﬁned), especially for archaeological sites of limited accessibility (i.e., partially
or entirely submerged), and the uncertainty in location can be high. The second is the exhaustiveness
of the reference data, which is never guaranteed. Since the reference map of an archaeological site
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evolves with methods and techniques, it should be considered a “current state of knowledge” rather
than a “ground truth”. Since we did not consider any of these sources of uncertainty, the results must
be analyzed with care. They should not be considered a baseline for similar approaches in diﬀerent
archaeological contexts, but rather a baseline for comparing novel anomaly-detection methods in the
same experimental conditions.
5.3. From Anomaly to Archaeological Structure
As shown in this study, morphological and spectral characterization of submerged archaeological
structures can be complex. The weak reﬂectance (and consequently low SNR) in water conditions,
combined with the continuous presence of vegetation (micro- or macro-algae) on submerged mineral
structures, limited the ability to distinguish between archaeological and natural structures spectrally.
Thus, the use of the term "morphological or spectral characterization" could be an inappropriate
description of hyperspectral remote sensing if it is assumed to provide information similar to that
from in-situ archaeological analysis. Considering the information provided by remote sensing to be
a faithful description of archaeological structures is premature. Instead, the information provided by
AHI should be considered a proxy or surrogate description of archaeological structures. For example,
archaeologists consider that algae covering steles are not part of the archaeological structures (in fact,
algae are regularly removed from the steles of Er Lannic that are accessible at low tide). Therefore,
the morphological or spectral descriptors of submerged features extracted from remote sensing data
describe not only archaeological structures but the natural environment that surrounds them (their
envelope). Nevertheless, a ﬁrst characterization of the bottom spectral properties is a valuable
information oﬀered by AHI and an advantage over ALB for which the backscattering intensity of
a single wavelength signal is less adapted for the description of benthic composition [55].
5.4. Perspectives and Future Research Directions
This study was an initial approach to demonstrate the potential of hyperspectral imagery for
prospecting and monitoring submerged archaeological structures in shallow water environments.
It opens new perspectives. First, from an archaeological perspective, the study focused on a known
archaeological site built during the Neolithic period. The archaeological potential in coastal shallow
water environment, for example in Brittany, is important and a major challenge from a scientiﬁc
perspective and with regard to cultural heritage management. Our objective is to broaden this study to
prospect or monitor archaeological sites of diﬀerent chrono-typologies.
Second, from a remote-sensing and data-analysis perspective, we intend to continue research on
unsupervised and supervised anomaly detection. For archaeological prospection, anomaly detection is
a key challenge for identifying structures for which only partial knowledge usually exists. Indeed,
the state of conservation and surface condition of archaeological structures, especially in water
conditions, is a priori undeﬁned, and the expected characteristics that reference typologies provide,
although informative, can mislead prospections for predeﬁned morphological structures that diﬀer
from the complex in-situ situation. To address this limitation, our future research will aim to go further
in the use of unsupervised or self-supervised anomaly detection algorithms, including deep-learning
techniques such as convolutional autoencoders in 2D (spatial) or 3D (spatial/spectral), to extract
informative patterns from the hyperspectral cube for application to archaeology.
6. Conclusions
We demonstrated AHI’s potential for submerged archaeological prospection and monitoring in
shallow water environments. While AHI is regularly used for terrestrial archaeology, its use has not
yet been assessed for underwater archaeology. By taking advantage of the high-resolution spatial
and spectral characteristics of AHI data, the study showed that AHI passive remote-sensing could
be a valuable alternative to active remote-sensing techniques for mapping submerged archaeological
structures. The study was performed on the megalithic site of Er Lannic in Morbihan (France),
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composed of two semicircles of steles, one of which lay on the water bottom 2–3 m below the mean
sea level. The method was divided into three steps: (i) visualize submerged structures, (ii) detect
submerged anomalies automatically and (iii) characterize the features identiﬁed by estimating their
morphological and spectral characteristics. The results showed that hyperspectral data can collect
underwater information necessary for archaeological mapping. This information was extracted from
AHI either by data-driven analysis (dimensionality reduction/anomaly detection) or by estimating
physical parameters such as water depth and bottom reﬂectance by the inversion of a radiative
transfer model. Comparing the information extracted to archaeological and bathymetric reference
data conﬁrmed AHI’s potential for archaeological prospection and monitoring. Although this study
focused on a single archaeological site (i.e., chrono-typology), the approach will be further explored to
assess its application to a wider range of structures and archaeological and environmental contexts.
Future research will also assess unsupervised or self-supervised machine-learning techniques to reduce
dimensionality and detect submerged anomalies in hyperspectral images.
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Abstract: Airborne laser scanning (ALS) data can provide more than just a topographic data set
for archaeological research. During data collection, laser scanning systems also record radiometric
information containing object properties, and thus information about archaeological features.
Being aware of the physical model of ALS scanning, the radiometric information can be used
to calculate material information of the scanned object. The reﬂectance of an object or material
states the amount of energy it reﬂects for a speciﬁc electromagnetic wavelength. However, the
collected radiometric data are aﬀected by several factors that cause dissimilar values to be recorded
for the same object. Radiometric calibration of such data minimizes these diﬀerences in calculated
reﬂectance values of objects, improving their usability for feature detection and visualization purposes.
Previous work dealing with calibration of radiometric data in archaeological research has relied
on corresponding in-ﬁeld measurements to acquire calibration values or has only corrected for a
limited number of variables. In this paper, we apply a desk-based approach in which radiometric
calibration is conducted through the selection of homogenous areas of interest, without the use of
in-ﬁeld measurements. Together with ﬂight and scan parameters, radiometric calibration allows for
the estimation of reﬂectance values for returns of a single full-waveform ALS data collection ﬂight.
The resulting data are then processed into a raster reﬂectance map that approximates a monochromatic
illumination-independent true orthoimage at the wavelength of the laser scanner. We apply this
approach to data collected for an archaeological research project in western Sicily and discuss the
relative merits of the uses of radiometric data in such locations as well as its wider applicability
for present and future archaeological and environmental research. In order to make the approach
more accessible, we have developed a freely available tool that allows users to apply the calibration
procedure to their own data.
Keywords: ALS; amplitude; radiometric calibration; reﬂectance; archaeology; Sicily

1. Introduction
Airborne laser scanning (ALS) data have become a common component of the archaeological
prospection toolkit. The increasing availability of such data, along with the concomitant development
of expertise in their collection, processing, and visualization for archaeological investigation continues
to have a signiﬁcant impact on the detection and interpretation of the present remains of human
activity in landscapes around the world. Often, the main sources of such information are visualizations
derived from digital terrain (DTM) or digital surface (DSM) models, which are geometric models
that are calculated from the range data produced during a laser scan. However, there is other
Remote Sens. 2019, 11, 945; doi:10.3390/rs11080945
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information in laser pulses that, though often neglected, can be of great value to archaeological and
paleoenvironmental research. In addition to range data, laser pulses reﬂected from a given surface also
carry information about its physical properties. This information is included in the data in the form of
radiometric values (e.g., the amplitude of the received laser pulse signal).
As these values are distinct from those of surface models, they can provide important additional
information about the presence and composition of archaeological and environmental features.
Radiometric values can be used to derive physical properties of surface objects related to the laser
wavelength, independent of local lighting conditions [1] (p. 15). As they are collected, however, these
radiometric values are distorted by many variables. These include factors related to the atmosphere,
the instrument, its position in relation to the object being scanned, and the environmental context of
the target. This makes it diﬃcult to compare and quantify values as collected by the scanner. In order
to make full use of the radiometric information, the received amplitude values collected for each laser
pulse can be used to derive calibrated reﬂectance values so that radiometric diﬀerences of objects
within and between strips are minimized [2] (p. 335), [3,4]. Once calibrated, these values can then be
used for purposes such as visualization, interpretation, and detection of archaeological features.
Although a common component of ALS data capture, radiometric data sets have yet to become
as integrated into the prospection toolkit as their geometric counterparts. Importantly, calibrated
reﬂectance data in the infrared range have been shown to provide increased information regarding
vegetation health, facilitating the appearance of vegetation marks associated with archaeological and
paleoenvironmental features, when compared with other data sources [5–9]. Additionally, in cases
where optical imagery is not concurrently recorded, reﬂectance-based imagery can be used as an
approximation of simultaneously acquired monochromatic imagery for interpretation purposes [10]
(p. 418), [11] (p. 50). While the usefulness of this information has been repeatedly demonstrated
by such studies, its application in archaeological research continues to be explored in a very limited
manner when compared to the uptake of other ALS-derived data products [7] (p. 161). This may be
due to several factors, including the limited usability of amplitude data as acquired during ﬂight, and
diﬃculties involved in data processing.
While recent work has demonstrated the beneﬁt of radiometrically calibrated full waveform (FWF)
ALS data regarding increased archaeological feature detection, this work relies on the collection of
simultaneous in-ﬁeld radiometric measurements for calibration [5]. This may not always be a possibility
(particularly when working with previously acquired data) or even a necessity for archaeological
research that does not utilize and directly compare radiometric values between multiple ALS ﬂights
or to physical properties of objects. Often, single-ﬂight ALS data sets are acquired ‘readymade’ by
archaeologists from service providers who may have ﬂown data collection sorties months in advance
for other clients and are simply reselling the data. Moreover, whether looking for direct evidence
of archaeological features or indirect indicators (e.g., vegetation marks) that may indicate buried
archaeological or paleoenvironmental features, many archaeologists are usually only interested in the
relative diﬀerence between the vegetation producing the marks and the surrounding environment
(the contrast). Therefore, in many cases it may be suﬃcient for archaeologists to work with relatively
calibrated reﬂectance values. However, even relative calibration of reﬂectance data requires metric
information about the scan variables and target properties in order to be successfully applied.
In order to address this issue, the research presented in this paper outlines a desk-based
methodology for relative radiometric calibration of FWF ALS data sets through the GIS-based selection
and use of spectrally similar areas of interest (AOIs) across multiple ALS strips. This allows for the
possibility of calculating reﬂectance values across strips without the need for simultaneously acquired
in-ﬁeld measurement. To make this approach more accessible to a wide variety of users, we have
developed a freely available tool, based on the OPALS system [12], to assist with the calibration process.
This approach can therefore be of particular use for single-ﬂight ‘oﬀ the shelf’ FWF ALS data sets that
contain radiometric information, may not have originally been acquired for archaeological purposes,
and which lack contemporary optical imagery.
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In this paper, we ﬁrst outline the technical speciﬁcs of radiometric data as an element of ALS data
capture, and its prior applications in archaeological research. Next, the desk-based methodology for
relative calibration is presented and applied to FWF ALS data acquired from an archaeological case study
area in western Sicily. Using the results, we evaluate the methodology, as well as the usability of such
data as a component of archaeological research in western Sicily, which is a Mediterranean environment
with considerably diﬀerent environmental properties to that of previous archaeological studies dealing
with the use of radiometric data. Considering this evaluation, we discuss the present and future
potential of radiometrically calibrated data as a component of the archaeological prospection toolkit.
2. Radiometric Data from LiDAR: Theoretical Background and History in
Archaeological Research
Radiometric calibration of amplitude data collected via ALS is a well-established process in the
discipline of remote sensing and has also been explored in various capacities by the archaeological
community. However, as can be seen in literature dealing with the subject (Section 2.3), the term
‘intensity’ is often used as a blanket term for diverse values, including uncalibrated values as collected
by the scanner as well as subsequently calibrated data. Additionally, many authors have used the term
‘calibration’ for a wide range of attempts to compensate for distortions in uncalibrated data. The broad
application of these terms can cause confusion, therefore in this paper uncalibrated values (as collected
during a laser scan) are referred to as ‘amplitude’, and calibrated values as the ‘reﬂectance’ of materials
or objects as a physical characteristic. The word ‘intensity’ is avoided, except when quoting the
original authors of a study where the term was used. The following sections describe the background,
properties, and terminology related to amplitude, reﬂectance, and calibration of reﬂectance data as
well as its application in archaeological prospection.
2.1. LiDAR and Radiometric Data
ALS data capture is an optical 3D measurement technique that operates independently of local
illumination, using a laser source for acquisition and measurement of a target surface [1] (p. 1).
During an airborne laser scan, laser pulses of a certain wavelength are sent toward the ground surface
and the backscattered radiation of each individual pulse is recorded. The scanning process results in
two kinds of information:
1.

2.

The distance of the laser scanner to the reﬂecting object. This is the basic information gathered
from the runtime of the laser pulse (therefore, the underlying principle is called “light detection
and ranging”, i.e., LiDAR). With the addition of the exact location and orientation of the scanner
and the laser pulse direction, coordinates can be assigned to the reﬂecting object.
Radiometric information and laser pulse characteristics. This information includes the strength of
the received signal at the scanner, called amplitude. In FWF ALS systems, additional parameters
such as the echo-width can be derived from the digitized waveform.

A laser scanner operates using electromagnetic (EM) radiation at a speciﬁc, well-deﬁned
wavelength (usually either 532 nm, 1064 nm or 1550 nm). As a function of the wavelength, EM
radiation interacts in diﬀerent ways when it hits object surfaces. Amplitude information, as a
component of ALS data capture, represents the amount of energy reﬂected from an object that has
been scanned with a focused pulse of laser radiation [1] (p. 15). Depending on the object’s material,
a certain percentage of energy will be absorbed, transmitted, or reﬂected. The speciﬁc wavelength
of the radiation being emitted by the scanner will also aﬀect the transmission of the material being
scanned. For example, the backscattered radiance from the 1550 nm short-wavelength infrared (SWIR)
band has been shown to produce information about archaeological vegetation marks [5] (p. 170),
which may be due to eﬀects such as the greater absorption of SWIR radiance by water within plant
materials [13]. Therefore, in theory, amplitude data contains wavelength-speciﬁc information about
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the physical properties of the reﬂecting object. In practice, this information is distorted by several other
factors that also aﬀect the strength of the backscattered signal, such as the incidence angle or object size.
2.2. Radiometric Calibration
Material information within the received amplitude values from a laser scan can be very useful for
identiﬁcation of discrete objects, such as certain types of vegetation marks resulting from slightly higher
levels of moisture retention or plant stress than their surrounding vegetation. Indications of plant
stress may be more apparent in the near-infrared region of the electromagnetic spectrum, appearing
earlier and more extensively than in the human visual range [14]. Thus, by extension, they may also
appear in the amplitude values of a laser pulse in a similar wavelength. However, as it is collected the
amplitude information is highly distorted. This is due to a number of variables, some of which are
machine or workﬂow speciﬁc and thus relatively static, and some of which change with each new line
or day of ﬂight. Chief among these are the range and the inﬂuence of the laser pulse incidence angle
on amplitude values, which is caused by changes in the position of the scanner relative to the surface
being scanned. Figure 1 shows the inﬂuence of the incidence angle between two overlapping strips.
On the border of a strip, the incidence angle is larger than in the middle, causing a visible decrease in
the amplitude. Topographic variation (diﬀerent range) and longer ﬂight times (changing atmosphere)
can also have a signiﬁcant eﬀect on amplitude values [3] (p. 416). Normalization of reﬂectance values
of similar objects over an entire ALS data set (consisting of multiple parallel and cross strips) therefore
requires calibration procedures that correct inﬂuences stated in the following sections [3].

Figure 1. Uncalibrated amplitude map of two overlapping strips. Note the extreme diﬀerences between
the edge of Strip 2 and Strip 1, as indicated by the red arrows. Visualization: 1 m spatial resolution
raster using the median amplitude last echo point values for each cell. Coordinate System: WGS84
UTM Zone 33N.
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2.2.1. Amplitude
The amplitude of the received signal is the remaining energy that is recorded by the system after
the laser pulse is sent out, travels through the medium (e.g., air), is reﬂected by the object, and travels
back (Figure 2). The amplitude, as described in Equation (1) [15,16], is therefore dependent on three
types of parameters: (1) Scanner speciﬁc characteristics such as the emitted signal strength and the
aperture size of the receiving optics, (2) signal loss due to the range, atmosphere and the incidence
angle, and (3) target object characteristics (called the backscatter cross section).
Equation (1) Derivation of amplitude [15,16].
Pr =
Pr
Pt
Dr
R
β
σ
ηsys
ηatm

Pt D2r
4 π R4 β2t

σ ηsys ηatm

(1)

Received signal
Transmitted signal
Diameter of the aperture
Range
Laser beam divergence
Backscatter cross section
System transmission
Atmospheric transmission

Figure 2. Airborne laser scanning (ALS), basic principle of transmission.

2.2.2. Reﬂectance
Reﬂectance is the physical property that denotes how much energy is reﬂected by an object’s
material. Depending on the wavelength, EM radiation interacts in diﬀerent ways when it hits object
surfaces. As noted above, a certain percentage of energy will be absorbed, transmitted, or reﬂected.
The backscatter cross section in Equation (2) [15], combines all target parameters, including the object’s
material and its directionality of the scattering. It is a measure of the surface’s interaction with radiation.
Within Equation (2), the reﬂectance is part of the backscatter cross section. For surfaces with uniformly
bright, diﬀuse reﬂectance behavior (Lambertian surfaces, see [17] (p. 441)), the reﬂectance is therefore
the physical property of how much energy is reﬂected by a material. For non-Lambertian surfaces, the
value can be interpreted as a diﬀuse reﬂectance measure at the speciﬁc measurement geometry. Thus,
this value only delivers the real reﬂectance for surfaces with Lambertian backscatter characteristics.
In practice, these could be surfaces such as asphalt or unﬁnished wood. In order to calculate an
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incidence angle corrected reﬂectance, Lambert’s cosine law [18] is applied, as the reﬂected energy
decreases with the incidence angle.
Equation (2) Derivation of reﬂectance [15].
σ=
σ
Ω
ρ
Ai

4π
ρ Ai
Ω

(2)

Backscatter cross section
Directionality of scattering
Reﬂectance
Area illuminated by the laser beam

2.2.3. Calibration to Derive Reﬂectance
The process of deriving material information in the form of the attribute reﬂectance from the
received amplitude data is called radiometric calibration. Reﬂectance is derived by reformulation of
Equations (1) and (2). Thus, the calibration process corrects the inﬂuences on the received amplitude
and those from the object’s geometry described above. Some of the parameters can be derived from
laser echo information itself (e.g., range correction) or approximated using the incidence angle, which
requires its neighboring points for estimation of the surface normal, scanner trajectory, and point of
reﬂection information. All other parameters that are unknown but can be assumed to be invariant
during one ALS campaign can be summarized in one constant, the calibration constant Ccal (The full
derivation of the reﬂectance can be found in Appendix A.). Therefore, Ccal needs to be estimated
during the calibration process. This is done by using areas whose reﬂectance values are known (either
through separate measurement or estimation). Once Ccal is obtained, the reﬂectance data for each laser
scan strip can be calculated.
2.2.4. Absolute and Relative Calibration
The derivation of the reﬂectance depends on the estimation of Ccal and therefore on areas with
known reﬂectance values. Depending on the source of the known reﬂectance values, the calibration
either results in absolute or relative calibration and reﬂectance values [2] (p. 335):
1.
2.

Absolute calibration uses in-situ measurements of the reﬂectance from ground targets that are
measured in concert with the ALS acquisition.
Relative calibration uses approximate reﬂectance values from well-known surfaces that exhibit
nearly Lambertian backscatter characteristics.

Absolute calibration can be used in order to compare values between multiple ALS data sets
ﬂown at diﬀerent periods or wavelengths, or to relate radiometric data directly to physical properties
of objects [2,5]. An absolute calibration approach is clearly necessary when comparing multiple data
sets from diﬀerent ﬂights and/or wavelengths, or when the intent is to connect the physical properties
of an object to the measurements (i.e., when calculating plant biomass or leaf-area indices). However,
when using data from a single ﬂight that has been previously acquired or purchased from a supplier
after acquisition, it is not possible to obtain simultaneous in-ﬁeld measurements. Furthermore, if the
intent is simply to utilize the data to quantitatively or qualitatively look for relative diﬀerences in
reﬂectance within a given data set, absolute calibration may be unnecessary. This includes the bulk of
archaeologically relevant uses of radiometrically calibrated data, in which the user is only interested
in examining the relative contrast between objects and where the real-world values of an object are
not necessary.
2.3. Radiometric Data and Calibration in Archaeological Research
The technical speciﬁcs of FWF ALS data capture and its application in archaeological research for
topography-based purposes (i.e., as described in point 1 of Section 2.1) have, by now, been widely
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reported [19–23]. While the overview of various uses of LiDAR reﬂectance information presented by
Höﬂe and Pfeifer [3] (p. 417–419) summarizes its use for the improvement of ALS data processing
as well as its application in classiﬁcation of land use/land cover, considerably less attention has
been given to such characteristics of laser pulses in archaeological research. Coren [24] visualized
‘calibrated intensity’ data in the area of Roman Aquieia in Northern Italy, locating a number of
“anomalies already seen in the digital orthophoto”. However, their archaeological signiﬁcance was not
discussed. Challis has used ‘intensity’ data in the interpretation of river valleys [6–9]. Challis’ work
also discussed the wide range of factors contributing to its inherent distortion. Furthermore, attempts
were made to compensate for surface variation [6,7] (p. 164). From the resulting normalized image,
Challis could identify cropmarks suggesting a Romano-British villa site at Cromwell that was not
visible in the DTM [6] (p. 7,11). At the river Trent, similar data revealed cropmarks of paleochannels
and hinted at parched crop and “highly saturated ground” [7] (p. 163).
Although both Challis and Coren applied calibration procedures to their data sets, these only
accounted for a limited number of parameters. Challis [6] (p. 6) corrected for topography using
a range-based formula adapted from Luzum et al. [25]. The impact was, however, minimal [6]
(p. 9). This may be due to the fact the calibration process applied in the study changed only one of
many distorting factors. Based on this experience, Challis proposed further research into calibration,
especially with regard to the use of FWF ALS, and to make further use of the results. This includes
ALS acquisition ﬂights during the vegetation season and combining the resulting data with other
prospection data [7] (p. 168).
In 2014, Briese et al. [5] presented a workﬂow for absolute radiometric calibration of FWF ALS data
that provides calibrated multi-wavelength reﬂectance images useful for archaeological prospection.
In contrast to the ﬁndings of Challis and Howard [7] (p. 167), Briese et al. were able to show signiﬁcant
improvement in usability of calibrated reﬂectance data acquired from an ALS scan in low-relief areas
of fairly uniform vegetation. It should be noted, though, that the scan parameters, scanner type, and
ﬂight conditions were very diﬀerent to that of Challis and Howard’s study. The approach used in [5] is
based on measurement of in-situ reference targets and recording of associated meteorological data,
decomposition of the full-waveform to acquire echo parameters, and subsequent calculation of local
variables and correspondence of ALS data with in-situ measurements in order to archive a calibration
coeﬃcient, which is applied to all strips [5] (p. 166). While the study showed a signiﬁcant increase in
the detection of vegetation marks indicating archaeological features of interest in the area of (formerly)
Roman Carnuntum (Lower Austria) when compared with interpretations based on information from
existing orthoimagery, the requirements of the absolute calibration process exceed the limits of data
acquired ‘oﬀ the shelf’ or when simultaneous in-ﬁeld measurements are not possible.
3. Methodology
Our workﬂow consists of a desk-based approach to derive the reﬂectance of a multi-strip ALS
data set, ideally collected during a single ﬂight period. Preferably, a geometric strip adjustment should
be applied to the data set prior to application of the workﬂow, as was the case with our data set.
The workﬂow used for the derivation of calibrated reﬂectance maps from FWF point clouds was
implemented in the software package OPALS [12]. Instead of using in-ﬁeld measurements, which were
not available, estimated Lambertian reﬂectance values for given surfaces were used. However, the
process for calibration is the same, regardless of the source of the reﬂectance values. Therefore, this
approach may also be used for absolute calibration if the necessary measurements are available.
In addition to the point cloud (containing amplitude values) and estimated reﬂectance values for
given locations, another key point attribute is the beam vector (Figure 3), which is needed to calculate
the range and incidence angle. The beam vector is calculated using data from a trajectory ﬁle generated
during the laser scan, which contains time, position and orientation information about the laser beam
origin as acquired from the GNSS/IMU of the instrument. It is also possible, to some extent, to use
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approximate estimations of such values. However, this may result in less accurate or unsatisfactory
calibration results and more eﬀort in pre-processing.

Figure 3. Illustration of the beam vector and normal vector of a laser pulse. The beam vector is
calculated using absolute position and orientation information about the laser beam origin.

The calibration process is divided into three parts: (1) Pre-computation of the calibration attributes,
(2) derivation of the calibration constant (Ccal ), and (3) reﬂectance calculation and generation of a
reﬂectance map from the calibrated data in the point cloud (Figure 4):
1.

2.

3.

Pre-computation: As described in Section 2.2, there are speciﬁc attributes that need to be
calculated for each echo prior to derivation of the calibration constant. The principal attributes
needed are the range of the laser beam and its incidence angle. The range is calculated by using
the trajectory ﬁle generated during the laser scan, while the calculation of the incidence angle
requires the beam vector and the local plane normal vector (Figure 5), using a robust plane
interpolation of neighboring points based on the point cloud derived from the laser scan.
Derivation of the Calibration Constant (Ccal ): The calibration constant is derived by deﬁning
areas of similar, known reﬂectance (e.g., roofs, asphalt, or concrete), using the uncalibrated
amplitude data in the form of a raster image as a guide. The areas are usually identiﬁed and
chosen from on-site knowledge or, if available, from the orthoimages acquired simultaneously
with the laser scan or satellite imagery. These AOIs are created as a shapeﬁle containing the
geometry of the AOI and an estimation of the surface reﬂectance. If the surface reﬂectance value
is not known, values for individual material types can be acquired from online sources such as
the USGS Spectral Library [26,27]. The calibration constant is calculated using the values deﬁned
in the AOI shapeﬁle and the pre-computation data. Ccal is estimated for every point within each
shape polygon, and the median value of the estimations is used for the reﬂectance calculation.
Reﬂectance Calculation: Once the radiometric calibration constant is obtained, the reﬂectance
attribute is calculated for all echoes. A raster grid is calculated from the output using the median
values of reﬂectance for each cell.

To apply the workﬂow, we began by creating a shapeﬁle to digitize AOIs in a GIS environment,
using a raster map created from the uncalibrated amplitude values in the point cloud as a reference.
In our case, we used an asphalt road and assumed a standard reﬂectivity of 0.2, which has been shown
to be the mean reﬂectivity for worn asphalt surfaces at the wavelength of the scanner used in our
study [5] (p. 337), [28]. While such surfaces vary due to factors such as age, moisture, and material
inclusion, assuming a mean value for calibration was valid enough, as we were only interested in
relative values. What was more important was that the AOI areas chosen were similar in terms of wear
and material. Each AOI was digitized as a separate shape with its own corresponding attributes in
the attribute table. In addition to the unique identiﬁer, the only other necessary ﬁeld in the shapeﬁle
table was a numeric ﬁeld in which the estimated Lambertian reﬂectance value for the material within
the AOI was input. An initial pre-computation (1) was run to acquire the necessary attributes for
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each echo. The OPALS module RadioCal [29] was then used to acquire the calibration constant in
conjunction with the data from the AOI shapeﬁle (2). RadioCal was then re-run in order to apply the
reﬂectance calculation to all echoes in the data set (3). The resulting point cloud was used to generate
the calibrated reﬂectance map in the OPALS module Cell [30], using the median reﬂectance values from
the last return points in each cell of the raster grid. A batch ﬁle containing the necessary commands
was used to automate all stages of the process subsequent to the generation of the AOI shapeﬁle.

Figure 4. Workﬂow for relative calibration of reﬂectance data.

Figure 5. The Prospecting Boundaries project area, western Sicily. Background image © ESRI.
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4. Case Study and Data Acquisition
4.1. The Mazaro River Corridor, Western Sicily
In order to evaluate the applicability of the relative calibration process for archaeological research,
we applied the method to data collected during the Prospecting Boundaries project. The Prospecting
Boundaries project [31], in cooperation with the Soprintendenza per i Beni Culturali ed Ambientali di
Trapani, seeks to explore the diversity of land use in the region along the Mazaro river corridor using
integrated archaeological prospection techniques to investigate the present remains of past activity
in the landscape. These techniques include active and passive remote sensing data collection and
interpretation, geophysical prospection, surface survey, and geoarchaeological evaluation. Centered on
the Mazaro river, the project encompasses an area of roughly 70 km2 , stretching inland from the river
mouth at modern-day Mazara del Vallo (Figure 5). The project is concerned with human activity
during all periods in the region, working backward from the present to document and deconstruct
modern and historical land use in order to try to connect the relict fragments of prior human activity
to continuity and change in the wider landscape. The hinterlands of Mazara del Vallo are a prime
location in which to explore these topics, as they contain a rich matrix of known archaeological sites
from the Upper Palaeolithic to the modern era [32–38]. However, while areas in the wider region of
western Sicily have been the subjects of more systematic ﬁeld surveys in recent years (e.g., [39,40]), the
area around the Mazaro has received comparatively little systematic attention. This also makes it an
ideal location to test the applicability of new integrated archaeological prospection techniques.
Modern land use in our project area has a variable impact on the surface visibility of the
archaeological record. In the southern and northern parts of the project area, land use is largely given
over to agricultural production. This includes the growing of cereal crops, vineyards, and olive and
fruit trees. The central part of the project area with its rocky limestone outcrops, known locally as
sciara (pl. sciare), is mainly used for pasturage and quarrying, which seem to be a common practice
in the region from antiquity to modern times. A switch to more intensive agricultural and resource
extraction practices since the 1950s, as evidenced by historical aerial imagery, has had a large impact on
surface visibility in the region [41,42]. Furthermore, land fragmentation further reduces the visibility of
manifesting vegetation marks between irregular ﬁelds containing discontinuous vegetation (Figure 6).
Thus, the environmental conditions and land use in this study area are heterogeneous and noticeably
diﬀerent to those in the abovementioned studies.

Figure 6. (a) The sciara di Mazara del Vallo; (b) land fragmentation resulting from the subdivision of
parcels and agricultural diversity. Photographs: C. Sevara.

Due to the range of human activity and the physical properties of the modern landscape,
archaeological sites tend to appear in a variety of direct and indirect ways in our study area. For instance,
features of interest manifesting as rock-cut or rock-worn relief objects in ALS-derived digital elevation
models (DEMs) generally tend to appear in the southern and central parts of our project area where the
land use is more given over to pasturage and quarrying, and the Miocene/Pliocene rocks run closer to
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the modern ground surface. In the northern part of the project area, topographic data is more indirectly
useful, providing general information about the physiographic environment. This diversity also
prompts us to look for new methodological solutions that can support our research goals. Therefore,
one of the key goals of this research is to evaluate the applicability of radiometric data sets in extremely
heterogeneous environments such as our case study area along the Mazaro.
4.2. Data Sets
A single ﬂight FWF ALS data set was acquired speciﬁcally for the project. Airborne Technologies
GmbH (ABT), a commercial provider of ALS surveys with experience in data acquisition for
archaeological research, conducted the survey on the morning of 21 February 2016 using a Riegl
LMS-Q680i scanner [42] (p. 618), which operates at a wavelength of 1550 nm [43]. Laser data and
corresponding orthoimagery were collected in 26 longitudinal strips with an overlap of 20%, and two
cross strips, resulting in an average unﬁltered point density of 16 points per square meter (Table 1).
Initial postprocessing, including strip adjustment and calculation of the 3D point cloud, was carried
out in Terrascan [44]. While amplitude data was recorded during the ﬂight, no simultaneous ground
acquisition of reﬂectance values was performed.
Table 1. ALS and orthoimage acquisition parameters. Acquisition date: 21 February 2016 0746-124.
Source: Airborne Technologies, GmbH/Riegl Laser Measurement Systems.
Laser Scanner: Riegl LMS-Q680i Full Waveform

RGB Camera: IGI Digicam H-39

Unﬁltered Point-Density (per m2 )
Strip Overlap
Scan angle (whole FOV)
Flying height (AGL)
Speed of aircraft (TAS)
Laser Pulse Rate
Measurement Rate (max)
Scan Lines per second
Laser Wavelength
Strip Adjustment/Error
Filtering
Reﬂectance Image Resolution

Array Size
Detector Pitch
Image Size
Focal Length
Ground Sample Distance
Overlap (Side/Forward)
Exposure Time (s)
Aperture
Image Color Mode

16
20%
60◦
511 m
110 knots
400,000 Hz
266,000 Hz
169
1550 nm (SWIR)
Yes, 0.0128 m (std. deviation)
Robust interpolation (OPALS)
50 cm

39 MP
6.8 μm
7216 × 5412 px
50 mm
8 cm
30/60%
1/750
f /5
RGB

5. Application and Results
5.1. Results of the Calibration Process
The calibration workﬂow was applied to our entire 60 km2 dataset along the river Mazaro.
A substantial minimization of per strip diﬀerences can be noted in the calibrated reﬂectance image
as compared to one using the amplitude values as acquired from the scanner. When calibrated, the
values for discrete objects become more uniform (Figure 7). While the diﬀerences between strips are
not altogether eliminated, they are nevertheless greatly minimized.
This can be observed in the values for a highly reﬂective feature, such as the modern quarry
illustrated in Figure 8. The area shown was used to calculate pixel wise diﬀerences of amplitude and
reﬂectance maps from two overlapping strips, and a spot comparison was calculated for the two points
illustrated in the ﬁgure. Point 1 was calculated from the surface of the modern quarry strip, while
Point 2 was calculated from an asphalt road surface similar to that used as an AOI for the calibration
process. The amplitude diﬀerences deviated signiﬁcantly in comparison to the calibrated reﬂectance,
as seen in the histogram displayed in Figure 9. The amplitude values were normalized by 600 (i.e.,
the maximum amplitude within the strips) for comparison purposes. The values for amplitude and
calibrated reﬂectance for each point in three overlapping strips are provided in Table 2.
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Figure 7. (a) Uncalibrated amplitude map of strips; (b) calibrated reﬂectance map of strips. Visualization:
1 m spatial resolution raster calculated using the median value of each cell. Coordinate system: WGS84
UTM Zone 33N.

Figure 8. Calibrated reﬂectance map showing locations of spot comparisons. Point 1: Modern quarry
strip. Point 2: Asphalt road. Visualization: 1 m spatial resolution raster calculated using the median
value of each cell. Coordinate system: WGS84 UTM Zone 33N.
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Figure 9. Histogram of diﬀerences of two strips. Red: Amplitude scaled by 600. Blue: Reﬂectance.
Table 2. Amplitude and calibrated reﬂectance values for points shown in Figure 8.

Point 1

Strip 1

Strip 2

Strip 3

Amplitude

477.0

451.5

357.0

Reﬂectance

0.51

0.49

0.54

Range

Point 2

Amplitude: 119.5/scaled by 600: 0.20
Reﬂectance: 0.06

Amplitude

215.0

190.0

179.5

Reﬂectance

0.22

0.23

0.25

Range

Amplitude: 35.5/scaled by 600: 0.06
Reﬂectance: 0.03

5.2. Archaeological Applications
The calibrated reﬂectance data in the point cloud have provided useful information about
archaeological features within our project area. A 50 cm spatial resolution raster calculated from
the reﬂectance values in the last echoes of the calibrated ALS point cloud was used for the speciﬁc
purpose of examining the viability of the data for feature detection via visual inspection of the data and
comparison with RGB imagery and terrain-derived visualizations. From an archaeological standpoint,
we ﬁnd the reﬂectance data to be useful in our project area in two main ways: For direct detection
of rock cut archaeological features, and for the indirect detection of features through the proxy of
vegetation and soil marks.
Rock-cut and rock-worn features are some of the most prominent classes of features in our project
area that are detectable in remote sensing data. In addition to the fairly prominent modern quarry sites
mentioned above, other subtler rock-cut and rock-worn features could be delimited in the reﬂectance
map. This included older quarries, foundations of habitation structures, and relict evidence of transport
in the form of vehicle ruts worn into the exposed bedrock. This information has proven particularly
helpful in diﬀerentiating between human made rock cut structures, such as the foundations of houses
and other buildings, and the geological features visible in the area. The builders of these structures
took advantage of the natural geological framework of the area, carving their dwellings into the softer
components of the bedrock and following the rectilinear structure of the geological substrate. As the
human-made structures often follow the geological pattern and are of similar sizes and shapes to the
natural features, they can be diﬃcult to delimit in remote sensing data. Unlike the quarries, many of
these multi-room structures are also comparatively shallow, at as little as 20 cm below the surrounding
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rock. However, like the modern quarries, the rock cut structures and their ﬁll exhibit more uniform
reﬂectance than their surrounding natural counterparts. This makes them easier to diﬀerentiate from
the surrounding natural geology, as is the case with the structures in Figure 10, which depicts a group
of rock-cut structures in the central part of the image (Figure 10a–c)

Figure 10. Rock-cut structure foundations (representative structures are to the left of red dots).
(a) Contrast stretched calibrated reﬂectance image of rock cut structures, which can be identiﬁed
as more homogenous rectangular objects amongst the bedrock outcrop; (b) contrast stretched RGB
orthoimage; (c) multiple visualization (Multi hillshade, Slope, Sky-view factor, positive openness) of a
50 cm spatial resolution digital terrain model (DTM) speciﬁcally ﬁltered to preserve archaeological
structures; (d) ground image of one of the rock-cut structure foundations (position indicated by red
arrows). Coordinate system (a–c): WGS84 UTM zone 33N. Photograph (d): C. Sevara.

Additionally, the reﬂectance values clearly delimit the extensive groups of animal-drawn vehicle
ruts that crisscross the exposed bedrock in our project area (Figure 11). These anastomosing networks
are relicts of the former landscape infrastructure in the region, and serve as important indicators of
trade, transport, and other movement throughout the area. While such networks have been extensively
studied in other areas, such as Malta and the Azores [45–47], their history has yet to be explored in
western Sicily. Although the route relicts sometimes reach lengths of over 100 m, the individual tracks
do not always manifest in terrain-derived visualizations of the ALS data, possibly due to a combination
of eﬀects that include their narrow feature dimensions (individual tracks have widths of approx. 50 cm
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and depths of up to approx. 60 cm), ﬁltering and interpolation of the elevation models. Some are
shallow and appear to have been less frequently used, while others are set much deeper into the
bedrock. Furthermore, they are often ﬁlled with soil and/or emergent vegetation, both of which could
contribute to their low relief manifestation (Figure 11d). However, the terrain-based visualizations
have other advantages, such as depicting the outlines of the more topographically prominent of the
linear features, which may indicate that particular strands in the network were used more heavily than
others. Figure 11 shows the complimentary nature of the terrain, orthoimage, and reﬂectance-based
visualizations. While the terrain visualization indicates the direction, extent, cross-cutting, and depths
of the more prominent parts of the network, the reﬂectance and RGB images detail individual tracks
and allow for an estimation of the relative use-wear of tracks based on their color and reﬂectance.
Therefore, we found it advantageous to use the reﬂectance map in conjunction with other data sets to
delimit the properties of these features.

Figure 11. Cart tracks made by animal-drawn vehicles. (a) 50 cm spatial resolution contrast stretched
calibrated reﬂectance image of track network; (b) 50 cm spatial resolution contrast stretched RGB image
of track network; (c) multiple visualization (Multi hillshade, Simple Local Relief Model, Sky-view
factor) of a 50 cm spatial resolution DTM speciﬁcally ﬁltered to preserve archaeological structures;
(d) ground image of one of the more ephemeral cart track pairs. Note that while the DTM visualization
depicts the general outline of the deeper features in the network, the individual tracks for all but the
deepest of the features are only visible in the reﬂectance and RGB images. Coordinate system (a–c):
WGS84 UTM Zone 33N. Photograph (d): C. Sevara.
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In some circumstances, radiometrically calibrated images are more informative than RGB
orthoimagery for crop mark visibility [5]. However, this was not the case for the data acquired
in our project area. This may be due in part to the time of year the ALS data were collected, but it
was also due to the general environmental and agricultural conditions in the region. Although no
new archaeological soil or vegetation marks were identiﬁed based solely on the reﬂectance data, we
observed comparable marks in the reﬂectance map to those identiﬁed in the RGB imagery. At the
site of Guletta, a key research site for our project, data from remote sensing, geophysical prospection,
intensive surface survey, and artifact analysis indicate the presence of a multi-ditched archaeological
structure occupied between the mid-2nd and 1st millennium BC [41,48]. Based on this information, we
interpret the marks in the image as remnants of structures constructed during various phases of the
site’s occupation. Here, the calibrated reﬂectance data have helped to delimit soil and vegetation marks
indicating the location of the prehistoric diched enclosure, although the reﬂectance data alone did not
provide a signiﬁcant amount of new information about these features (Figure 12). Nevertheless, it can
be seen from this example that, like the RGB image, the reﬂectance image contains information about
the vegetation contrast that is indicative of archaeological features. This is, therefore, a good example
of how reﬂectance data can also be used as a substitute for simultaneously acquired orthoimagery in
cases where orthoimagery is not available.

Figure 12. Vegetation marks indicating the presence of a ditched settlement structure. (a) 50 cm
spatial resolution contrast stretched calibrated reﬂectance image of vegetation marks indicating ditched
structure; (b) 50 cm spatial resolution contrast stretched RGB image of vegetation marks indicating
ditched structure. Red arrows indicate location of vegetation marks. Coordinate system: WGS84 UTM
Zone 33N.

5.3. Paleoenvironmental Applications
Reﬂectance data have also proven to be a useful source of paleoenvironmental information in the
project area. Paleomeanders of the Mazaro are in evidence in the northern part of our project area,
where the two spring-fed streams that form the Mazaro converge into the agricultural plain. Here,
the calibrated reﬂectance image clearly indicated former channels of the Mazaro. While some could
be attributed to the channelization of the river in the late 1960s and early 1970s as corroborated by
historical aerial imagery from the time, others seem to predate this activity. While the presence of
such paleochannel indicators in the sciara area, where the Mazaro runs deep in its river valley, was not
highly evident, the reﬂectance map indicates further paleodrainage areas that may have once served as
aggregation points in an area where access to water has long been a primary concern (Figure 13a,b).
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Figure 13. Paleoenvironmental features. (a) 50 cm spatial resolution contrast stretched calibrated
reﬂectance image of the sciara di Mazara del Vallo, in which a paleodrainage can be observed
running through diverse land types; (b) 50 cm spatial resolution contrast stretched RGB image of
the sciara di Mazara del Vallo depicting the same location as (a). Red arrows indicate locations of
paleochannel/paleodrainage. Coordinate system: WGS84 UTM Zone 33N.

6. Discussion and Future Research
6.1. Merits and Limits of the Calibration Approach
Relative radiometric calibration of amplitude information can increase the usability of LiDAR
data by providing normalized reﬂectance values for similar features. This is useful for the delineation
of human-made and natural features within an individual data set. As the resulting reﬂectance values
are relative and based on estimation, they may not be able to be quantitatively compared to other
reﬂectance data sets in the same area or directly to physical properties of the target objects themselves.
However, this should not generally pose a problem for many applications. This includes those in
which the user wants to qualitatively or visually assess the data in some way, generate true, shadow
independent orthoimagery, manually or automatically detect and extract features within a single
radiometric data set, perform statistical analyses, or calculate vegetation indices through a combination
of the reﬂectance map with orthoimagery (since vegetation indices are generally relative calculations).
Therefore, data generated using relative values can be applicable to a wide range of archaeological and
environmental studies.
One thing that the approach we apply does not compensate for is signiﬁcant change in the
reﬂectance of an object due to changing environmental conditions such as moisture. If, for example, an
archaeological feature is partially scanned while the ground surface is very dry, and partially scanned
while the ground surface is very wet, there will naturally be a change in the reﬂective properties of the
object. Furthermore, depending on the EM wavelength of the scanner, more radiation may be absorbed
by the wet surface, meaning that less will be reﬂected. While this will generally not be an issue for
data collected in a single ﬂight, it may be problematic for data collected over an area when signiﬁcant
weather changes aﬀect ground surface moisture levels during the day, or over multiple days (e.g., if
the ground surface is very dry on one day that it is scanned, and very wet the next). This could be an
issue for oﬀ-the-shelf datasets in which ﬂights covering the project area are performed over multiple
days. Scanner wavelength, acquisition times, and dates should be checked, and if no environmental
data are present then historical weather records for the area in question should be consulted. In such
cases, calibration could be performed separately for each epoch.
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Currently, the calibration process requires access to proprietary ALS data processing software.
Therefore, we have provided an interactive batch script and instructions for radiometric calibration in
OPALS. Users who do not have access to a full version of OPALS can download the software and a key
which unlocks the modules needed for radiometric calibration for a limited period. The batch ﬁle,
test data, and information about how to download OPALS can be found at the University of Vienna
Aerial Archive webpage [49,50]. In the future, we plan to release a freely available specialized tool
with a graphical user interface that will streamline the calibration process. This application, currently
in development, will be available for download in mid-2019 at the abovementioned website [49].
6.2. Archaeological and Environmental Potential
In addition to providing a workﬂow for calibration, our research provides further evidence that
calibrated reﬂectance data can be of particular value in archaeological research. One of the chief merits
of the approach outlined here is in its ability to unlock unique information about archaeological and
environmental features that is stored within certain unexploited parameters of ALS data. In this way,
ALS data sets can be seen as archives of not only vegetation and terrain, but also potential reﬂectance
data indicating locations and properties of features that may no longer be extant. Therefore, the
‘serendipity eﬀect’ [51] can also apply to archival ALS data.
In the context of our study area, archaeological features detectable using remote sensing techniques
tend to manifest mainly as rock-cut and rock-worn structures and earthworks. Visualizations derived
from the calibrated reﬂectance data have been very helpful in delimiting such features, providing clear
diﬀerentiation between the texture of the structures, their ﬁll and the surrounding areas compared to
other data sets of similar spatial resolution. This is one way in which such data sets can be useful in
environments such as ours, where it can be diﬃcult to delimit visible features within the complex,
noisy texture of exposed bedrock areas such as the sciare. As laser scanners are themselves a source
of radiation, reﬂectance maps have the additional beneﬁt of providing information similar to that of
orthoimagery but without any shadows. This can be particularly advantageous for delimiting features
that may be partially occluded by shadowing in orthoimagery. Thus, the calibrated reﬂectance maps
provide complimentary information to terrain-based and orthoimage datasets.
The reﬂectance data in our study were less productive regarding detection of archaeological soil
and vegetation marks in our project area. Although much of this may be due to the type of vegetation
and terrain in our study area, it may also partly be due to the time of year in which the ALS data were
collected. It would be worthwhile to investigate the usability of data collected at other times of the
year and at diﬀerent wavelengths to isolate the potential reasons for this. Nevertheless, we do see
archaeological vegetation and soil mark manifestation on par with that seen in the corresponding
orthoimagery, and a particular applicability for paleochannel/paleodrainage detection in both the sciare
and the inland agricultural environments.
Regardless of the feature type, from a feature detection perspective, the ground sample distance
(GSD) of a data set must be relatively high in order to clearly delineate small features and pick up subtle
variations in reﬂectance value. The high density of returns in our ALS data set allowed us to generate a
reﬂectance map at a GSD of 50 cm. This spatial resolution allows for the generation of data sets in which
the resolution is high enough to identify fairly discrete features. Such resolution may not be possible
for data collected at coarser ground spacing, although this should not limit the usability of reﬂectance
information for the detection of features of larger size, including paleoenvironmental features.
6.3. Reﬂections on the Future of Radiometric Data in Archaeological Research
Through the development of a straightforward approach for relative calibration of amplitude
values in LiDAR data, we hope to provide a wider range of users with access to an unexploited
facet of information within their laser-based data sets. We see this parameter as being essential to a
number of applications, yet chronically underused due to either the diﬃculty in processing it or an
ignorance of its potential. While we have so far used our radiometrically calibrated data set for fairly
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conventional purposes, we see further potential for such information as both direct and indirect aids to
archaeological and environmental research. These uses include using reﬂectance values as parameters
for the improvement of ﬁltering routines for ALS data, where stone surfaces (representing surfaces
devoid of vegetation containing archaeological features, such as incised cart ruts or stone walls) might
be automatically excluded from ﬁltering. Reﬂectance values can also be useful as parameters for
automated feature detection applications [3] (p. 417), [52]. In our project area, we see particular
potential for such applications with regard to automated detection and classiﬁcation of modern and
historic land use such as quarrying, which has signiﬁcantly aﬀected the modern ground surface. We
envision this as part of a routine incorporating modern and historic data sets for continual monitoring of
land use change, and as a way to inform our ongoing historic landscape characterization of the region.
There may also be potential in the combination of reﬂectance data with simultaneously acquired
optical imagery to produce an approximation of false color infrared imagery [11] (p. 50), which could
yield an increase in the detection of archaeological features, particularly vegetation marks. The success
of such an approach would be dependent on several factors, including the laser wavelength and
time of year of the ﬂight. Image fusion techniques, such as those proposed by [53], may also be
useful ways to combine reﬂectance map data with other remote sensing and geophysical prospection
data sets. Additionally, reﬂectance data could be used for the calculation of vegetation indices [54]
(p. 253), mitigating eﬀects related to BRDF (bidirectional reﬂectance distribution function) [55].
Statistical calculations based on reﬂectance data could also be used for a number of other purposes, e.g.,
in order to calculate percentages of coverage of certain types of land cover over a given project area.
Calibrated reﬂectance maps may also be useful for terrestrial laser scanning applications in
archaeology. For instance, as true orthoimages can be produced independent of local lighting
conditions, reﬂectance data may be useful for generation of illumination-independent imagery for
documentation and feature detection in low-light environments such as building interiors and caves.
Thus, we see many applications for reﬂectance data, both as a standalone information source and in
concert with other prospection information. These and numerous other applications for reﬂectance
data could be very useful not only in the context of archaeological research in the Mediterranean, but
for a wide range of disciplines working in a variety of physiographic environments.
7. Conclusions
In this paper, we have presented a desk-based methodology for relative radiometric calibration of
amplitude information in ALS data sets and demonstrated its applicability for archaeological research.
From our perspective, the lack of uptake in the use of radiometric data in archaeological research so far
may be due to two issues: ignorance of its potential and diﬃculty in processing. We have addressed
both of these issues, and have provided a workﬂow and freely available tools to help users to apply the
approach to their own data sets. This approach provides an additional, accessible way to exploit often
unused information already present in many LiDAR scans. Therefore, it is not only applicable to newly
collected data, but also to the growing archive of LiDAR data sets that have a radiometric component.
Furthermore, we see great potential for relative calibration of reﬂectance data not only in archaeological
research, but in a wide array of disciplines that utilize LiDAR data for environmental analysis.
One of the chief merits of calibrated reﬂectance data lies in the potential to provide an
illumination-independent true orthometric image that approximates an orthophotograph in the
EM range of the scanner. We have investigated the use of such information in the context of western
Sicily and found that reﬂectance data clearly provide us with important supplemental information
in archaeological and paleoenvironmental contexts. This includes narrow linear features that are
diﬃcult to detect in corresponding terrain data, rock-cut habitation, and resource extraction features,
paleodrainages, and paleomeanders indicative of the location of former water sources. What makes the
reﬂectance data particularly useful as a comparative data set is that they are based on wholly diﬀerent
data values than visualizations derived from terrain values. While the terrain-derived visualizations
highlight relief features in unique ways, they are all based on variations of the same core values.
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Reﬂectance values, on the other hand, are based on diﬀerent physical properties. Therefore, they can
not only act as complimentary data sets to terrain-based visualizations, they can provide independent
information about features whose reﬂectance may be uniform even if their relief displacement may be
low. Furthermore, even when relatively calibrated, reﬂectance data have the potential to provide useful
information for the improvement of LiDAR ﬁltering, quantitative analyses, and automated feature
detection. In light of this, we see reﬂectance data as being an important addition to the archaeological
prospection toolbox in Mediterranean environments and beyond, providing additional ways to take
even greater advantage of the information already present in LiDAR data.
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Appendix A
The process of radiometric calibration is based on the following LiDAR adapted formulation of
the radar equation, which describes the relation between the transmitted Pt and the received power Pr
of an ALS system:
Pt D2r
σ ηsys ηatm
Pr =
4 π R4 β2t
This formulation considers the following inﬂuencing factors: The receiver aperture diameter Dr ,
the range between the sensor and the target R, the laser beam divergence β2t , the backscatter cross
section σ as well as losses occurring due to the atmosphere or in the laser scanner system itself, i.e.,
a system and atmospheric transmission factor ηsys and ηatm respectively. The backscatter cross section,
which is given by the formula below, combines all target parameters such as the laser foot area Ai
(i.e., the size of the area illuminated by the laser beam), the reﬂectivity ρ, and the directionality of the
scattering of the surface Ω.
4π
ρ Ai
σ=
Ω
All parameters which are unknown, but can be assumed to be invariant during one ALS
campaign, can be summarized in one constant, the so-called calibration constant Ccal . This is eventually
mathematically described as:
β2t
Ccal =
Pt D2r ηsys
Combining the ﬁrst and third equation the formula for the backscatter cross section σ can be
written as:
Ccal 4 π R4 P̂iSp,i
σ=
ηatm
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It is mentioned that in the above equation the actual received power Pr is replaced by the term
P̂iSp,i . This is due to the fact that received power Pr is proportional to the product of the amplitude P̂i
and the echo width Sp,i .
Source: [15,16,29].
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Correspondence: ziga.kokalj@zrc-sazu.si; Tel.: +386-1-4706-458

Received: 28 February 2019; Accepted: 20 March 2019; Published: 27 March 2019

Abstract: Visualization products computed from a raster elevation model still form the basis of
most archaeological and geomorphological enquiries of lidar data. We believe there is a need to
improve the existing visualizations and create meaningful image combinations that preserve positive
characteristics of individual techniques. In this paper, we list the criteria a good visualization should
meet, present ﬁve different blend modes (normal, screen, multiply, overlay, luminosity), which combine
various images into one, discuss their characteristics, and examine how they can be used to improve
the visibility (recognition) of small topographical features. Blending different relief visualization
techniques allows for a simultaneous display of distinct topographical features in a single (enhanced)
image. We provide a “recipe” and a tool for a mix of visualization techniques and blend modes,
including all the settings, to compute a visualization for archaeological topography that meets all of
the criteria of a good visualization.
Keywords: relief mapping; visualization; blend modes; digital elevation model; airborne laser
scanning; lidar

1. Introduction
Many advanced visualization techniques for presenting high-resolution elevation data, such
as airborne laser scanning (ALS)-derived elevation models, have been developed speciﬁcally for
archaeological purposes or have been adapted from other scientiﬁc ﬁelds. Their usefulness for detection
and interpretation of a variety of topographic forms has been demonstrated in several scientiﬁc
papers and day-to-day practices, though the choices of visualizations are largely based on intuitive
personal preferences.
Currently there is a lack of explicit workﬂows, conventions, and frameworks for visualizing
remote sensing data for archaeological exploration. Some scientiﬁc ﬁelds have already experienced
this requirement for optimization, transparency, and reproducibility of visualization methods.
Medical diagnostics, for example, has been facing difﬁculties of integrating spatial information obtained
from imaging data for many years, which ﬁnally led to the development of standardizations [1,2].
Hence, it makes sense to strive for uniﬁcation of visualization methods also in archaeology and cultural
heritage management, as well as other disciplines (e.g., geomorphology, geology, natural resource
management, glaciology) that use visualized airborne laser scanning data. The need for common
practice is becoming more pressing with increasing availability of national lidar datasets and
resulting large-scale (national) mapping projects, where there is a need for homogeneous, reliable,
and comparable results from multiple interpreters. This also raises the issue of effective training which
beneﬁts from clear objectives and standards, competent instructors, and supported by appropriate data,
methods, and tools. We suggest that archaeological applications of ALS-derived visualizations often
Remote Sens. 2019, 11, 747; doi:10.3390/rs11070747
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suffer from a lack of rigor and explicitness in choices of visualization method, with little consideration
of theoretical grounding, thorough review, or systematic testing on-screen and in the ﬁeld. Indeed,
there is a tendency to default to using ‘as many techniques as possible’, which is a difﬁculty as this is
resource intensive and the cost/beneﬁts for information return are not quantiﬁed. These issues are
exacerbated by the proliferation of available methods, a sample of which is described in Section 2.2.
In this paper, we show that while different visualizations determine each information layer, image
fusion with blend modes may maximize combined information. We also argue that different blend
modes enhance the visibility (recognition) of small topographical features on the ﬁnal combined
visualization. We describe a method that uses blend mode techniques for combining visualizations into
a single, enhanced image—a visualization for archaeological topography (Figure 1)—that preserves
the positive characteristics of input images, while keeping information loss at a minimum. This is in
line with the arguments of Borland and Russell [3], who reason that if the aim of a visualization is to
effectively convey information to viewers, then we should also aim to ensure visualizations intended
for scientiﬁc use are accurate, unbiased, and comparable.
The authors recognize the importance of exploration in research and are not arguing against the
need to ‘see more than one image’—on the contrary, we support that premise but believe that the
properties and utility of visualizations for tasks at hand should be properly understood. In support
of this, we discuss the properties of a good visualization and propose a theoretical and practical
framework for how such properties could be achieved. However, in setting out our proposed
visualization for archaeological topography, we put it forward as a contribution to developing efﬁcient
and comparable outputs from archaeological mapping from ALS derivatives. Indeed, we do not
believe that it should become the ‘go to’ choice before it has been more thoroughly discussed and
compared with other similar ‘hybrid’ visualizations. The framework, however, provides a starting
point for discussion. We believe that archaeological and historical management practices will beneﬁt
from a best-practice workﬂow that will ensure at least basic comparison of mapping results across
different research groups, between regions, and internationally. This requires a set of guidelines on
what works and what does not, and for conventions for visualizations that do not simply reﬂect ‘local’
personal or institutional preferences.

Figure 1. A schematic workﬂow illustrating the steps, variables, and their settings in producing the
visualization for archaeological topography. Either hillshading or an RGB composite of hillshadings
from three directions can be used as a base layer. Figure 6 illustrates the results of the blending steps.

The paper ﬁrst provides some background on why we have decided to use simple
two-dimensional (2D) terrain representations, i.e., raster elevation models (Section 2.1). This is followed
by information on how recognition of small-scale features can be enhanced with various visualization
methods (Section 2.2), which provides the background to explaining why blend modes to combine
information from different visualizations are useful (Section 2.3). In Section 3.1, we describe our
case study areas, ALS data, and their processing procedures. We proceed with the description of
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visualization methods (Section 3.2) and blend modes (Section 3.3). The effects of blend modes on
ALS data visualizations are described in Section 4.1 and this knowledge is then used to construct
the visualization for archaeological topography, explained in Section 4.2. We discuss the results in
Section 5 and provide conclusions in Section 6.
2. Background
2.1. The Logic Behind Using Two-Dimensional Terrain Representations
It is beyond the scope of this paper to deeply explore the beneﬁts and drawbacks of mapping
in a two- or three-dimensional environment. We chose to focus on 2D terrain representations (i.e.,
raster elevation models), because the products computed from a raster elevation model, especially
various visualizations, still form the basis of most archaeological and geomorphological inquires of
lidar data—even if they are later displayed in a seemingly 3D environment. Potree [4] and similar
viewers now enable fast and reliable display of a lidar point cloud and the properties of single points,
including, for example, RGB colors rendered from a photo camera, in a seemingly 3D environment.
However, it is still beyond the average practitioner to successfully investigate or map from a large
lidar dataset in 3D.
The preference for either 3D or 2D is neither obvious nor deﬁnite, but depends on the dataset,
task, and context [5–7]. 3D visualization comes with increased complexity, where one of the most
obvious issues is occlusion [5,8,9]; some parts of terrain (or structures) make it difﬁcult to view others
that are partially or completely hidden behind them. If the image is static rather than interactive,
which does not make it possible to rotate the view point, the occluded data is effectively lost [8].
Even if people can move their viewpoint, there are issues of projection and perceptual ambiguity.
Additionally, pseudocoloring in a 3D environment and simultaneous use of shading can interfere with
each other [9,10], making visualizations harder to read or, worse, cause incorrect data analysis [8].
While 2D visualizations are simpler in certain regards, their main advantage is that they allow all
the data to be seen at once. Numerous studies have conﬁrmed that 2D visualizations are more
comprehensible, accurate, and efﬁcient to interpret than 3D representations for tasks involving spatial
memory, spatial identiﬁcation, and precision [5,11,12]. For these reasons, while we recognize the
desirability of working in 3D environments, we believe that routine practice will remain heavily
dependent on 2D representations for some time yet.
2.2. Enhancing Visibility of Small-Scale Features With Visualizations
Logical and arithmetical operations, classification, visibility analysis, overlaying procedures, and
moving window operations can be used to enhance the edges of features or otherwise improve their
recognition. Multiple studies compare the various visualization techniques (see e.g., References [13–17]),
including the visualization guidelines by Kokalj and Hesse [18]. Some techniques are simple to compute,
e.g., analytical hillshading and slope gradient, while others are more complex, e.g., sky-view factor [13],
local relief model [19], red relief image map [20], multidirectional visibility index [21], or multiscale
integral invariants [22]. While the first set of techniques focus on small-scale topographical forms,
the latter consider topographic change of varying size and express it in a single image, similar to
multiscale relief model [23]. An interesting approach uses a combination of a normalized digital
surface model (nDSM) or a canopy height model (CHM) and shaded relief or a grayscale orthophoto
image that help evaluate the immediate environment of archaeological features, especially when
covered by forest. An approach that is especially effective in visualizing hydrological networks was
proposed by Kennelly [24] who combined relief hillshading and curvature. In addition, a number of
image processing local filters can be applied to the elevation model in order to detect high frequency
variation (e.g., Laplacian, Sobel’s, Robert’s filters, unsharpen mask). The simplest is the Laplacian filter,
specifically designed for local edge detection, i.e., emphasizing sharp anomalies [15]. Because edge
detection filters emphasize noise, they are often applied to images that have been first smoothed to a
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limited extent—e.g., Laplacian-of-Gaussian. Because so many methods exist, there are even studies
that propose techniques to analytically assess the efficacy of various visualizations [25]. Among the
dozens of techniques that can be applied to visually represent terrain characteristics, not all are easily
interpretable, some introduce artifacts or give very different results in different areas. Some are intended
to improve detection rates of new features and therefore visually exaggerate the small differences, while
others strive for comparability between different areas and therefore for uniform representation of
features with similar characteristics. We have to consider that the basic concepts of visualizations, their
characteristics, advantages, and disadvantages must be understood by the user to successfully apply
them. This is especially important because many processing methods are increasingly available as free
tools or collections of tools [26,27] and a great variety of image manipulation functionality is likely
to confuse or overwhelm the untrained or uncritical user. We believe there is a need to enhance the
existing 2D visualizations and create meaningful image combinations that preserve relevant (positive)
characteristics of individual techniques. Bennett et al. [14] have found that among the techniques they
reviewed, no single one recorded more than 77% of features, whereas interpretation from a group of any
three visualizations recorded more than 90%. Similarly, studies from various research fields showed
images or visualizations are often easier to interpret if different visualizations of the same study subject
are fused or layered one over another [28,29], combining their information.
2.3. Combining Information From Different Visualizations with Blend Modes
Image fusion is a process of combining information from multiple images into a single composite
image [30]. Verhoeven et al. [31] report on the various pixel-based image fusion approaches, e.g.,
blend modes (methods), pan-sharpening, distribution ﬁtting, and others, that are implemented in
the Toolbox for Archaeological Image Fusion (TAIFU). Filzwieser et al. [32] describe their use for
integrating images from various geophysical datasets for archaeological interpretation and especially
for targeted examination of buried features. They report that interpretation of combined (fused)
geophysical imagery enables more explicit observation of the extent of archaeological remains and is
more revealing than any of the individual input datasets.
Blend modes are relatively simple to comprehend and implement, do not require a multitude of
adjustable parameters, and may be efﬁcient and reliable. They are, therefore, used to enhance images
for visual interpretation in a variety of scientiﬁc applications, in archaeology [31–33], cartography [34],
medicine [35], and mineralogy [36], where blending enhances images with subtle colors or increases
the edge contrast, and thus improves visual interpretability. Extensive research has been done on
fusion of medical images from different data sources—such as computed tomography (CT), positron
emission tomography (PET), and magnetic resonance imaging (MRI). Image fusion algorithms used
in medical imaging closely resemble the blending functionality available in image editing software
(e.g., simple fusion algorithm with maximum method [37] is equivalent to the lighten blend mode in
Photoshop software [38]). In medicine, fusion of images of different modalities has been thoroughly
tested and shown to improve interpretability of results, reliability of localization (e.g., of tumor sites),
and overall diagnostic accuracy [39–46].
Encouraged by these examples, we combine multiple elevation model visualizations of a historic
landscape in order to improve visibility of diverse topographical forms and enhance the interpretability
of ALS data.
3. Data and Methods
3.1. Study Areas, Data, and Data Processing
We present three distinct study areas. The main one is the area of Chactún, one of the largest
Maya urban centers known so far in the central lowlands of the Yucatan peninsula (Figures 2 and 3).
The area is characterized by low hills with constructions and surrounding seasonal wetlands (bajos).
Two additional areas, selected to demonstrate very ﬂat and very steep terrain, are, respectively,
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Veluwe in the central Netherlands (Figure 4) and the Julian Alps in Slovenia (Figure 5). Figure 8 shows
additional examples, illustrating various historical anthropogenic terrain modiﬁcations and natural
landscape features on diverse terrain types.
Chactún is located in the northern sector of the depopulated Calakmul Biosphere Reserve in
Campeche, Mexico, and is completely covered by tropical semi-deciduous forest. Its urban core,
composed of three concentrations of monumental architecture, was discovered in 2013 by prof.
Šprajc and his team [47]. It has a number of plazas surrounded by temple pyramids, massive palace-like
buildings, and two ball-courts. A large rectangular water reservoir lies immediately to the west of the
main groups of structures. Ceramics collected from the ground surface, the architectural characteristics,
and dated monuments, indicate that the center started to thrive in the Preclassic period, reaching its
climax during the Late Classic (c. A.D. 600–1000), and had an important role in the regional political
hierarchy [47,48].

Figure 2. The Maya city of Chactún as seen on (a) an orthophoto image (CONABIO 1995–1996) and (b)
a visualization for archaeological topography. As well as a number of plazas surrounded by temple
pyramids, massive palace-like buildings, and two ball-courts, also visible on (b) are quarries, water
reservoirs, and sacbeob (raised paved roads). The area is entirely covered by forest, the exploitation of
which ceased when the Biosphere Reserve was declared in 1989.
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Figure 3. A view of a palace with two turrets and an adjacent ball court, located in the Chactún’s
south-eastern group. Typical vegetation cover is broad-leafed, semi-deciduous tropical forest. For a
sense of scale, note a hardly visible human ﬁgure (prof. Ivan Šprajc) in the lower left corner. Photo by
Žiga Kokalj.

Airborne laser scanning data of an area covering 230 km2 around Chactún was collected at the end
(peak) of the dry season in May 2016. Mission planning, data acquisition, and data processing were done
with clear archaeological purposes in mind. NCALM was commissioned for data acquisition and initial
data processing (conversion from full-waveform to point cloud data; ground classification) [49,50],
while the final processing (additional ground classification; visualization) was done by ZRC SAZU.
The density of the final point cloud and the quality of derived elevation model proved excellent for
detection and interpretation of archaeological features (Table S1) with very few processing artifacts
discovered. Ground points were classified in Terrascan software and algorithm settings were optimized
to remove only the vegetation cover but leave remains of past human activities as intact as possible
(Table S2). Ground points, therefore, also include remains of buildings, walls, terracing, mounds,
chultuns (cisterns), sacbeob (raised paved roads), and drainage channels. The average density of
ground returns from a combined dataset comprising information from all flights and all three channels
is 14.7 pts/m2 —enough to provide a high-quality digital elevation model (DEM) with a 0.5 m spatial
resolution. The rare areas with no ground returns include aguadas (artificial rainwater reservoirs)
with water.
The second, much briefer, case study is of Veluwe in the Netherlands, an area that consists of
ice-pushed sandy ridges formed in the Saale glacial period (circa 350,000 to 130,000 years ago), and
subsequently blanketed with coversand deposits during the Weichselian glacial period (circa 115,000
to 10,000 years ago; [51]). We used the Dutch national lidar dataset (Actueel Hoogtebestand Nederland AHN2), acquired in 2010 (Table S3) [52] of a ﬂat terrain Section that contains a part of a large Celtic ﬁeld
system, preserved under forest in a relatively good condition, despite being crisscrossed by numerous
tracks and marked by heather clearances (Figure 4) [53,54].
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Figure 4. The Celtic ﬁelds on the Veluwe in central Netherlands as seen on (a) an orthophoto image
(Landelijke Voorziening Beeldmateriaal 2018). (b) The combined visualization with default settings
fails to portray the broader, very subtle features on ﬂat terrain. (c) Changing the settings for sky-view
factor and openness to include a wider area while disregarding the proximity (e.g., setting the search
radius from 5 m to 10 m while disregarding the ﬁrst 4 m) makes such structures very distinct. 0.5 m
resolution ALS data © PDOK.
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The third case study, also brieﬂy presented, is in the Julian Alps, the biggest and highest Alpine
mountain chain in Slovenia, rising to 2864 m at Mount Triglav. The ridge between the mountains
of Planja (1964 m) and Bavški Grintavec (2333 m) are a testament to the powerful tectonic processes
in the Cenozoic that have shifted the limestone strata almost vertically. These now lie almost 2 km
above the valley ﬂoor and the underlying rock is still not exposed [55]. The location nearby Vrh Brda
(1952 m) is known as Ribežni (‘slicers’) because of the exposed strata, which are beautifully shown on
the visualization for archaeological topography despite the very steep and rugged terrain (Figure 5b).
The Slovenian national ALS data has the lowest resolution in the mountains [56] (Table S4).

Figure 5. Dachstein limestone strata and scree ﬁelds exposed at Vrh Brda (1952 m) as seen on (a) an
orthophoto image (GURS 2017) and (b) the visualization for archaeological topography. The top of
the ridge is highlighted in white and the intricate geomorphological details are clearly visible. 1 m
resolution ALS data © ARSO.
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3.2. Visualization Methods
Because visual interpretation is based on contrast, the latter is very often enhanced by histogram
manipulation and scale exaggeration, or otherwise artiﬁcially introduced; a good example is the
well-known analytical shading. Consequently, the extent and shape of features being recorded can
be, and usually is, altered. It is therefore necessary to know how different visualization techniques
work and how to use them to best advantage according to the characteristics of data, the general
morphology of the terrain, and the scale and preservation (i.e., surface expression) of features in
question. When a certain technique is chosen for detection or interpretation, it is particularly important
to know what the different settings do and how to manipulate them. Of course, the existing techniques
are complementary to a great extent, but none is perfect. Because techniques show various objects in
different ways, emphasizing edges, circular, or linear forms differently, a combination of methods is
usually required. While there is no ideal visualization that would be effective in all situations, a good
visualization should meet the following criteria:
-

Small-scale features must be clearly visible;
The visualization must be intuitive and easy to interpret, i.e., the users should have a clear
understanding of what the visualization is showing them;
The visualization must not depend on the orientation or shape of small topographic features;
The visualization should ‘work well’ in all terrain types;
Calculation of the visualization should not create artiﬁcial artifacts;
It must be possible to calculate the visualization from a raster elevation model;
It must be possible to study the result at the entire range of values (saturation of extreme values
must be minimal even in extreme rugged terrain);
Color or grayscale bar should be effective with a linear histogram stretch, manual saturation of
extreme values is allowed; and
Calculation should not slow down the interpretation process.

Producing a universal solution that incorporates these criteria is difﬁcult and has not been tackled
successfully yet, especially regarding the transferability of the method across regions and ease of
understanding. We believe image fusion can provide an answer and blend modes are its most simple
and comprehensible techniques. Below, we brieﬂy present the techniques that we blended (combined,
fused) into a combination—which we refer to as ‘a visualization for archaeological topography’—that
we argue meets the criteria described above.
Relief shading (also known as hillshading or shaded relief) provides the most ‘natural’, i.e.,
intuitively readable, visual impression of all techniques (Figure 7b). The method developed by Yoëli [57]
has become a standard feature in most GIS software. It is easy to compute and straightforward
to interpret even by non-experts without training and is a wonderful exploratory technique.
Direct illumination restricts the visualization in dark shades and brightly lit areas, where no or
very little detail can be perceived. A single light beam also fails to reveal linear structures that lie along
it, which can be problematic in some applications, especially in archaeology, or can completely change
(inverse) the appearance of the landscape (i.e., false topographic perception).
An RGB composite image from hillshading in three directions overcomes these issues; because
hillshadings from nearby angles are highly correlated, we advocate using consecutive angles of about
68◦ (e.g., azimuth 315◦ for red, 22.5◦ for green, and 90◦ for the blue band). The convexities and
concavities, as well as orientations, are clearly and unambiguously depicted (Figures 6a and 7a).
Slope severity (gradient) is the ﬁrst derivative of a DEM and is aspect independent. It represents
the maximum rate of change between each cell and its neighbors. If presented in an inverted grayscale
(steep slopes are darker), slope severity retains a very plastic representation of morphology (Figure 7c).
However, additional information is needed to distinguish between positive/convex (e.g., banks) and
negative/concave (e.g., ditches) features because slopes of the same gradient (regardless of rising or
falling) are presented with the same color.
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Sky-view factor (SVF) is a geophysical parameter that measures the portion of the sky visible
from a certain point [13]. Locally ﬂat terrain, ridges, and earthworks (e.g., building walls, cultivation
ridges, burial mounds) which receive more illumination are highlighted and appear in light to white
colors, while depressions (e.g., trenches, moats, plough furrows, mining pits) are dark because they
receive less illumination (Figure 7g).
Positive openness is a proxy for diffuse relief illumination [58]. Because it considers the whole
sphere for calculation, the result is an image devoid of general topography—a kind of trend-removed
image (Figure 7e). It has the same valuable properties for visualization as sky-view factor with the
added beneﬁt of more pronounced local terrain features, although the visual impression of the general
topography is lost.
All of the visualizations have proved their usefulness in archaeological interpretation in various
environmental settings and at diverse scales, (see e.g., References [59–67]) and were computed
using the relief visualization toolbox (RVT) created by ZRC SAZU [27]. Because we strive to
preserve comparability between different geographical areas, the visualizations are presented with a
minimum-maximum histogram stretch, usually with a saturation of minimum, maximum, or both.
The displayed range of values is given in Figure 1.
3.3. Blend Modes
Blend modes (methods) in digital image editing and computer graphics determine how multiple
image layers, one on top of another, are blended together (combined) into a single image. For blend
modes to work, at least two layers (referred to as top and bottom or base layers) are needed, which
can contain either two different images or the same image duplicated. Every blend mode is deﬁned
by an equation that takes values at coinciding pixels of top and bottom layer images as inputs
to calculate the fused image. The blend mode is deﬁned for the top layer. Finally, the opacity
value controls translucency of the blended top image, allowing the bottom image to show through.
The fundamental blend modes can be found in professional image editing software, but there is a lack
of such functionality in GIS and remote sensing software. While QGIS supports some of the blend
modes for display [34], ArcGIS provides only the normal blend mode, which only controls opacity.
Stacking more than two image layers in our implementation follows the convention used in
Photoshop [68]. When multiple layers and blend modes are stacked, the effects are applied in order
from the bottom layer of the stack upwards. Changes made to the lower layers propagate up through
the stack, changing outputs all the way to the ﬁnal blended image on the top most layer [69]. Using as
many layers as possible is not always very efﬁcient nor desired, because information can be lost if too
many layers are used, and the user will not be able to comprehend it.
Blend modes are categorized into six groups, according to the type of effect they exert on
the images:
-

Normal: Only affects opacity;
Lighten: Produces a lighter image;
Darken: Produces a darker image;
Contrast: Increases contrast, gray is less visible;
Comparative: Calculates difference between images;
Color: Calculations with different color qualities.

We describe ﬁve blend modes that we consider the most useful based on our experiences, one from
each group (with the exception of the comparative group). We suggest pre-determined blend modes
based on their theoretical performance with selected visualizations and our experiments. We hope
that additional combinations will arise through the work of the research community following the
publication of this article, as we recognize the need for critique and development in this ﬁeld.
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In equations that describe selected blend modes in following Sections, the letter A refers to the
image on the top layer, while B refers to the image on the bottom layer. Before calculating blends with
RGB images, the color values are normalized to ﬁt onto the interval 0.0—1.0, where black corresponds
to 0.0 and white to 1.0. We have implemented these blend modes in version 2.0 of relief visualization
toolbox where they can be applied directly to the computed visualizations.

Figure 6. The effect of various blend modes. (a) The bottom (base) layer for blending shows the
north-eastern complex in Chactún with two pyramidal structures. (b) The top layer is composed of
rectangles with a varied degree of blackness. (c) Normal blend mode makes the foreground transparent
(50% opacity). (d) Screen lightens the image. Black is neutral, white is opaque. (e) Multiply multiplies
the luminance levels of the top layer’s pixels with the pixels in the layers below. Black is opaque,
white is transparent. (f) Overlay enhances visibility of dark and bright areas. 50% gray is neutral.
(g) Luminosity keeps the luminance of the top layer and blends it with the color of the combined view
of the layers below. On a good grayscale printer, (b) and (g) should look the same.
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Normal (normal group) is the default mode, where no special blending takes place—it keeps the
top layer and hides the bottom layer (Figure 6c). The only effect achieved is by changing the opacity
value of the top layer so that the bottom layer can be seen through (Equations (1) and (2)).
Normal(A, B) = A

(1)

Opacity(A, B) = A · Opacity + B · (1 − Opacity)

(2)

Opacity deﬁnes the “strength” of blending—to what degree the blend mode is considered.
The lower the opacity, the more we allow the bottom layer to uniformly show through. When the
top layer is fully opaque, the bottom layer is invisible (Figure 6b,c). It can be used in combination
with any blend mode but is always applied after a blend result is calculated. Thus, when applying
opacity there is already a blended image on the top layer while the bottom layer remains unchanged.
The generalized opacity Equation (3), which we implemented for use with each of the blend modes
described in this paper, is:
Opacity(Blend(A, B), B) = Blend(A, B) · Opacity + B · (1 − Opacity).

(3)

Screen (lighten group) treats every color channel separately, multiplies the inverse values of the
top and bottom layer and, in a last step, inverts the product (Figure 6d). The result is always a lighter
image. Screening with black leaves the color unchanged, while screening with white produces white.
The Equation (4) is commutative, so switching the top and bottom layer order does not affect the result.
Screen(A, B) = 1 − (1 − A) · (1 − B)

(4)

Multiply (darken group) is the opposite of screen. Multiply treats every color channel separately
and multiplies the bottom layer with the top layer (Figure 6e). The result is always a darker image;
the effect is similar to drawing on an image with marker pens. Multiplying any color with black
produces black and multiplying any color with white keeps the color unchanged. The Equation (5)
is commutative.
Multiply(A, B) = A · B

(5)

Overlay (contrast group) combines multiply and screen blend modes to increase the contrast
(Figure 6f). Overlay determines if the bottom layer color is brighter or darker than 50% gray, then
applies multiply to darker colors and screen to lighter, thus preserving the highlights as well as
shadows. The Equation (6) is non-commutative, meaning the layer order inﬂuences the result.

Overlay( A, B) =

(1 − (1 − 2 · ( B − 0.5)) · (1 − A)) where B > 0.5
((2 · B) · A)

where B ≤ 0.5

(6)

Luminosity blend mode (color group) keeps the luminance (the perceived brightness based on the
spectral sensitivity of a human eye) of the top layer and blends it with hue and saturation components
of the bottom layer [69]. This results in colors of the underlying layer replacing the colors on the top
layer, while shadows and texture of the top layer stay the same (Figure 6g). Contrary to the blend
modes we described so far, luminosity is not obtained by a straightforward pixel-wise calculation.
The complete luminosity algorithm we implemented follows the methodology described in Adobe
speciﬁcation [70] (pp. 326–328) and is composed of several equations. Its core calculation is in the
luminance Equation (7) where Ared , Agreen , and Ablue are the red, green, and blue channel in the RGB
color space.
Luminance(A) = 0.3 · Ared + 0.59 · Agreen + 0.11 · Ablue
(7)
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Figure 7. The results of individual steps of building the visualization for archaeological topography.
A detail of Chactún south-eastern group is shown with (a) an RGB composite of hillshadings from
three directions, (b) shaded relief, (c) slope, (e) positive openness, (g) sky-view factor. The latter three
are consecutively added to (blended with) the (b), (d) and (f) in the right column to form the ﬁnal
combination (h). The (c) blends hillshading with slope using luminosity blend mode with 50% opacity,
the (f) adds openness using overlay with 50% opacity, and the (h) adds sky-view factor using multiply
with 25% opacity. The result of combining (a) as a base layer is shown in Figure 9d.
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4. Results
4.1. Effect of Blend Modes on Visualizations
The aim of using blend modes with DEM visualizations is to visually enhance the existing images
and to improve visibility of various topographic structures. Blending different visualizations together
combines distinct topographical features emphasized on individual images. Depending on what visual
features we want to enhance, we need to select relevant visualizations and appropriate blend modes to
achieve the desired result. The ability of some of the most frequently used grayscale visualizations to
capture small- and micro-relief, as well as the type of topographical features that are highlighted or
shadowed on each particular visualization, is described in Table 1. It is important to keep highlighting
and shadowing in mind when considering how different blend modes affect lighter and darker tones.
The effect of blend modes on combining a color image (the RGB composite of hillshading from three
directions) and a grayscale image of rectangles ranging from black to white is shown in Figure 6.
The following descriptions in this subSection are based on theoretical knowledge of blend modes
and visualizations.
Table 1. Display characteristics of grayscale visualizations.
Visualization

Visible Microrelief [18]
(p. 35)

Highlighted Topography
(Appears Bright)

Shadowed Topography
(Appears Dark)

hillshading

o

non-level terrain facing
towards illumination
level terrain
local high elevation
convexities

non-level terrain facing
away from illumination
steep terrain
local depressions
concavities

slope (inverted grayscale color bar)
simple local relief model
positive openness
negative openness (inverted
grayscale color bar)
sky-view factor

+
++
++
++

convexities

lowest parts of concavities

++

planes, ridges, peaks

concavities

o indistinct; + suitable; ++ very suitable

Normal blend mode is the most intuitive and straightforward because only uniform transparency
takes effect with changing opacity. Screen renders black transparent, which means it is ideal to
make darker colors disappear and to keep the whites. Multiply makes white transparent and is
thus the most suitable choice to make lighter colors disappear while keeping the darker colors.
Overlay makes 50% gray transparent, amplifying the contrast as a result. This is especially useful for
improving the readability of images with subtle nuances. Luminosity works on color components
of the images. It blends the luminance (a grayscale representation) of the top layer image, with the
color (saturation and hue) from the bottom layer image. This is why luminosity only functions when
a color image, e.g., hillshading from multiple directions or a composite of a principal components
analysis, is used as a bottom layer, otherwise the result is the same as in blending with the normal
blend mode. A color or monochromatic image can be used as the top layer. Because monochrome
images do not have hue and saturation components, the luminance of a monochrome image is the
monochrome image itself.
Opacity can be adjusted for any of the blend modes. The lower the opacity, the more transparent
the result of blending will be. What shows through the transparent blend is the image from the bottom
of the two layers. If blending multiple layers, merging is consecutive from the bottom layer to the top
one. Therefore, the order of layers, not just the images and blend modes by themselves, greatly affects
the ﬁnal result of blending. This is because applying blend modes and opacity to a stack of layers
propagate through the whole stack and because certain blend mode calculations are non-commutative
(normal, overlay, luminosity).
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Blending can also be used to enhance a single visualization, producing a so-called self-blend,
but will have no effect when luminosity or normal blend mode is used. While screen, multiply, and
overlay self-blends will either lighten or darken parts of the image, similar effects can be achieved with
a histogram stretch applied to the original visualization.
The histogram stretch and saturation of minimum and maximum values (i.e., clipping) are
useful to ﬁne-tune individual visualizations. In this way, we can manipulate the visual effect to
increase the visibility of the features we want to emphasize. For example, to improve the contrast we
use a linear histogram stretch with clipping the minimum and maximum value of positive openness.
The minimum cut-off was set at an angle of 75◦ , a value up to which all (smaller) values are represented
with black. Similarly, the maximum cut-off was set at an angle of 92◦ , a point above which all values
are represented with white (Figure 1). Angles between minimum and maximum cut-off values are
assigned darker to lighter gray tones.
Histogram stretch methods, other than linear stretch, e.g., standard deviation, equalization,
and Gaussian, distort relative relations among values. These can be used to enhance detectability
of unknown features and further increase visibility of known ones, because they become more
pronounced, but it ruins the comparability of features between different areas. A feature of the
same physical characteristics can be displayed completely differently depending on the type of terrain,
position, orientation etc. This is also true if clipping uses percentage rather than absolute minimum
and maximum thresholds.
4.2. Visualization for Archaeological Topography
We can now use the knowledge on how blend modes affect the color and tone of images to
blend various visualizations described in Section 3.2 into a single combined visualization that retains
the advantages of individual technique—the visualization for archaeological topography. The whole
process of building the combined visualization is sketched in Figure 1, while Figure 7 shows the results
of individual steps. Visualization for archaeological topography can have a hillshading or an RGB
composite of hillshadings as a base layer, with preference for the former, while the other layers and
blend modes are predetermined. We propose different calculation settings for ‘normal’ (complex)
and very ﬂat terrain (see discussion Section). We have selected the visualization methods based on
their complementary positive characteristics, and the speciﬁc blending modes because they amplify
these particular characteristics. They also work uniformly with varied data and the visualizations of
different areas are therefore directly comparable.
Hillshading and the RGB composite of hillshading from three directions are a good base layer
(bottom image) because they give a sense of general topography and are very intuitive to read.
To provide a more plastic feel to the image, i.e., a more “three-dimensional” impression, we blend
hillshading with slope, using luminosity with 50% opacity (Figure 7d). As described above, luminosity
only has an effect if the bottom layer has colors (e.g., as in Figures 6g and 10), but is the same as
normal blend mode if the bottom layer is monochromatic (e.g., as in Figures 7 and 9). The clipping
of maximum values for slope depends on the type of terrain and structures of interest. For very ﬂat
terrain it should be lower (e.g., about 15◦ ) while it should be higher for steep or complex terrain (e.g.,
about 60◦ ). In our case, the terrain is neither very complex nor steep, but we had to set the maximum
value to 55◦ nevertheless, because of high and steep pyramidal structures that would otherwise appear
completely black. It is impossible to set strict general threshold values for minimum and maximum,
because such diversities exist in almost every image (i.e., a larger study area). Kokalj and Hesse [18]
(pp. 16–27) give guidelines for various visualization methods and terrain types. Similarly, the threshold
values for opacity are arbitrary and depend on the terrain type, structures we want to highlight, and
the overall desired effect. We deﬁned the opacity thresholds for individual layers based on our own
research and experience. We observed the effect of different opacity settings in increments of 25% and
found that proposed numbers give good results.
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In the next step, we focus on emphasizing the small-scale structures. Among the suitable
visualization techniques are, for example, positive and negative openness, multiscale integral
invariants, local dominance, local relief model, and Laplacian-of-Gaussian. We chose the ﬁrst because
it is easy to interpret and is complementary to sky-view factor in that it shows depressions as dark and
exposed areas as bright. Another reason is that the most demanding part of the computation code for
positive openness is the same as for sky-view factor; therefore, the calculation takes minimal additional
time. Adding positive openness with 50% opaque overlay improves the contrast of the image by
highlighting the small convexities (e.g., small ridges, edges, banks, peaks) and shadowing concavities
(e.g., channels, ditches, holes), thus increasing the prominence of minute relief roughness (Figure 7f).
Because openness is a trend removal method, the sense of general topography is completely lost and to
some degree this effect is reﬂected in the combined image. Blending sky-view factor with 25% opaque
multiply recovers some perception of the larger geomorphological forms as well as further enhancing
the visibility of micro topography (Figure 7h).
Figure 8 shows applicability of the visualization for diverse archaeological and natural features
and the environment they are a part of. The features are of varied scale, height, orientation, and form,
they are convex and concave, and sit on terrain that ranges from extremely ﬂat to very steep. The ALS
data has been collected either intentionally to study these forms or as a part of a national (or regional)
campaign, and therefore varies in scanning density and processing quality.
The calculation of the visualization for archaeological topography as well as blending of other
visualization methods with the described blend modes is supported in the new version of Relief
Visualization Toolbox [27].
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Figure 8. Various historical anthropogenic terrain modiﬁcations (a–o) and natural landscape features
(j,m,o–s) on diverse terrain types as displayed by the visualization for archaeological topography.
(a) Overgrown remains of the abandoned village of Novi Breg (Naubacher), Slovenia, surrounded by
dolines. (b) Ajdovščina above Rodik hillfort in Slovenia is a prehistoric and Roman settlement, with
visible massive ramparts, gates, and walls of individual houses. (c) A half-ploughed, 18th-century
village of earth lodges at Biesterfeldt Site, North Dakota, USA. The unploughed part is under forest.
(d) Early Iron Age barrow cemetery at Pivola, Slovenia. (e) A ring fort and a barrow on Hill of Tara,
Ireland. (f) Entrance earthworks at Maiden Castle Iron Age hillfort, United Kingdom. (g) Alpine
terraces at Rodine, Slovenia. (h) Small stone quarries at Vnanje Gorice, Slovenia. (i) Limekilns and
dolines at Dečja vas, Slovenia. (j) Terraces and a landslide near Jeruzalem, Slovenia. (k) Ridge
and furrow south of Harlaston, Staffordshire, United Kingdom. (l) A drywall enclosure north of
Kobarid, Slovenia. (m) Hollow ways and headstreams near Rova, Slovenia. (n) Three different types
of World War I trenches with shelters on the gentle NE slopes of Črni hribi, near Renče, Slovenia.
(o) Remains of a palaeochannel and irrigation trenches in an agricultural landscape south of Staro
selo, Slovenia. (p) Exposed bedrock and large granite boulders eroded into rounded bumpy and
unusual shapes. Granite Dells geological feature north of Prescott, Arizona, USA. (r) Sand dunes at
Guaiuba, Santa Catarina, Brazil. (s) The alluvial fan’s apex and the upper part of the apron. Teakettle
junction, California, USA. Data in (a), (c), (k), and (r) have 1 m spatial resolution, (e) has 0.2 m, (p) has
0.25 m, and others have 0.5 m spatial resolution. ALS data © (c) North Dakota State Water Commission,
(e) Discovery Programme, (f, k) Environment Agency, (l, o) Walks of peace in the Soča river foundation,
(m) Municipality Domžale, (p, s) NCALM [71,72], (r) FAPESP grant 2009/17675-5 [73], others ARSO.

5. Discussion
Slope, openness, and sky-view factor are all direction independent, which means they highlight
structures irrespective of their orientation. This also means that, in contrast to shading techniques
based on directional illumination such as hillshading, features visualized by slope, openness, and
sky-view factor do not contain any horizontal displacements. The selected visualization techniques
also do not introduce artiﬁcial artifacts (e.g., non-existent ditches).
Figure 9 shows that details, such as edges of the looting trenches in the buildings at the center
and center left, are clearly recognizable on all four combinations. Whereas with normal blending more
detail can be observed on the very steep, south-eastern slopes of pyramidal structures, the overall
image appears ﬂat (Figure 9, left column). Normal blending gives a big preference to the top layers over
the lower ones (with the same opacity settings); therefore, because the effect of hillshading is almost
lost, little perception of general topography remains. This is not desirable for interpretation; hence,
the loss of detail on the sides of the largest and steepest pyramidal structures on the visualization for
archaeological topography was intentional. The effect can be reduced by setting different saturation
(clipping) thresholds. Blending with normal blend mode in an alternative order gives preference to
other layers, but the key point here is that compromises have to be made on the visibility of certain
layers (visualizations) and thus their useful characteristics. This is even more evident when we want
to preserve colors, e.g., from hillshading from different directions. The normal blend mode does not
preserve colors, because they are reduced to various extent regardless of the order and opacity setting
(Figure 9c). The visualization for archaeological topography shows slopes with various orientations
in distinct colors (Figure 9d). Figure 10a demonstrates the color of slopes of various orientation
on a round, sharp-edged, shallow depression (top) and protrusion (bottom). The colors for slopes
facing different directions are: N—green-yellow; NE—cyan; E—light blue; SE—dark blue, S—violet,
SW—dark red; W—light red; NW—orange. It is important that the colors remain the same across
different datasets and locations if comparability is required.
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Figure 9. The left column, i.e., plates (a) and (c), shows two combinations of visualizations based on
normal blend mode. The right column, i.e., images (b) and (d), shows two examples of the visualization
for archaeological topography, which is based on blending with different blend modes. The opacity
of the layers is the same for all plates. The layers that were combined are sky-view factor, positive
openness, slope, and for (a) and (b) hillshading, while for (c) and (d) an RGB composite image of
hillshading from three directions. Plates (b) and (d) use the same blend modes as used in Figure 7h.

Figure 10. Different opacity settings and blend modes enable better representation of underlying colors.
A combination of visualizations based on sky-view factor (25% opacity, multiply), positive openness
(50% opacity, overlay), slope (50% opacity, luminosity), and an RGB composite image of hillshading
from three directions. It is possible to see orientation of slopes from this image as demonstrated
from the effect of the combination on a round, sharp-edged, shallow depression (top) and protrusion
(bottom). The same combination is shown on Figure 9d.

Good representation of color is important because it provides a new visual dimension. Using color
hue to display quantitative data is discouraged, because it can be misleading or difﬁcult to discern (see
e.g., Reference [16]). Using color lightness (luminance) is more appropriate to display such data [3,74].
Despite this, we argue that color hue can be used for detection when the interpretation is not dependent
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on the exact quantitative value (e.g., azimuth of slope 85◦ ; elevation 235 m a.m.s.l.), but rather provides
a clue to the approximate value or difference (e.g., eastern slope; low elevation). Other base layers
that provide color can be used in different combinations of visualizations. Examples include elevation,
height of trees, water drainage, multiscale topographic position, [75,76] etc.
Even something as simple as the use of color can be an argument that supports the need for more
generally accepted (and used) conventions for the sake of accuracy and comparability. What is often
overlooked when visualizing any scientiﬁc data is that carefully selected, perceptually appropriate
color maps lead to substantially fewer mistakes in analysis and interpretation [5]. Many color
maps are inappropriate for scientiﬁc visualizations [77] due to confusing luminosity intensities (e.g.,
non-sequential luminosity for sequential data), introduction of false borders or artifacts in the data, or
disregard for colorblind viewers. One of the biggest such offenders is the rainbow color map, which is
still widely used, despite being perceptually unsuitable [3]. Scientists and professionals that are aware
of its disadvantages still use it due to simplicity and inertia (the rainbow color map is often the default
setting in software), as well as for aesthetic reasons [10,78]. A study by Borkin [5] revealed that even
the scientists who claim to have adapted to reading the rainbow map still perform diagnostic tasks
signiﬁcantly worse when relying on the rainbow map instead of perceptually suitable color maps.
However, presuming a suitable color map is selected, there is no deﬁnitive answer to the question
of whether a color scale necessarily performs better than grayscale for terrain visualizations. The utility
of a map comes from its ability to display the ridges, valleys, cusps, and other relevant features [79] and
this is similar in historic landscape visualizations. While color palettes perform better in some of the
studies [12,28], others show that the human eye luminance channel (grayscale presentation) processes
shape and stereoscopic depth more effectively than the chromatic channels (color presentation) [79].
Hence, a grayscale visualization can be just as effective as, and less biased than, a color one.
Additional beneﬁts of the combined visualization are that a single visualization conserves disk
space and displays faster. This is especially important in the ﬁeld where data is accessed with tablets
and smart phones or even as hard-copy sheets.
The visualization for archaeological topography meets all of the criteria for a good visualization
set in Section 3.2. Because it is based on slope, openness, and sky-view factor, small-scale features are
clearly visible and no artiﬁcial artifacts are introduced. For the same reason it shows small topographic
features in the same way irrespective of their orientation or shape, and therefore we can judge their
height and amplitude. The visualization can be calculated from a raster elevation model, which is the
most frequent distribution format of ALS data. The calculation takes less than 20 seconds per km2 of
0.5 m resolution lidar data (Table 2), depending on the size of the area to be calculated. This should not
slow down the interpretation process, because it takes an individual longer to examine such an area.
It is therefore suitable for small-scale studies as well as national deployment. For testing, we used a
computer running Microsoft Windows 10 (64 bit) with 2.8 GHz Intel i7 processor and 20 GB of RAM.
Not all RAM was used.
Table 2. Visualization for archaeological topography computation speed.
DEM Size [px]
(0.5 m Resolution)

Size on
Disk [MB]

Settings

Visualizations
Time [min:s]

Blending Time
[min:s]

Combined
Time [min:s]

1000 × 1000
2000 × 2000
10,000 × 10,000

4
16
390

same as in Figure 1
same as in Figure 1
same as in Figure 1

0:02
0:09
3:37

0:01
0:03
1:07

0:03
0:12
4:44

Saturation of extreme values is completely customizable with manual setting of the minimum
and maximum threshold values for each individual input visualization and a linear stretch is used for
all. It is therefore possible to study the result at the entire range of values. We advise some saturation if
readability in important areas is not impeded, because contrast makes identiﬁcation of features easier.
The visualization has been tested by experts and beginners, in the ﬁeld and for desktop analysis of
various archaeological features in diverse landscapes. It has been found very intuitive to interpret.
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Banaszek et al. [80] report that to produce coherent standardized mapping result on a national scale,
beginners in interpretation of remote sensing data would need additional training in reading the ALS
derived visualizations, which would be simpler with a single visualization to consider.
A good visualization depends on the dataset and context. Because distribution of data values is
shifted for each terrain type, visualizing them in exactly the same way might obscure important relief
features. The visualization for archaeological topography with default settings (Figure 1) works well
on most terrain types (Figure 8), even on the extremely steep slopes of the Alps (Figure 5), but it fails
to portray effectively some of the broader, very subtle features on very ﬂat terrain (Figure 4b). This can
be avoided by changing the settings for sky-view factor and openness to include a wider area while
disregarding the proximity, e.g., setting the search radius from 5 m to 10 m while disregarding the ﬁrst
4 m of the neighborhood from the calculation. The histogram stretch has to be amended accordingly,
in our case to 0◦ –35◦ for slope, 85◦ –92◦ for openness, and 0.95–1.00 for sky-view factor. In this way,
subtle structures in ﬂat terrain become more easily recognizable (Figure 4c). A lower sun elevation
angle for hillshading can further enhance visibility of such structures. This is an example of how a few
different sets of visualization parameters could be used to ﬁne-tune historic landscape visualization
according to terrain type. We propose using a custom set of parameters at least for ‘normal’ (complex)
and ﬂat terrain. The extent to which these parameters can be ﬁne-tuned and still constitute a standard
custom set, remains to be investigated.
There is a question of the importance of using various visualization techniques and assessing their
characteristics in view of ever more present computational approaches to detection of archaeological
feature. The potential to find archaeological traces, and in future possibly classify them, with methods such
as deep learning is increasingly accepted by the archaeological community (see e.g., References [81–85].
Despite this, or because of this, we believe there are still two fundamental benefits of having the best
possible visualization for visual inspection:
-

-

Deep learning requires a database of a large number of known and veriﬁed archaeological sites
as learning samples—in the ﬁrst instance these still have to come from visual interpretation and
ﬁeld observation;
Large-scale results of deep learning have to be veriﬁed and the most straightforward ‘ﬁrst check’
is visual inspection.

6. Conclusions
Combining results of various visualization techniques in a meaningful and deliberate way builds
upon their strengths. Not only can we play with different histogram stretches and color tables, but
also vary the degree of transparency and mathematical operations to combine layers. The word ‘play’
was deliberately left out of brackets in the sentence above, as we know that the process of creating an
expressive visualization is indeed as much art as it is a technical outcome.
The process involves many decisions that all have an important effect on the ﬁnal appearance
of the visualization. The choice of visualizations, their individual computation settings, the type
of histogram stretch, saturation of minimum and maximum values, blending methods, order of
blending, and opacity settings have to be documented. Replicating the appearance is only possible
if this information is stored in an accessible way or printed with the combined visualization.
The archaeological mapping results equipped with such information can in future be assessed
according to their conﬁdence.
Having a single combined visualization to consider has advantages as well as potential pitfalls.
The more important beneﬁts are better representation of structures in a larger range of terrain types,
conservation of disk space, and faster display. Using a single visualization that conserves the location of
edges as well as relative perception of the height of archaeological structures can help with comparison
of mapping results across environmental and archaeological areas. There is a risk that using a single
visualization might miss potentially important traces in the landscape, as has been the case with other
visualization techniques. However, combining speciﬁc positive characteristics of more methods into
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a single image reduces this risk more than hoping time-pressed practitioners and scientists would
consider using more than one or two visualizations in their quest to map larger areas. The visualization
for archaeological topography that we constructed and presented in this paper has already been used
for pedestrian surveys in various environments, from semi-deciduous tropical forests of Mexico to
the largely open heather and scrub ground of western Scotland and the Mediterranean karstic rough
terrain. It has been deemed practical and informative. Its beneﬁts are:
-

It highlights the small-scale structures and is intuitive to read,
It does not introduce artiﬁcial artifacts,
It preserves the colors of the base layer well,
The visual extent and shape of recorded features are not altered,
It shows small topographic features in the same way irrespective of their orientation or shape,
allowing us to judge their height and amplitude
Results from different areas are comparable,
The calculation is fast and does not slow down the mapping process.

Thorough experimentation involving control tests with multiple observers, areas, and diverse
visualizations, although much needed, has not been done in this study. Controlled testing of the
different effectiveness of various visualizations in respect of time needed for interpretation and
agreement between different observers’ interpretations requires a huge experiment that has to be set up
by the archaeological community involved in interpretation of ALS data. This issue has been evident
more than a decade, but only a few experiments have been done so far, e.g., by Filzwieser et al. [32]
and Banaszek et al. [80]. More generally, there is a notable lack of accountability and explicit
documentation of processes in many projects and this lack of information about how archaeological
interpretation and mapping are progressed is undesirable for wider comparability and reliable research
outputs [86]. Therefore, there is a need to develop explicit protocols for more clarity about object
identiﬁcation/mapping process, including the categorization of the reliability of data and ﬁndings. In
presenting our protocols for blended visualizations, and implementing them through our RVT toolkit,
we recognize that we are not solving this problem in this paper but present our approach to open
up debate.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/7/747/s1:
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čas; Založba ZRC: Ljubljana, Slovenia, 2015; pp. 1–3. ISBN 978-961-254-780-6.
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Abstract: Although the history of automated archaeological object detection in remotely sensed data
is short, progress and emerging trends are evident. Among them, the shift from rule-based approaches
towards machine learning methods is, at the moment, the cause for high expectations, even though
basic problems, such as the lack of suitable archaeological training data are only beginning to be
addressed. In a case study in the central Netherlands, we are currently developing novel methods for
multi-class archaeological object detection in LiDAR data based on convolutional neural networks
(CNNs). This research is embedded in a long-term investigation of the prehistoric landscape of our
study region. We here present an innovative integrated workﬂow that combines machine learning
approaches to automated object detection in remotely sensed data with a two-tier citizen science
project that allows us to generate and validate detections of hitherto unknown archaeological objects,
thereby contributing to the creation of reliable, labeled archaeological training datasets. We motivate
our methodological choices in the light of current trends in archaeological prospection, remote
sensing, machine learning, and citizen science, and present the ﬁrst results of the implementation of
the workﬂow in our research area.
Keywords: airborne laser scanning; archaeological prospection; deep learning; citizen science;
The Netherlands

1. Introduction
1.1. Remote Sensing in Archaeological Prospection
The importance of remote sensing as a data source for archaeological prospection has grown
exponentially in recent years [1,2]. Remotely sensed data from terrestrial, aerial, and spaceborne
sensors are today a key element of local and regional scale archaeological research, as well as
heritage management [3]. A recent study from Scotland [4] even advocates the primary reliance
on remotely sensed data as part of a national archaeological mapping strategy. This is in line with the
growing importance of non-invasive research strategies that enable the preservation of archaeological
heritage [5–7].
While most terrestrial [8] and some aerial [9,10] remotely sensed data used in archaeological
prospection are generated speciﬁcally for archaeological purposes, most aerial and all spaceborne
remotely sensed data are produced for either non-archaeological applications or for general
purposes [11]. Consequently, a broad range of computational methods and tools for the analysis of
remotely sensed data have been developed outside of archaeology [12,13], e.g., for object detection [14],
a task akin to archaeological prospection (see Section 2.1). However, in archaeology, the acceptance
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and use of these computational approaches were initially limited, since archaeology tends to rely on
its own domain-speciﬁc toolbox [15].
Archaeologists have used aerial photographs for decades to detect and map archaeological traces
in the landscape [16]. Thus, they initially tended to apply familiar protocols of aerial photograph
analysis and interpretation to new types of remotely sensed data, e.g., by visually observing and
manually marking potential archaeological objects [17] in single-frame 2D images of a given landscape,
one image at a time (In the ﬁeld of Computer Vision the term ‘feature’ refers to the properties
of an image, while an ‘object’ refers to real-world entities [17]). This human-scale approach has
obvious limitations [18]: 1) It cannot handle the sheer quantity of available remotely sensed data,
which is growing exponentially; 2) it does not do justice to the quality of remotely sensed data,
the dimensionality and resolution of which is often beyond the processing capacity of the human
visual system; and 3) the inherent biases of the traditional approach [16,19] are not overcome but rather
reproduced on a larger scale.
Thus, after initial attempts in the 1990s that had little effect, in the mid-2000s, archaeologists started
in earnest to develop computational approaches to remote sensing-based archaeological prospection
(see references in Reference [20] and overview in Reference [21]). While the history of this endeavor is
thus short, clear patterns and trends have emerged. Referring to research undertaken by ourselves and
others, we here follow the useful classiﬁcation by Chen and Han ([14]; Figure 1), who identify four main
classes of object detection methods in (optical) remotely sensed data that are based on either Template
Matching, Knowledge, (Geographic) Object-based Image Analysis ((GE)OBIA), or Machine Learning.

Figure 1. Classiﬁcation of research on archaeological object detection in remotely sensed data, following
Reference [14].

1.2. Archaeological Object Detection
In archaeological object detection, most available (custom) algorithms are based on Template
Matching (e.g., [22–30]). Their continuous success is due to the fact that simple geometric shapes
such as circles and rectangles are common in the archaeological record but rare in nature [23].
Knowledge-based algorithms (e.g., [31–35]) require detailed knowledge about the expected objects and
their surroundings. They tend to be highly case-speciﬁc and are rarer in archaeology. (GE)OBIA-based
approaches using image segmentation are more ﬂexible and thus more common and have proven
useful in various case studies (e.g., [36–43]). These ﬁrst three classes of object detection methods
(as opposed to the fourth class, machine learning, e.g., [44–50], see below) all build on explicit prior
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knowledge of the properties of the expected archaeological objects. They thus relate easily to common
archaeological practice that relies on a detailed recording and study of the archaeological record
informed, in large parts, by prior discoveries. However, multiple case studies using these ‘traditional’
methods have revealed complications with their implementation: 1) The often handcrafted algorithms
are specialized in speciﬁc object categories and data sources, which restrict their use in different contexts
and limits their usability in general for archaeological prospection; 2) templates and characteristic
spatial attributes are often difﬁcult to deﬁne for heterogeneous archaeological objects, especially if these
have been ‘transformed’ by various natural and anthropogenic processes over time [45]; and 3) these
approaches are predominantly complex algorithms that can require a high level of expertise, and are
regularly dependent on expensive software. All this results in a limited user-friendly implementation
(see also Reference [51]).
The fourth class of object detection methods deﬁned by Chen and Han [14], machine learning,
is a rather new approach in archaeological applications. It is conceptually different from the other
classes in that it does not require any explicit knowledge of the properties of the expected objects
or their surroundings, nor any rules for ﬁnding them. Rather, the computer learns from many
known positive (and negative) instances of the expected object class(es) without making the relevant
object properties explicit. Machine learning using Random Forests has been used in a number
of archaeological case studies [44–47]. To date, the most frequently used algorithms within deep
learning [52], a subﬁeld of machine learning, are Convolutional Neural Networks (CNNs) [53].
In essence, a CNN is an image-classiﬁer that is loosely inspired by the (human) visual cortex [51].
A deep convolutional neural network, from which the term deep learning is derived, consists of
multiple layers that together comprise a feature extractor and classiﬁer. The layers in a CNN are,
in sequence: 1) An input layer, 2) a varying number of alternating convolutional and pooling layers,
and 3) an output layer. In the convolutional layers, various ﬁlters (kernels) are used to convolve (add
values of a pixel within an image to its neighboring pixels based on a certain ﬁlter) the image into
feature maps. The subsequent pooling layer reduces the dimensions of these feature maps. After the
last pooling layer, there are several fully-connected layers that look at which particular class the
produced feature maps most strongly correlates to, assign class labels and compute probabilities of
a given class being present in the input image [51,54].
Comparable to other machine learning approaches, a CNN learns to generalize from given
examples (normally a large set of labeled images) rather than relying on a human programmer to
formulate rules or set parameters. While this has led to discussions about the ‘black box problem’ [55],
the favorable results of CNN applications have outweighed most skeptical voices. For example,
since 2015, neural networks have consistently outperformed humans in visual object recognition
tasks [56]. In particular, the opportunities offered by transfer learning (or domain adaption; [57])
have opened up the use of so-called pre-trained CNNs to many ﬁelds that, up to now, were restricted
by the (small) size of available datasets, e.g., archaeology. CNNs have recently successfully been
implemented in archaeology: On photographs and drawings [58], as well as on images from remote
sensing surveys [34,35,48–50].
CNN-based machine learning thus seemed the most promising approach to analyze remotely sensed
data of our research area in the central Netherlands for the purpose of archaeological prospection.
1.3. The Research Area and Current Research Strategy
The research area, known locally as the Veluwe, comprises a largely forested area of circa 1100 km2
(Figure 2). The Veluwe consists of ice-pushed ridges formed in the Saale glacial period (circa 350,000
to 130,000 years ago), which were subsequently partially covered with cover sand deposits during
the Weichselian glacial period (circa 115,000 to 10,000 years ago) [59]. From the Neolithic through
to the Middle Ages the Veluwe area was covered by forest and heath in varying proportions [60],
and surrounded by marshes and river valleys. Signiﬁcant deforestation of the area, due to extending
agricultural areas and charcoal production, took place in the second half of the Middle Ages (circa
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1000 to 1500 AD). This most likely caused the emergence of drift sand (aeolian sand; [59]). Large parts
of the research area were reforested in the ﬁrst half of the 20th century [61] and the majority of the
still extant archaeological objects are now in heathland or under forest cover. Nowadays, the Veluwe
holds one of the densest concentrations of known archaeological objects in The Netherlands, including
barrows, Celtic ﬁelds, charcoal kilns, hollow roads, and landweren (border barriers). While the location
of the archaeological objects under forest cover has almost certainly contributed to their present-day
preservation, this also hinders the investigation of these objects and especially the survey of the
surrounding landscape for potential new archaeological objects (see also Reference [62]).

Figure 2. The research area on a height model of The Netherlands (source of the background image
and height model: Reference [63]; coordinates in Amersfoort/RD New, EPSG: 28992).

Archaeological research on the Veluwe has mainly consisted of research-driven scientiﬁc studies,
as opposed to development-driven commercial ﬁeldwork. All this research involves, to a certain
extent, the manual analysis of remotely sensed data. Recent research-driven excavations on the Veluwe
have mainly focused on barrows (newly discovered in remotely sensed data) and their immediate
surrounding landscape [64–66]. Recent large-scale surveys include the study of Celtic ﬁelds by
Arnoldussen [67], the study of hollow ways and roads by Vletter and Van Lanen [68], and the
research on barrow landscapes by Bourgeois [69]. The general research strategy in this area (and The
Netherlands) consists of a stepped system of: 1) A desktop-survey; followed by 2) a ﬁeld survey;
and ﬁnally, 3) a (minimal) invasive survey, i.e., hand corings, test trenches, and excavations (Figure 3;
see also Reference [70]). Recently, this research strategy has been successfully supplemented with
geophysical surveys [71].
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Figure 3. Recent barrow excavation at Apeldoorn—Echoput (Source: Reference [64]).

1.4. Outline of This Paper
In this paper, we propose an integrated approach, incorporating and combining the analysis of
remotely sensed data using deep learning and methods from citizen science with ‘traditional’ research
methods, in order to conduct a survey of archaeological objects based on multiple data sources. In the
next Section 2 these new data sources and methods are introduced. In Section 3 the integrated approach
is presented, followed by an ongoing case study that incorporates this innovative workﬂow in the
research area (Figure 2). In Section 4 the integrated approach as a whole, as well as the new additions
to the current research strategy are discussed, followed by conclusions in Section 5.
2. New Data Sources and Methods
2.1. Multi-Class Object Detection in Remotely Sensed Data Using Deep Learning
In order to explore the possibilities of convolutional neural networks for archaeological object
detection in remotely sensed data on the Veluwe, a workﬂow called WODAN (Workﬂow for Object
Detection of Archaeology in The Netherlands) was developed [50]. For the initial experiments
437.5 km2 of interpolated LiDAR data from the research area (Figure 2) was gathered (see [72,73]
for information on LiDAR) (Interpolated LiDAR data of the entire Netherlands with a point density
of 6–10 per m2 and a 50 cm resolution is available from the online repository PDOK [62] or the
Actueel Hoogtebestand Nederland [73]). The data was visualized with the Simple Local Relief Model
(see [74]) from the Relief Visualisation Toolbox [75]. This LiDAR visualization enhances the local
detail, while suppressing the large-scale terrain relief, making it very suitable to represent various
archaeological objects present in the research area (Figure 4; see also Reference [76]). The images were
entered into a geographic information system (GIS) environment [77] and dissected into sub-images
of 1000 by 600 pixels (500 by 300 m). Archaeological objects, discernable in the LiDAR data,
were compared with the locations of known archaeological objects [50]. The (geo)information of
these known archaeological objects was derived from a multitude of databases, including the Dutch
national archaeological database ArchIS [78], the Dutch archaeological monument registry AMR [79],
and the results of different large-scale surveys of the research area [67–69]. Sub-images containing
known archaeological objects were labeled and the necessary metadata was created in order to use the
images for our deep learning approach.
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Figure 4. Sample of LiDAR data (source: Reference [63]; coordinates in Amersfoort/RD New, EPSG:
28992), visualized with Simple Local Relief Model, from the research area, showing a potential new
barrow (red) and charcoal kilns (blue) amidst a Celtic ﬁeld (white checkerboard pattern).

At the start of the development of WODAN, it was recognized that for archaeological prospection,
obtaining the exact position of objects in the wider landscape (i.e., localizing) is as important as
characterizing them (i.e., classifying, the typical task of a neural network). This combination of
localizing and classifying–referred to as object detection in deep learning–is handled by a specialized
type of neural networks, so called R-CNNs (Region-based CNNs or Regions with CNN features; [80]).
These networks are able to localize and classify multiple objects within a larger image, as opposed
to ‘normal’ CNNs that classify the entire input image [54]. The basic concept of the R-CNN model
is: 1) To utilize the Selective Search algorithm [81] to produce object proposals; 2) to use a CNN to
extract features for every object proposal; 3) to feed these features into a support vector machine (SVM)
classiﬁer to decide whether a proposal contains an object of interest; and ﬁnally, 4) to use a linear
regressor to tighten the bounding box to ﬁt the true dimensions of the object [80]. The successor
of R-CNN (Fast R-CNN) improved on its predecessor by speeding up the feature extraction and
classiﬁcation step and by joining the CNN, SVM, and linear regressor into one CNN model [82].
Further improvements were made to speed up the object proposal step, resulting in the Faster
R-CNN model [83]. The WODAN workﬂow therefore incorporates an adapted version of the Faster
R-CNN model.
WODAN has been trained and tested on part of the research area (see Section 1.3) to detect
barrows and Celtic ﬁelds in LiDAR images. The workﬂow served as a proof of concept, to demonstrate
that by implementing deep learning techniques it was possible to create a multi-class detector
for archaeological objects. WODAN (Figure 5) consists of three parts: A preprocessing part,
an object detection part, and a post-processing part. For a comprehensive overview of WODAN
see Reference [50]. The preprocessing part converts interpolated LiDAR data into input images that
meet the requirements of the object detection model. In the second part, the actual object detection by
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the adapted Faster R-CNN model is performed. The post-processing part converts the results of the
prior step into geographical vectors, directly usable in a GIS environment. This ﬁnal step improves the
usability of the object detection results for archaeological prospection.

Figure 5. Simpliﬁed representation of WODAN (Workﬂow for Object Detection of Archaeology in The
Netherlands; for a comprehensive overview see Reference [50]).

2.2. Creation of (Training) Datasets
During the development of WODAN, two major challenges were encountered: The absence of
large datasets with labeled archaeological objects and the presence of hitherto unknown archaeological
objects that have to be validated within the datasets.
In order to successfully train Faster R-CNN—or any machine learning object detection
model—training-, validation-, and testing datasets containing a large number of labeled archaeological
objects are needed. Unfortunately, at the outset of the development of WODAN no such datasets
were available, and therefore had to be created. This manual creation of the necessary datasets is
a labor-intensive process, which is susceptible to bias, inaccuracies, and errors, largely depending on
the (number of) interpreters or ‘taggers’ [84,85].
During the creation of the dataset it was noted that many images contained prospective
archaeological objects that were previously unknown (Figure 4). At the moment of writing,
739 potential barrows (on average 1.7 new potential barrows per km2 ) and 415 potential charcoal
kilns (on average 0.95 new potential charcoal kilns per km2 ) have been discovered in an area of
437.5 km2 . Based on these numbers, a rough extrapolation can be made for the amount of new
potential barrows and charcoal kilns in the entire research area (circa 1100 km2 ). We expect about 1750
new potential barrows (including the previously mentioned 739) and about 1000 new potential charcoal
kilns (including the previously mentioned 415) in the research area. In this we have considered the
amount of archaeology in ‘high potential’ zones, with an abundance of forest and/or heathland cover
and therefore good preservation conditions, and ‘low potential’ zones, with large areas of agriculturaland/or builtup cover. Validating circa 2750 new potential archaeological objects would take more
than six years of continuous (ﬁeld)work, following the present-day research strategy (see Section 1.3),
without any additional data analysis.
These challenges caused us to contemplate whether the systematic involvement of volunteers
(i.e., citizen science) could possibly be an answer to the non-existence of large, labeled datasets, as well
as the validation of newly discovered archaeological objects either during the creation of datasets or as
the result of automated object detection methods.
2.3. Citizen Science
The deﬁnition of citizen science can be very broad [86,87], but essentially it boils down to
volunteer (non-professional) scientists, generally called citizen researchers [87], helping with a scientiﬁc
inquiry. Within archaeology, this has long been a recurrent practice, especially during ﬁeldwork where
community engagement is prevalent [88]. However, directly involving citizens in the collection
and/or interpretation of datasets, in order to cope with the so-called professional bottleneck [89],
is less common.
In recent years a few large-scale online citizen science projects have been launched successfully
within archaeology (e.g., [90,91]). One of the more successful projects is the crowdsourced search
for Genghis Khan’s tomb by National Geographic [92]. Over 10,000 online volunteers contributed
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30,000 hours (3.4 years), examining 6000 km2 of high-resolution satellite images of a region in Mongolia.
This generated 2.3 million potential archaeological objects, including Bronze Age and Mongol period
burial mounds, so-called “deer stone” megaliths, and ancient city fortiﬁcations. An example of a more
small-scale project is the Cotswold Escarpment project, in which six volunteers examined LiDAR data
of an area of 100 km2 in South West England and identiﬁed over 260 archaeological objects [93].
The success of some of these projects already highlights their potential for our current approach.
However, online citizen science projects face speciﬁc challenges [94,95]. Previous research has shown
that the majority of the contributions in such projects are made by a relatively small group of
volunteers [94,95]. Thus, recruiting a critical mass of citizen researchers and ensuring they are kept
engaged throughout the project is one of the biggest challenges such a project would face.
A further challenge, in particular related to archaeological projects, is that the quality of the
contributions is difﬁcult to assess (beforehand). The weeding out of false positives, especially in the
case of the interpretation and classiﬁcation of remotely sensed data, is a critical aspect [96]. In this
respect, we envision that the results of machine learning approaches can be validated against the
results of citizen science approaches and vice-versa. The feedback between these two datasets will
inform us on the quality of both.
An added beneﬁt of using citizen science in the interpretation of remotely sensed data, is that
citizen researchers will also be able to detect objects they have not been instructed to detect [97].
Machine learning approaches can only detect objects similar to known ones of which enough
examples are available, yet ﬁnding potential new types of archaeology requires a human perspective.
For example, in the speciﬁc case of the Veluwe, already one potential Roman marching camp has
been discovered by human interpreters. As the number of known Roman marching camps in The
Netherlands (and continental Europe) is very low [98], ﬁnding these will require a human perspective.
Both the citizen science and machine learning datasets will generate speciﬁc locations where
archaeological objects are expected. Gauging the quality of these predictions often requires ﬁeld
observations [70]. As highlighted above, the sheer number of expected archaeological objects makes
such a ﬁeldwork project a daunting task through regular means. Therefore, we aim to also combine
this ﬁeldwork with a citizen science approach, where citizen researchers can participate in a dedicated
ﬁeldwork campaign. Citizen researchers can easily take most of the initial steps needed to rule out
false positives in the ﬁeld. For example, in our Veluwe case study a simple visual inspection can
quickly differentiate between a potential barrow or a stack of fodder next to a farm, both of which will
generate the same pattern on a LiDAR image. Nevertheless, recognizing different object classes in
the landscape and distinguishing archaeological objects from natural or modern ones is difﬁcult and
requires training and experience.
We argue that the combination and integration of all three approaches—machine learning-based
object detection, citizen science-based online data interpretation and revision, and a citizen science
ﬁeldwork campaign—will provide an integrated approach that will be beneﬁcial to all three elements.
Finally, the added beneﬁt of the citizen science approach is that it will help generate awareness and
better protection of the archaeological relics in the area directly through the involvement of the citizen
researchers [93].
3. Implementation and Results
Based on the results and challenges presented by automated object detection techniques, the
opportunities offered by citizen science, and the current research strategy for validating new potential
archaeological objects from remotely sensed data, we propose an innovative integrated workﬂow to
generate datasets for machine learning approaches and to validate new potential archaeological objects.
This integrated approach (Figure 6) incorporates the aforementioned new data sources and methods in
the existing research strategy, with a clear focus on the participation of a wide range of different interest
groups, including citizen researchers, data scientists, heritage managers, and academic researchers.
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In the following Section 3.1, the separate steps within the integrated approach are presented, followed
by an overview of their implementation in our research area (Section 3.2).

Figure 6. The integrated approach as proposed in this paper with colors depicting the involvement of
different interest groups (see box on right).

3.1. An Integrated Approach for Dataset Generation and Validation
The start of the integrated approach (Figure 6) lies in the deﬁnition of the overall research project,
including a research area, a central research problem, and associated research questions. Our intention
is that all above-mentioned groups can and should participate in the formulation of the research
project. While the interests and questions may differ between these groups, they can all contribute
to a common goal. For example, local citizen researchers might be interested in the history of their
home region, data scientists in the development of accurate training datasets for machine learning
methods, heritage managers in the exact location and preservation of archaeological objects within
their region of inﬂuence, and academic researchers in (the physical residue of) social processes through
time in a certain area. All these questions have in common that answering them requires the detection,
localization and classiﬁcation of archaeological objects in the deﬁned research area.
3.1.1. Data Collection and Automated Object Detection Steps
Following the formulation of the speciﬁcs of the research project, a continuous, iterative process of
data generation and validation starts. The ﬁrst step in this process involves the collection of (remotely
sensed and archaeological) data, predominantly to generate training datasets for the next step in the
approach. This collection of data will be extended and updated constantly, based on the validation
of detections later on in the process. It is presumed that new potential archaeological objects are
discovered already during this step in the process, especially when new data sources are used or when
the deﬁned research area has not been extensively researched in the past (see Section 2.2). This step,
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as well as the subsequent desktop survey step, present opportunities for using online platforms to
include and involve a wide audience of (citizen) researchers. Spreading the workload of data collection
among a large group of individuals can prove to be a solution to the professional labor bottleneck
encountered in training dataset generation [89].
The result of the ﬁrst step is a substantial collection of data containing (geo)information about
known and newly discovered archaeological objects. This training dataset can be used for automated
object detection using deep learning or other machine learning approaches. Given enough training
examples, deep learning approaches have proven to be able to localize and classify new examples of
the archaeological object(s) in question (e.g., [49]). Therefore, just like the prior step in the process,
these object detection schemes will generate detections of new potential archaeological objects.
3.1.2. Validation Steps
Following the data collection and automated object detection step, the new potential
archaeological objects will be validated in three consecutive steps (Figure 6), closely following the
current Dutch research strategy (see Section 1.3) of desktop survey, initial ﬁeld survey, and minimal
invasive survey. These validation steps can be conducted by different groups of citizen researchers
in cooperation with or assisted by (local) heritage managers and/or academic researchers. A clear
distinction can be made between the ﬁrst step of the validation process, i.e., desktop survey, and the
subsequent two steps, i.e., initial ﬁeld survey and minimal invasive survey. The desktop survey is
an indoor and digital activity that is not impeded by the distance between the citizen researcher and
the research area. Therefore, this step can include a wide group of contributors on the national and
even international level. On the other hand, the second and third validation steps have a distinct local
and outdoor character. These steps involve the active participation of citizen researchers at the actual
location of the detections. Thus, there may or may not be an overlap between the two groups of citizen
researchers involved in the desktop and ﬁeld surveys, respectively.
In the desktop survey the results of the prior steps (especially the automated object detection
step) will ﬁrst undergo a data quality control. Thereafter, the results are compared with digital
(geo)information sources, such as historical, geo(morpho)logical, and topographic maps, (historical)
aerial photographs, and other remotely sensed data. This will lead to the discernment of false positives.
More importantly, this step can lead to new insights in the relation between certain archaeological
object classes and particular topographic and/or geological parameters. This relational information
can be used in subsequent iterations of the process.
In the initial ﬁeld survey, the newly discovered potential archaeological objects will be investigated
in the ﬁeld. (Citizen) researchers will be asked to record a predeﬁned set of characteristics such
as dimensions, height, position in the landscape, etc. for every new potential archaeological
object. This validation step will, in addition to identifying false positives, lead to the recognition of
important parameters of the archaeological objects in question. Furthermore, by recording natural and
anthropogenic disturbances to the archaeological object such as toppled trees, burrows, excavations,
etc., a ﬁrst indication can be gained on the preservation of the archaeological object and further steps
can be undertaken by heritage managers to conserve the object.
The third and last validation step involves the investigation of new potential archaeological objects
through minimal invasive techniques, such as hand corings or test trenches. This step is speciﬁcally to
validate those new potential archaeological objects that could not be conﬁrmed nor discarded in the
two preceding validation steps.
The validation steps within the integrated approach lead to the determination of true and false
positives, the determination of important parameters of the archaeological objects in question, and the
identiﬁcation of potential new data sources. These results will be used to update the data collection
and automated object detection and can thus be exploited at a subsequent iteration of the process.
This integrated approach will result in large reliable datasets, better automated object detection models
that can rely on these large reliable datasets, a completer picture of the occurrence of the archaeological
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object classes within the research area, and more knowledge of the archaeological objects in question.
This, in turn, will lead to new insights into the number, distribution, and state of preservation of the
archaeological objects in question, and the potential for better preserving and monitoring of these
objects, thus answering the different research questions of the different interest groups.
3.2. Case Study: Using the Integrated Approach in Studying Archaeological Landscapes on the Veluwe
The integrated approach to archaeological prospection proposed here (Figure 6) is currently
being implemented in the research area (Figure 2), where it enables us to create and validate datasets
of archaeological objects, namely three typical, abundantly present classes: Barrows, Celtic ﬁelds,
and charcoal kilns (Figure 4). The citizen science elements of our project have been designed and are
being conducted in collaboration with the regional heritage agency, Erfgoed Gelderland. The iterative
nature of our approach leads to a continuous generation of data. We here present the results of the
initial project phase.
3.2.1. Data Collection and Object Detection: The Zooniverse and WODAN
In order to analyze the LiDAR data, our primary data source, of the entire Veluwe, we use
the Zooniverse, a web-based platform that offers opportunities for citizen science projects or
‘people-powered research’ [99]. The concept of the Zooniverse is that users do not need any specialized
background, training, or expertise to participate in any project on that platform. In our Zooniverse
project, named Heritage Quest [100] (Heritage Quest will ofﬁcially belaunched on 10 May 2019 and
be available online at Reference [100] from that date onwards), participants are asked to mark every
potential barrow, Celtic ﬁeld and charcoal kiln within a small LiDAR image of 300 m by 300 m (Figure 7).
The participant has the option to switch between different LiDAR visualizations (currently shaded
relief and Simple Local Relief Model; see Reference [76]) in order to assist them in their classiﬁcation.
In order to allow international citizen researchers to participate in the data collection step, the user
interface of Heritage Quest is bilingual Dutch/English. Every individual LiDAR image will be
classiﬁed by at least eight different users, therefore guaranteeing minimal inter-analyst variability
and furthermore presenting possibilities to explore inter-rater agreement [101]. The monitoring of
user engagement, feedback and online support will be provided by a dedicated staff member at our
regional collaboration partner, Erfgoed Gelderland, who knows the study region ﬁrst-hand.
The automated object detection workﬂow WODAN [50] will be used on the same areas as the
Heritage Quest project. The results of both will be compared with each other (see Section 2.3).

Figure 7. Classifying archaeological objects in LiDAR images in the Heritage Quest project [100].
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3.2.2. Validation: Field Expeditions and Coring Campaigns
The new potential archaeological objects, discovered in the previous steps of the project, will be
validated by the cooperation between citizen researchers and heritage managers and/or academic
researchers. The initial field surveys will focus on the validation of new potential barrows and charcoal
kilns, as tests have shown that Celtic fields are too difficult to recognize under vegetation cover in the
field. These investigations can be conducted individually, or in larger groups in so-called field expeditions,
organized at regular intervals during the year. The initial field surveys will be guided by a mobile WebGIS
application, which incorporates a simplified GIS environment and a digital survey form. This program
guides the user to the location of new potential archaeological objects and offers the possibility to collect
and register a set of predefined characteristics directly in the application. Apart from the documentation
of these characteristics, it offers the possibility to record natural and anthropogenic disturbances.
It is recognized that the last validation step within the process, involving minimal invasive
techniques, is a complex affair, which requires a certain degree of experience (see Section 2.3).
Furthermore, invasive archaeological research is strictly regulated and restricted to ‘professional
archaeologists’ by Dutch heritage laws [102]. Therefore, this step within the validation will be
conducted by heritage managers and/or academic researchers assisted by citizen researchers and/or
students in so-called coring campaigns. After successful test runs in early 2019 (Figure 8), both the ﬁeld
expeditions and the coring campaigns will take place in summer and autumn, building on previous
collaboration with regional heritage managers and citizen researchers in the Veluwe project.

Figure 8. The validation of a new potential barrow through hand corings in early 2019, from left to
right: R. Kramer (Erfgoed Gelderland), M. Wispelwey (Samenwerkingsverband Noord Veluwe), G. Scheltema
(Archeologische Werkgroep Nederland), Q.P.J. Bourgeois (Leiden University), W.B. Verschoof-van
der Vaart (Leiden University), and K. Lambers (Leiden University) (Photograph by E. Kaptijn
(Erfgoed Gelderland)).
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After the initial iteration of the process the results will be incorporated in the training
dataset of WODAN, which will lead to an improved performance in subsequent iterations [50].
New archaeological object classes can be added and new areas can be explored. The end result of the
project will be a large reliable dataset of different archaeological object classes, a better understanding
of the occurrence, distribution, and preservation of these archaeological object classes, and the
engagement of citizen researchers with the cultural heritage of the Veluwe.
4. Discussion
The integrated workﬂow that we introduce here and are currently employing in our Veluwe case
study is a novel combination of methods from remote sensing, machine learning, and citizen science
for the purpose of archaeological prospection. While these methods have been combined in different
partial constellations in the past, our project on the Veluwe, although in its early stages, shows the
beneﬁts of a full integration.
Numerous studies in recent years have shown that a thorough analysis of remotely sensed
data consistently leads to a signiﬁcant increase in the number of potential archaeological objects
in a given region (e.g., [4,46,93,103–105]). The quantity and complexity of—often high-resolution,
multi-dimensional—remote sensing data requires an investment of labour far beyond traditional
means. Apart from computational approaches, discussed below, this can either be achieved by
having few people work on the task over a long period of time (e.g., [104]) or many people over
a short period of time (e.g., [92,103]). In the latter case, those people are either trained project staff or
citizen researchers. While trained staff can contribute to both object detection and validation [103],
the employment of citizen researchers has so far been mostly limited to object detection [92,93]. As our
workﬂow shows, citizen researchers can make important contributions on multiple levels (Figure 6):
1) In the research design step, by contributing their own research questions, 2) in the data collection
step, detecting archaeological objects based on their own knowledge and/or training provided by
heritage managers/academic researchers, and 3) in the data validation steps, by checking object
detections made on remotely sensed data digitally and in the ﬁeld. This is where we propose two
related but separate citizen science projects: An online screening of remotely sensed data (our Heritage
Quest project [100] on the Zooniverse) in which many citizen researchers on an international level can
participate, and ﬁeld observations in our research area by local citizen researchers, some of whom
have collaborated with other archaeological projects on the Veluwe in the past. While there might be
an overlap between the user populations of both projects, and we use one project to advertise the other,
such an overlap is not required for the success of both projects.
Apart from the detection and validation of archaeological objects in our research area, both citizen
science projects also contribute to the generation of large reliable training datasets of archaeological
objects in remotely sensed data. These are required to improve our deep learning-based multi-class
object detection workﬂow WODAN, but also other machine learning-based archaeological object
detection methods can beneﬁt from these. In fact, the generation of large training datasets is
a prerequisite to make any machine learning approach work in archaeological contexts where reliable
data is often sparse. Although strategies such as data augmentation [52] and transfer learning [57] have
considerably lowered the required number of conﬁrmed instances of archaeological objects for the
training of deep learning-based algorithms, higher numbers will always improve their performance.
The iterative nature of our integrated approach (Figure 6) ensures that any validation will feed directly
into the training dataset, thus constantly improving the deep learning-based detection algorithm.
We have started to exchange our training data with projects working in similar ﬁelds. Since most
automation projects so far have been targeting a narrow range of typical, pervasive archaeological
object classes such as barrows, charcoal kilns, mounds and pits (see Section 1), such an exchange is
likely to lead to quick improvements of the different approaches. In the long run, we envision the
creation of truly large archaeological training datasets that can be used in regular competitions not
unlike the annual ImageNet challenges [106].
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With this perspective in mind, we argue that deep learning and citizen science not only
combine well, but depend on each other for the success of both. This has, in fact, been recently
demonstrated by case studies in other domains, such as biology [107], medicine [108], and ecology [109],
to name just a few. In archaeology, however, both approaches have so far been used alternatively
instead of complementarily. Especially object validation has been left to trained project staff
or professionals [4,103,110], in some cases explicitly favouring this option over any automation
approach [103]. Our proposed workﬂow and its implementation in our Veluwe project shows that
such a dichotomy between people-powered and computer-powered archaeological object detection
does not exist and that we should indeed strive for an integration of both approaches.
In choosing CNN-based deep learning as a basis for our approach to archaeological object
detection in the Veluwe project, we are aware of the criticism that this method faces (see Section 1
and discussion in Reference [111]). However, we are not just following the latest trends here but have
based our decision on our own experience and learning curve in the ﬁeld of automated archaeological
object detection over more than a decade.
In the course of consecutive projects, the ﬁrst author tested different approaches to automated
archaeological object detection (e.g., Nasca geoglyphs in Peru [112,113] and livestock enclosures in the
Alps [34,35,114]), moving from simple tools such as edge detectors to complex knowledge-based
algorithms. While the detection results became more powerful and accurate over time, little
efﬁciency was gained, and transferability was limited. Towards the end of our previous project
we compared our custom detector of livestock enclosures with two common CNNs: AlexNet and
VGG-f (see Reference [54]). The results were exciting and sobering at the same time. While our
custom detector, hand-crafted over four years, performed best, the CNNs performed nearly as well
after having been adapted to our case study within just a few weeks [34,35]. Thus, in terms of
efﬁciency, common pre-trained neural networks clearly outperformed our custom algorithm. This—to
our knowledge—ﬁrst application of CNN-based deep learning approaches to archaeological object
detection in remotely sensed data showed the great potential of transfer learning for archaeology,
but also the necessity of a large training dataset.
In the present study, we are building on this experience and enhance the deep learning approach
with a complementary citizen science approach, integrating them in an iterative workﬂow that yields
beneﬁts for both. In our Veluwe project, deep learning-based automated object detection already
works, although there is clearly room for improvement [50]. Citizen science-based data collection and
validation has been tested successfully and is likely to contribute to the project soon. A challenge here
will be the retention of citizen researcher engagement during the project. Research has shown that
regular feedback and support are necessary factors contributing to the success of long-term citizen
science projects [94,95]. This will be true for the online desktop-based survey (Heritage Quest [100]
on the Zooniverse), but will perhaps be even more critical for the dedicated ﬁeldwork teams. As the
recognition of archaeological objects is dependent on experience as well as training, the quality of the
ﬁeld inspections will be affected by the long-term engagement of the citizen researchers. In this respect,
we will team up with national volunteer organizations such as the Archeologische Werkgroep Nederland
(AWN) to provide training and information to prospective citizen researchers involved in ﬁeldwork.
5. Conclusions
We have proposed an innovative integrated approach for archaeological object detection that
draws on recent developments and own experiences in remote sensing, machine learning, and citizen
science (Figure 6). This workﬂow is currently being employed in a long-standing investigation of
the archaeological landscape of the Veluwe in the central Netherlands (Figure 2). In this case study,
a key element of the integrated approach is a deep learning-based object detection workﬂow called
WODAN [50], to our knowledge, the ﬁrst functional multi-class detector of archaeological objects
in remotely sensed data. In order to validate objects detected by WODAN and to add additional
detections, we involve citizen researchers in different stages of the project, both through an online
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survey of remotely sensed data (Heritage Quest [100]), and through dedicated ﬁeldwork. These ﬁeld
observations are then fed back into the training dataset of WODAN, which in turn produces more
accurate object detections for the next validation step. Over time, this iterative process will lead
to a reliable database of validated archaeological objects of recurrent, pervasive classes, providing
an excellent basis for archaeological research, heritage management and regional historiography.
At the same time, and beyond the scope of our Veluwe project, this database constitutes
a growing dataset of labeled archaeological objects that is much needed to train machine learning-based
approaches to archaeological object detection in this project and elsewhere [111]. The three recurrent
archaeological object classes currently targeted, namely barrows, Celtic ﬁelds, and charcoal kilns,
are present in other parts of Europe as well. For example barrows/burial mounds and—functionally
different but morphologically similar—other earthen mounds are even a constitutive element of the
archaeological record of many regions of the world (e.g., [37,44,115]) and are probably one of the most
pervasive archaeological object classes worldwide. Combining training data from different projects
is likely to enhance the performance and transferability of multiple detection algorithms that are
currently under development in different contexts across Europe and beyond. While this research has
so far been mainly driven by archaeologists and data scientists, our integrated workﬂow shows the
crucial role that citizen researchers can play in this research endeavour.
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Abstract: Applications of remote sensing data for archaeology rely heavily on repurposed data,
which carry inherent limitations in their suitability to help address archaeological questions. Through a
case study framed around archaeological imperatives in a Scottish context, this work investigates the
potential for existing satellite systems to provide remote sensing data that meet deﬁned speciﬁcations
for archaeological prospection, considering both spatial and temporal resolution, concluding that
the availability of commercial data is currently insuﬃcient. Tasking a commercial constellation
of 12 spacecraft to collect images of a 150 km2 region in Scotland through the month of July 2020
provided 26 images with less than 50% cloud cover. Following an analysis of existing systems,
this paper presents a high-level mission architecture for a bespoke satellite system designed from
an archaeological speciﬁcation. This study focuses on orbit design and the number of spacecraft
needed to meet the spatial and temporal resolution requirements for archaeological site detection and
monitoring in a case study of Scotland, using existing imaging technology. By exploring what an
ideal scenario might look like from a satellite mission planning perspective, this paper presents a
simulation analysis that foregrounds archaeological imperatives and speciﬁes a satellite constellation
design on that basis. High-level design suggests that a system of eight 100 kg spacecraft in a 581 km
altitude orbit could provide coverage at a desired temporal and spatial resolution of two-weekly
revisit and <1 m ground sampling distance, respectively. The potential for such a system to be more
widely applied in regions of similar latitude and climate is discussed.
Keywords: archaeological remote sensing; satellite mission design; satellite archaeology;
archaeological survey

1. Introduction
Signiﬁcant challenges exist in the application of remote sensing data for archaeological prospection
and monitoring at a landscape scale. There is a heavy reliance on re-purposed datasets such as aerial
photographs, satellite imagery and airborne laser scanning collected for reasons such as cartography,
military intelligence and infrastructure planning. This repurposing of data for archaeological purposes
is unsurprising as it is expensive to acquire. However, it also brings limitations because the data
acquisition was not speciﬁed with archaeological imperatives in mind. This paper is a contribution to
the discussion of how heritage applications of satellite data might be developed, seeking to reframe the
Remote Sens. 2020, 12, 4100; doi:10.3390/rs12244100
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common question of an archaeologist repurposing remote sensing data who might ask ‘how can data
collected for other purposes be best used to address archaeological questions?’. Rather, the approach
taken here is to ask ‘what might a satellite system for archaeology look like?’, speciﬁcally for a
constellation of optical satellites. This exercise has been attempted to explore what an ideal scenario
might be—a simulation analysis that foregrounds archaeological survey questions and speciﬁes
a satellite system design on that basis. The analysis is framed within imperatives drawn from a
speciﬁcation for imagery in Scotland, which nevertheless illustrates factors that require consideration
in specifying such a system anywhere.
Specifying ‘a satellite for archaeology’ is of course a complex multi-faceted process, but the focus
here is primarily on mission architecture, considering the number of spacecraft and appropriate orbit
selection to deliver the desired spatial resolution and revisit times. While recognising that platforms,
sensors, and workﬂows, to name but a few, are all fundamental aspects of a speciﬁcation, these are out
of the scope of this paper. By exploring mission architecture as one aspect of the design of satellite
systems, this paper aims to provide an understanding of the impacts of these factors that will be
informative to all users of satellite data.
This contribution is framed by the widespread leveraging of satellite remote sensing for archaeology
(e.g., [1–10])—and that the trajectory for development is witnessing increasing spatial, spectral and
temporal resolution, the potential to task data collection, and the proliferation of available data.
While this is not yet a panacea for a range of reasons, including costs and, for example, the diﬃculties
in calibrating and integrating diﬀerent datasets from a range of Earth observation sensors [11], the rate
of development is startling. Nevertheless, while recognising this trajectory, the lack of archaeological
imperatives in the speciﬁcation of data acquisition means that there are inherent compromises in
primary survey data (see [12] for a comprehensive discussion of these factors for passive optical
imaging).
A central issue here is the capacity of remote sensing data to provide systematic and reliable
data for archaeological management and research questions. This depends on many factors, not least
of which is the ability to specify data acquisitions. Thus, while the capacity to image large areas
with sub-metre ground sampling distance (GSD) optical sensors, to revisit regularly, and to specify
conditions for acquisitions are all important, this remains largely beyond the reach of archaeology.
Rather, archaeologists rely on using what is available in the market (inherently random, usually too
expensive), what is possible to collect oneself (limited in coverage with inherent user bias), or what is
freely available (medium to high spatial resolution or not speciﬁed for archaeology). Working with
these available datasets, archaeologists have demonstrated that relevant information can be extracted
from a range of remotely sensed data, including satellite data, at a variety of spatial and temporal
resolutions for prospection, condition monitoring and land-use change [6,7]. This, correspondingly
begs the questions: ’what could be achieved with an ideal, bespoke remote sensing system?’ and
’what would this ideal system comprise?’.
The analysis presented below attempts to explore the parameters for a constellation of optical
satellites against this background, using Scotland as a case study area to deﬁne the mission requirements.
The design primarily focuses on the number of spacecraft and orbits required to provide the necessary
temporal and spatial resolution. This design is presented not so much in the expectation that a satellite
system for archaeology will be launched, but, by outlining the high-level features of such an ideal
system, to contribute to the further development of this data source for the discipline.
2. Scope: Specifying a Satellite for Archaeology
In considering the question of what a satellite for archaeology might look like, a scope has been
deﬁned for a speciﬁc form of archaeological prospection. This is used as a device to help consider
the relationships between archaeological imperatives and satellite system design, recognising that,
even with a theoretical question, an element of feasibility is required and that a ‘do everything’
approach would over-complicate the issues. As such, sensors, platforms, and data processing and
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interpretation workﬂows remain out of scope for the paper, without wishing to underplay their
importance. Instead, by focusing on the orbital mechanics of the system, this work presents a mission
architecture that could meet the spatial and temporal resolution requirements for archaeological
prospection with existing imaging technology.
At a high level, the scope is deﬁned with the need to cover the whole of Scotland (c. 80,000 km2 ),
with regular revisit periods and GSD of <1 m in multi-spectral data. Such data could be expected to inform
a range of activities, including archaeological prospection, condition monitoring, and landscape-scale
change detection. The required GSD is speciﬁed at <1 m to enable clear identiﬁcation of archaeological
features at a scale of 1 m and smaller, where a higher GSD would result in insuﬃcient spatial
resolving power to do so (Figure 1). A core objective is to contribute to the creation of systematic
national data [13,14], and because of this aspiration to deal with very large areas, solutions like
UAVs or localised survey methods do not provide the necessary data coverage. Within this general
framework, a speciﬁc aspect of scope focusses on those otherwise buried archaeological remains that are
expressed through crop proxies. The emergence of cropmarking is dependent on climatic conditions,
soil properties and land-use patterns which introduce considerable variation in the timing and potential
for formation [15]. These factors necessitate regular revisit periods, as crop development across even
relatively small areas is not uniform through the summer and is thus time critical. Crop proxies are
used for archaeological prospection across the European continent and Scotland is selected as a study
region with the understanding that the presented method of space system architecture design could be
applied to other regions. It should be noted, however, that the latitude, prevailing weather and timing
of the crop season in the region of interest will impact the solution obtained.

Figure 1. Many archaeological sites in Scotland, and indeed elsewhere in Europe, are composed of
relatively small discrete features, as this example of an early medieval cemetery at Croftgowan in
Highland illustrates. The discrete features that make up the site are characterised by ditches often <1 m
across and small burial pits. The scale of expected features requires a GSD of <1 m to enable clear
identiﬁcation of archaeological features. Graphic: Geert Verhoeven; Source image DP281499 © Historic
Environment Scotland.

In Scotland, the distributions of soils that are conducive to cropmark formation and appropriate
land use (mainly arable crops, but in extreme droughts also pasture) are largely in the east and south

171

Remote Sens. 2020, 12, 4100

of the country (Figure 2), so this represents a speciﬁc area of interest. Archaeological prospection in
these areas is currently dependent on a light aircraft-based observer-directed survey, informed by
broad-brush soil moisture deﬁcit data as a proxy for areas of likely crop stress. On this basis, prospection
is undertaken relying on visual identiﬁcation of cropmarking and selective imaging, in an approach that
is recognised as introducing signiﬁcant bias in what is observed and recorded [16–19]. This ‘cropmark
survey’ then is a central focus for the speciﬁcation of our satellite for archaeology, alongside monitoring
of designated archaeological sites for which multi-temporal high-resolution imaging is required.
This speciﬁcation is discussed in further detail below.

Figure 2. (A) The location of the study area in north-west Europe. (B) Map of Scotland, with yellow
tone indicating the generalised extent of arable ground, which is a speciﬁc focus of interest for repeat
imaging. The locations of Figures 3, 5, 6 and 7 are shown, referring to issues discussed below.

Using the priorities deﬁned above, the following engineering speciﬁcation was generated for a
satellite system for archaeology:
•
•

•
•
•
•

Coverage must extend to all of Scotland;
For eastern and southern Scotland (Figure 2) the maximum revisit time should be three weeks,
with a two-week revisit interval desirable, to ensure cropmark formation, which is time variant,
can be captured;
A GSD of <1 m is required, with 0.5 m desirable, in recognition of the scale of anticipated features;
Imagery should be multi-spectral (including at least Red, Green, Blue and Near-Infra-Red bands);
The system must operate for a minimum of ﬁve years, to allow for observations during both wet
and dry years;
Usability in regions of similar climate/land environment is desirable.

Based on the engineering speciﬁcation, some high-level system requirements are identiﬁed that
will constrain the space system design. Firstly, the requirement to provide a GSD of <1 m requires a
low-Earth orbiting (LEO) spacecraft, as spacecraft in low altitude orbits will produce lower GSD data.
LEO spacecraft are generally deﬁned as having mean orbit altitudes of 300–1000 km and will orbit the
Earth with a period of approximately 90 min. Geosynchronous and geostationary spacecraft have an
orbit period that is the same as the Earth’s speed of rotation about its axis, allowing for continuous
observations over a given longitude. However, these spacecraft operate at approximately 36,000 km
altitude, and hence would be unable to provide the GSD required. Furthermore, an imager with a low
GSD will generally have a small ﬁeld of view, meaning that it may be necessary to use a constellation
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of spacecraft to achieve the desired revisit times. A greater number of spacecraft would tend to imply
a higher cost system, and so the space system design discussed below will attempt to reduce costs
by employing the minimum number of spacecraft. However, space system cost depends on a range
of factors and is challenging to estimate due to the limited public availability of past mission costs.
As such, any cost estimates will be subject to signiﬁcant uncertainties.
On the basis of the deﬁned requirements, existing space systems are ﬁrstly assessed against the
speciﬁcation (Section 3), which is followed by discussion of a bespoke space system design (Section 4).
3. Existing Space Systems
Of the multitude of Earth observing (EO) spacecraft currently in operation (as of 26 June 2020),
only a small number can provide the appropriate GSD, multi-spectral imagery necessary for the
archaeological purposes outlined in Sections 1 and 2. These systems are summarised in Table 1,
where GSD given are the maximum attainable (normally at nadir). In all cases pansharpened
multi-spectral images are available at the stated panchromatic spatial resolution. While the listing of
eleven systems (Table 1), with often daily revisit intervals, suggests that suitable data should be readily
available, this is not the case. Firstly, the majority of these systems are commercial; as such, not all data
are publicly available, and most of the data are certainly not freely available. Moreover, the revisit
rates listed indicate the frequency with which a region of the Earth can be observed, but the actual
data collection frequency is much lower. This is because the stated revisit time includes the ability of
the spacecraft to slew and point their instrument oﬀ-nadir. As such, the revisit time represents the
time in which any one region of the Earth could be imaged; it does not represent the time in which
imagery of the entire Earth can be collected. As the spacecraft can only point at one location at a time,
the limiting factor for the complete imaging of a region is the instrument swath width (i.e., the width
of the spacecraft imager ﬁeld of view on the Earth’s surface) and, as noted in Section 2, a lower GSD
generally corresponds to a smaller ﬁeld of view.
For visual imagery, the images must be taken during daytime and at times of limited cloud cover,
further compounding these diﬃculties. For Scotland, the average cloud cover in May, June and July is
70%, though it may be lower on the east coast of the country [20]. Assuming an equal chance of cloud
being present at any time, this indicates that only 30% of daytime satellite passes over the region of
interest are likely to be useable. These factors highlight the reality behind the headline ﬁgures of revisit
rates, and the potential diﬃculties of securing imagery of given locations at speciﬁed periods.
Conspicuously absent from Table 1 are the Sentinel-2 spacecraft, part of the EU Copernicus
programme, and NASA’s Landsat spacecraft, as, in spite of their frequent revisits over Europe
(ﬁve days for Sentinel-2 A and B combined and eight days for Landsat 7 and 8 combined) and
previous use in archaeological prospection and condition monitoring [6,7], they cannot provide the
GSD necessary for the purposes outlined in Section 2.
In order to assess the suitability of existing satellite systems for archaeological purposes as deﬁned
in the scope (Section 2), an approximately 150 km2 region in Scotland is examined as a sample site
(Figure 3). For each of the eleven systems listed in Table 1, the availability of recent data is assessed
for the periods from 1 May 2016 to 31 July 2016 and from 1 May 2018 to 31 July 2018. These periods
were selected for the favourable cropmark formation conditions that prevailed during dry and hot
summers that encouraged crop stress. For all the apparent likelihood of data availability on the basis
of the large number of operational systems, for the sample area there are a total of eight images with
<30% cloud cover for these two time periods, many of which provide <100% coverage of the area of
interest. The low number of images available is striking, with a concomitant low number of time series
of multiple overlapping images. The trends of image acquisition seen here reﬂect the priorities of most
satellite data providers/consumers, with high demand, and hence high acquisition, generally focusing
on urban areas. Failing a signiﬁcant change in the global use of satellite data, such trends are likely to
continue across all very high-resolution satellite data providers. Leaving aside the cost of procuring
such commercial data (indicative costs for these products range from $5 to $50/km2 [25]), this volume
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of imagery is clearly insuﬃcient as a primary source for the routine archaeological survey of the region
speciﬁed above.
Table 1. Selection of existing very-high-resolution multi-spectral satellite imaging systems [21–24].
System

Operator

Multi-Spectral
GSD

Panchromatic
GSD

Approximate
Revisit Time

Worldview-2

MAXAR/DigitalGlobe

1.84 m

0.46 m

1–4 days

Worldview-3

MAXAR/DigitalGlobe

1.24 m

0.31 m

1–4 days

GeoEye-1

MAXAR/DigitalGlobe

1.84 m

0.46 m

3 days

SkySat

Planet

1m

0.5 m

<1 day

Pleiades-1A + 1B

AIRBUS Defence and Space

2m

0.5 m

1 day

DMC3-TripleSat-1

DMCii

3.2 m

0.8 m

1 day

DMC3-TripleSat-3

DMCii

3.2 m

0.8 m

1 day

SuperView-1

Beijing Space View Technology

2m

0.5 m

2 days
1.4 days

KOMPSAT-3

Korea Aerospace Research Institute

2.2 m

0.5 m

Gaofen-2

China National Space Administration

3.2 m

0.8 m

5 days

Deimos-2

Urthecast

3m

0.75 m

2 days

Through the European Space Agency Third Party Mission programme, access was granted to data
obtained by the SkySat constellation of spacecraft (operated by Planet) to evaluate its use in detection
and monitoring of archaeological sites. Through this, a request was made to Planet for one image to be
collected of the study area (Figure 3) each week in July 2020 using the SkySat spacecraft. In order to
satisfy this request Planet collected multiple images on almost every day in July. During the month of
July, 150 images were collected, but only 26 of these have <50% cloud cover; this corresponds to just
17% of images. Furthermore, if the images are to be used for the detection of time varying cropmarking,
multiple images collected on the same day are of limited value. While this data volume could be
suﬃcient for the detection of crop proxies in summer, it has required dedicated daily collections from a
total of 12 diﬀerent spacecraft.

Figure 3. Stranraer area of interest [26]. Centred on 54◦ 52 27”N, 4◦ 58 76”W; see Figure 2 for location.
© Planet Labs Inc. 2020.

4. Bespoke Space System Design
The discussion in Section 3 identiﬁes that the ideal requirements for routine archaeological
detection and monitoring in Scotland, as deﬁned by the requirements outlined in Section 2, cannot be
achieved by using satellite data acquired for general purposes, which is not to negate the potential utility
of such data in other contexts (e.g., [1–10]). Tasking a constellation of 12 spacecraft did allow for suitable
imagery to be collected of a small region of Scotland, but the competing needs of other customers
imply that extending this to provide routine, systematic coverage of the entirety of Scotland would be
challenging. This reinforces many of the limitations to the eﬀectiveness of archaeological applications
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of satellite data discussed in general terms in Section 1. From that position, a high-level design for
a bespoke space system is developed and presented. It should be noted that this design is based on
requirements derived for speciﬁc archaeological priorities in Scotland. As such, the space system
speciﬁed may not be ideal for archaeological purposes elsewhere; however, the design methodology
presented, and the general insights obtained, could be applied to any region.
4.1. Payload Selection
The key component of any spacecraft system is the payload, which must be selected or designed
to meet the mission requirements. The function of the rest of the spacecraft, referred to as the spacecraft
bus, is to ensure the successful operation of the payload. The potential variability in the payload, as a
key variable in a system, is illustrated in a selection of existing multi-spectral imaging satellite systems
with the required GSD (Table 2).
Table 2. Speciﬁcations for existing high-resolution satellite systems [21,27–29].
Spacecraft

Multi-Spectral GSD, m

Panchromatic GSD, m

Swath Width, km

Spacecraft Mass, kg

Worldview-3

1.24

0.31

13.1

2800

Altitude, km
617

SkySat 3-13

1

0.72

6.6

110

500

Pleides 1A/1B

2

0.5

20

1015

694

DubaiSat-2

4

1

12

300

600

Spot 6/7

8

2

30

720

694

The spacecraft system properties can be further expressed in the panchromatic GSD of each imager
plotted against its swath width and the total mass of the host spacecraft (Figure 4). The mass of the
spacecraft is indicative of the mission budget, as the launch cost, which often dominates the mission
budget, will rise with increasing mass. In this respect, the SkySat 3-13 design is an attractive option as it
oﬀers high-resolution imagery for an extremely low spacecraft mass when compared to other systems.
However, the corollary of this is that it has the smallest swath width of all the imagers considered,
which will correspond to a longer revisit time as the ground covered on each orbit is concomitantly less.

Figure 4. Panchromatic spatial resolution versus swath width for existing high-resolution satellite
systems. Bubble size indicates spacecraft mass.

4.2. Orbit Design
The orbit selected for the spacecraft will greatly inﬂuence the coverage and revisit capabilities of
the system. Using the SkySat parameters deﬁned in Section 4.1 as a baseline, an orbit is selected with
175

Remote Sens. 2020, 12, 4100

the intent of maximising coverage of Scotland, and an estimation is made of the number of spacecraft
required within this orbit to provide the desired revisit times. Circular orbits are assumed to be used
due to ease of orbit insertion and operational maintenance.
Altitude is one of the most signiﬁcant parameters for the orbit design as it will inﬂuence the
spatial resolution and swath width of the payload instrument; a lower altitude will result in a higher
resolution image, but a narrower swath width. Inclination, which describes the angle between the orbit
plane and the Earth’s equator, is another critical parameter in orbit design. The inclination is critical
for two primary reasons. Firstly, the most northerly and southerly latitude a spacecraft will pass over
is deﬁned by the orbit inclination such that thegeodetic latitude, δ, range of the spacecraft coverage
can be deﬁned as, where 0 ≤ δ ≤ tan−1

tani
1− f (2− f )

, where i is the orbit inclination in degrees and f is the

Earth ﬂattening factor to allow for conversion from geocentric to geodetic latitude [30]. It should be
noted that depending on the swath width of the imager and the pointing capabilities of the spacecraft,
it may be possible to view latitudes beyond this range. Secondly, spacecraft will have the shortest
revisit period over regions at the most northerly and southerly viewable latitudes. The revisit time
will generally increase as the latitude of the location of interest approaches the equator. The SkySat
spacecraft operate in sun-synchronous orbits. A sun-synchronous orbit is a near-polar orbit where the
average rate of nodal precession (i.e., the rate at which the spacecraft orbit rotates around the Earth’s
axis of rotation) is the same as the Earth’s average rate of orbit around the sun. This synchronicity
means that the relative time of day along the satellite’s ground track remains approximately the same
for each orbit pass. This is especially useful for Earth observing satellites as it ensures consistent
lighting conditions each time a region is observed. Furthermore, as a near-polar orbit it allows for the
entirety of the Earth to be observed. However, sun-synchronous orbits generally have an inclination of
96 deg < i < 99 deg, depending on the orbit altitude, and hence provide maximum coverage in the
region of 81 deg < δ < 84 deg.
In order to estimate the revisit time for a satellite in a sun-synchronous orbit over the entirety of
Scotland, the time to provide full coverage of the lowest latitude of interest is calculated, assuming
no overlaps between passes. The southernmost point of Scotland is the Mull of Galloway, with a
latitude of approximately 54.63 deg. The circumference of the circle deﬁned by a given line of latitude,
cδ , can be estimated as [31]
R
cos δ
(1)
cδ = 2 π 
1 − sin δ (1 − f )2 − 1
where R is the Earth equatorial radius, taken as 6378 km, f is the Earth ﬂattening factor and δ is the
geodetic latitude of interest. The circumference of the Earth at 54.63 deg latitude is hence estimated
as 23135 km, assuming a ﬂattening factor f of 3.3528 × 10−3 as given by the World Geodetic System
1984 [32].
The width of a latitude band covered by an inclined spacecraft in a single pass, W, with a swath
width, s, will depend on the direction of motion of the spacecraft relative to the line of latitude at nadir.
At the equator, the relative angle between the spacecraft direction of motion and that of the line of
latitude, β, will be β = i, where i is the orbit inclination, while at a latitude δ = i, there will be β = 0.
This angle β can be calculated [33] as
⎞
⎛
⎜ sin2 i − sin2 δ ⎟⎟
⎟⎟
β = tan ⎜⎝
⎟
cos i − ω cos2 δ ⎠
−1 ⎜
⎜⎜

(2)

where ω is the rotational rate of the Earth, taken as 7.2921 ×10−5 rad/s. The width of the latitude band
covered in a single pass is then
s
W=
.
(3)
sin β
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It should be noted that as the latitude of interest, δ, approaches the orbit inclination, i, the width
covered will tend to inﬁnite; as such the above approximation is not valid at latitudes close to i. For a
swath width of 6.6 km, and a spacecraft inclined at 97 deg, this gives a width covered, W, at 54.63 deg
latitude of 6.8 km, meaning 3417 passes would be required for full coverage at 54.63 deg latitude,
assuming no overlap between passes.
The orbit period, T, of a spacecraft in a circular orbit is

T = 2π

(RE + h)3
μ

(4)

where h is the orbit altitude, RE is the mean Earth radius, taken as 6371 km, and μ is the standard
gravitational parameter of the Earth, taken as 3.986 ×105 m3 /s2 . A spacecraft at an altitude of 500 km
would have an orbit period of 94.47 min and therefore would require approximately 224 days to
achieve 3417 passes; this gives a revisit time of approximately 224 days at 54.63 deg latitude. Assuming
spacecraft could be distributed to provide no overlap in coverage, 16 spacecraft would hence be
required to meet the desired revisit criteria of two weeks.
In order to minimise the revisit time of a spacecraft over a region, an inclination can be selected that
is greater than, but close to, the most northerly latitude of interest. For Scotland, this is approximately
60 deg. For an orbit inclined at 60 deg, the width covered by a spacecraft with a swath of 6.6 km in a single
pass at 54.63 deg increases to 13.1 km, as calculated using Equations (2) and (3), meaning 1761 passes
are required to cover the full Earth’s circumference at 54.63 deg latitude. This would take 116 days for a
single spacecraft, using the orbit period calculated with Equation (4), and so nine spacecraft could meet
the two-week requirement—a signiﬁcant improvement in comparison to the sun-synchronous case.
Increasing the spacecraft altitude will increase the swath width but decrease the GSD; this provides
an opportunity to ﬁne-tune the performance of the space system to, potentially, further reduce the
number of spacecraft required. The relationship between GSD, swath width, s, and spacecraft altitude,
h, can be expressed as
p
L
w
= =
(5)
GSD
h
s
where w is the sensor width, p is the photosite pitch and L is the instrument focal length [34].
Assuming the sensor parameters p, L, and w remain constant, both the GSD and swath width vary
linearly with altitude according to Equation (5). Estimating the GSD and swath width at a given
altitude using Equation (5) gives the results shown in Table 3. The number of spacecraft that would
be required to provide a two-week revisit of Scotland at each altitude for a 60 deg inclined orbit as
calculated using Equations (2)–(4) are also given. Note that the number of spacecraft required is
rounded up to the nearest whole and the values should be considered a minimum as eclipse periods,
cloud cover, and tasking restrictions may impact the spacecraft performance. The general trend is that
a higher altitude gives a reduction in the number of spacecraft required, with diminished returns at
greater altitudes. If the upper limit on GSD is taken as 1 m, then the minimum number of spacecraft
needed will be seven, at an altitude of <700 km.
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Table 3. Estimated GSD, swath width, revisit times, and deorbit time as a function of altitude for a
spacecraft baselined against the SkySat spacecraft.
Altitude, km

GSD, m

Swath Width, km

Width Covered at
54.63 deg Latitude,
km

Time to Full
Coverage for One
s/c, days

No. of s/c for
2-Week Revisit

Time to Deorbit
to 100 km, years

200

0.29

2.6

5.2

270.9

20

0.003

300

0.43

4.0

7.9

184.8

14

0.072

400

0.58

5.3

10.5

141.7

11

0.762

500

0.72

6.6

13.1

115.9

9

4.748

600

0.86

7.9

15.7

98.7

7

21.18

700

1.01

9.2

18.3

86.4

7

74.97

800

1.15

10.6

21.0

77.2

6

224.1

900

1.30

11.9

23.6

70.1

5

588.8

1000

1.44

13.2

26.2

64.4

5

1397.1

Orbit altitude will also directly impact the spacecraft on-orbit lifetime. A spacecraft in low-Earth
orbit, that is with an altitude <1000 km, will experience drag due to the Earth’s atmosphere. Over time
this will cause the spacecraft altitude to reduce, ultimately resulting in the spacecraft naturally
deorbiting. A spacecraft orbit should be suﬃciently high to ensure a suitable operational life for the
spacecraft prior to deorbit, while also ideally complying with the UN Space Debris Mitigation Guideline
to “limit the long-term presence of spacecraft and launch vehicle orbital stages in the low-Earth orbit
(LEO) region after the end of their mission” [35]. Generally, this guideline is considered to be met if the
spacecraft will naturally deorbit within 25 years of the end of the mission.
Assuming a power law ﬁt to the 1976 standard atmosphere [36], the time for a spacecraft to
naturally decay to a certain altitude, h1 , as a function of time can be deﬁned as [37]

t=

m

CD A Λ μ R

h0 − R

1+γ


1 + γ 
− h1 − R 

1+γ

1000−γ

(6)

where h0 is the initial spacecraft altitude, CD is the coeﬃcient of drag, taken as 2.2, and γ and Λ
are coeﬃcients of the power law taken as 7.201 and 107 , respectively. For a spacecraft with a mass,
m, of 100 kg and a cross-sectional area, A, of 1 m2 (similar to those of SkySat), and with de-orbit
assumed to occur at an altitude of 100 km, the time to deorbit from a range of possible orbit altitudes
are shown in Table 3. A spacecraft in an orbit of 500 km or lower will deorbit naturally in less than
ﬁve years, meaning that signiﬁcant on-board propulsion would be required to maintain the spacecraft
altitude and meet the requirement for a minimum operational life of ﬁve years. A 600 km orbit seems
suitable as it requires the minimum number of spacecraft while still meeting the 25 year natural deorbit
requirement and providing <1 m GSD.
4.3. Detailed Constellation Design and Simulation
Based on the coverage estimates made in Section 4.2, a 600 km altitude, 60 deg inclined orbit is
selected as a baseline for the constellation. In order to ensure a 14 day revisit over Scotland, a repeating
ground-track (RGT) orbit is designed [38]. It is calculated that for a spacecraft in a 60 deg inclined orbit,
an altitude of 581.077 km will give a repeat period of 207 orbits in 14 days. At this altitude, the width
covered by a single spacecraft pass at 54.63 deg latitude, the lowest latitude of interest, is 15.3 km as
calculated using Equations (2) and (3), meaning eight spacecraft would be required for full coverage
in 14 days. To ensure an even distribution of coverage, the spacecraft should be organised in a ‘train
formation’ such that one edge of the swath of the ﬁrst spacecraft passing 54.63 deg latitude is aligned
exactly with the opposite edge of the swath of the subsequent spacecraft [39]. The time for Earth to
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rotate such that the surface at 54.63 deg latitude will move through a distance equal to the width seen
by the spacecraft at the latitude of interest, W, can be estimated as
tsep =

2πW
ωcδ

(7)

where ω is the rotational rate of Earth, and cδ is the circumference of the circle of the latitude of
interest. The spacecraft should then be separated through true anomaly (i.e., within the orbit plane)
such that a following spacecraft will reach the true anomaly of the previous spacecraft in the time tsep .
This separation can be calculated, in radians, as
θsep =

2πtsep

(8)

T

where T is the orbit period, as calculated using Equation (4). For spacecraft in a RGT orbit at 581.077
km, this gives a required true anomaly separation between spacecraft of approximately 3.556 deg.
An orbit propagator is used to estimate the coverage that could be expected from a constellation of
eight spacecraft in a 581.077 km altitude, 60 deg inclined orbit, with a separation between spacecraft of
3.556 deg through true anomaly. Using Equation (5), the spacecraft are calculated to have a swath width
of 7.7 km at 581.077 km altitude and the simulation is carried out for a 30 day period. The propagator
uses the Gauss/Lagrange planetary equations [40] to calculate the change in the Keplerian orbit elements
of the spacecraft over time. J2 , which is the perturbation due to an oblate central body, is the only
perturbation included [41]. Drag and other forces acting on the satellite are disregarded as they are
considered small when compared to the J2 eﬀect. The satellite ground track and associated coverage
is calculated assuming a spherical Earth. The constants and orbit parameters used in this analysis
are given in Tables 4 and 5, respectively. The epoch date of 1 June 2020 is arbitrarily chosen for this
example study. Sample sections of the north, east and south of Scotland are considered to reduce
computational complexity, selected on the basis of the areas of interest (Figure 2 and Table 6).
Table 4. Simulation constants.
Parameter

Value

Unit

Gravitational parameter

3.986 × 1014

m3 /s2
km

Mean Earth radius

6371

Coeﬃcient of J2 for Earth

0.0010827

-

Angular velocity of Earth

7.29212 × 10−5

rad/s

Table 5. Orbital parameters.
Parameter

Value

Unit

Time and date at epoch

00:00 1 June 2020

-

Number of spacecraft

8

-

Mean orbit altitude

581.077

km
deg

Orbit inclination

60

Right ascension of the ascending node (RAAN)

0

deg

True anomaly of lead spacecraft

0

deg

True anomaly spacing between spacecraft

3.556

deg
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Table 6. Selected regions for coverage simulation.
Region

Maximum
Latitude, deg

Minimum
Latitude, deg

Maximum
Longitude, deg

Minimum
Longitude, deg

Area, km2

North
East

58.64

58.13

−3.06

−4.23

3832

57.15

56.56

−2.10

−3.37

5025

South

55.47

54.90

−3.60

−5.03

5675

The orbit simulation results are summarised in Table 7 and visualised in Figures 5–7. For each
region selected, the average time between viewings (the average revisit time across all discrete points
in the region) is less than seven days and each discrete point in the regions would be seen an average
of 11–22 times, depending on latitude. 100% of the northern region, 99% of the eastern region, and 97%
of the southern region are observed with a maximum revisit time of less than 14 days, though it should
be noted that cloud cover and lighting conditions would mean that only a portion of the passes would
be useable. There are a small number of points with maximum revisit times in excess of 14 days shown
as grey regions in Figures 5–7. These points of high maximum revisit are likely a result of inaccuracies
in the calculation of the RGT orbit altitude and satellite distribution and could be addressed through
precision orbit design. It should also be noted that maintaining the precise RGT orbit altitude and
spacecraft distribution would necessitate active orbit maintenance using on-board propulsion.
Table 7. Maximum and average coverage of selected regions of Scotland for a constellation of eight
spacecraft in a 60 deg inclined RGT orbit.
Region

No. of S/C

Average
Revisit, Days

Maximum
Revisit, Days

Average Number
of Passes

% Area with <14
Day Revisit

North

8

3.5

13.0

22

100%

East

8

4.2

15.0

18

99%

South

8

6.3

27.1

11

97%

Figure 5. Cont.
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Figure 5. Maps of the north region of interest as described in Table 6 and indicated on Figure 2. The maps are
oriented with north to the top and cover an area of approximately 57 km (N-S) × 68 km (E-W). The colours
overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location in the region
after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated to provide the
coverage estimates for the full region of interest (Map data: Google, TerraMetrics, www.google.com/maps
[retrieved 16 March 2020]).

Figure 6. Maps of the east region of interest as described in Table 6 and indicated on Figure 2. The maps are
oriented with north to the top and cover an area of approximately 65 km (N-S) × 77 km (E-W). The colours
overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location in the region
after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated to provide the
coverage estimates for the full region of interest. (Map data: Google, TerraMetrics, www.google.com/maps
[retrieved 16 March 2020]).
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Figure 7. Maps of the south region of interest as described in Table 6 and indicated on Figure 2. The maps
are oriented with north to the top and cover an area of approximately 63 km (N-S) × 90 km (E-W).
The colours overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location
in the region after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated
to provide the coverage estimates for the full region of interest. (Map data: Google, TerraMetrics,
www.google.com/maps [retrieved 16 March 2020]).

5. Discussion
From an examination of appropriate currently operational multi-spectral imaging spacecraft,
it is clear that the ideal requirements of the archaeological community, illustrated here with a case
study of Scotland, would be challenging to meet using existing systems. What is readily available as a
by-product of existing acquisitions may not be suitable, and even with expensive bespoke tasking there
is no guarantee of acquiring the data required. Although the global revisit time of many of these systems
appears suﬃcient (1–4 days), this only expresses the ability to view all areas of the globe, and does
not correspond to the ability to image all areas. Tasking patterns, slewing and imaging constraints
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mean that the useable imagery available of any area is collected at a much lower frequency than might
be expected. For archaeological applications, the useable imagery collected is even lower because
commercial imperatives mean that a high proportion of historical imagery is centred on urban areas.
Considering eleven satellite systems (as described in Table 1) only eight appropriate archive images
were identiﬁed of a 150 km2 region of archaeological interest in Scotland over a six-month period during
the summers of 2016 and 2018. This highlights the signiﬁcant compromises inherent in archaeological
applications of commercial satellite systems for site detection and monitoring, and the potential beneﬁts
of a bespoke system. When a constellation of 12 spacecraft were tasked with imaging this region in
July 2020, 150 images were collected, though due to cloud cover only 17% of these images (a total of 26)
were usable. This underlines the requirement for a system tasked consistently to improve the chances
of securing the necessary imagery for archaeological observations. It also highlights the major impact
of cloud cover, which is not further considered here, but is clearly a signiﬁcant consideration in sensor
choice and an imperative to developing uses of radar systems, for example. It is of note that the method
of coverage analysis and orbit design presented in this paper is independent of sensor type, and the
swath widths for very-high-resolution synthetic aperture radar (SAR) spacecraft are similar to those of
the multi-spectral optical systems presented. For example, the recently launched ICEYE constellation
can collect SAR imagery at <1 m GSD with a corresponding swath of 5 km [42] and Capella SAR
oﬀers <1 m GSD with a swath of approximately 10 km [43]. The spacecraft in both constellations
have a mass of approximately 100 kg each, similar to the optical systems considered here. As such,
a spaceborne SAR system designed to meet the outlined requirements would likely have similar
parameters to the presented optical constellation. TerraSAR-X [44] and COSMO-SkyMed [45] are larger
spacecraft, but both oﬀer similar <1 m GSD SAR data and have been successfully used in archaeological
prospection and cultural heritage monitoring, conﬁrming the viability of this approach [7,45].
In designing a bespoke satellite for archaeology in Scotland, an inclined 60 deg orbit oﬀers an
increased revisit rate over a more common sun-synchronous orbit. The main drawback to this orbit is
that even though there is a higher revisit rate, there may be issues with coverage due to the chance of
passing over during eclipse, when an optical payload is ineﬀective. Using a 60 deg inclined orbit, it is
estimated that full coverage of Scotland every two weeks could be achieved using eight spacecraft in
repeating ground-track orbits, positioned to avoid any overlap in coverage. Such a system is estimated
to provide an average revisit time across Scotland of 3–7 days, depending on the latitude. In the
simulations performed, 97% of the areas of interest have a maximum revisit time of less than 14 days
and it is expected that this could be extended to the full region with more precise orbit modelling.
The ground tracks of the satellite constellation would pass over various land masses across the
globe. This presents a collaboration opportunity where research, development and costs could be
shared with other countries in exchange for access to the system. The orbit characteristics recommended
are designed to cover Scotland but could be adapted for better coverage across various countries.
Land masses at a similar latitude to Scotland (56◦ ) could be subject to a comparable coverage pattern
and rate of revisit (Figure 8), provided that the satellites are capable of handling larger quantities of
data. For example, Lithuania is at the same latitude as Glasgow (55◦ ), allowing for similar results
without changes to the existing orbit path. Due to the circular orbit selected, areas in the southern
hemisphere of approximately −56◦ latitude (Figure 8) are subject to a similar coverage pattern and rate
of revisit. However, this area is almost exclusively ocean. The use of an elliptical orbit could allow
for longer dwell times in the northern hemisphere, reducing this impact, though this would require
signiﬁcant fuel for orbit maintenance.
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Figure 8. Robinson projection map of the world with lines of ±56◦ latitude indicated. Regions of
the Earth close to these latitudes would experience coverage similar to Scotland from the proposed
satellite constellation.

6. Conclusions and Future Perspectives
This paper has presented an analysis of the requirements for a satellite system for archaeology
based on a speciﬁcation drawn up from ideal requirements in a Scottish context. The analysis highlights
the extent to which existing satellite data, even against the recent proliferation of suitable systems,
is not as readily available as might be expected. Thus, while tasking existing systems shows promise,
a bespoke system should oﬀer increased performance. The ‘satellite for archaeology’ simulation
analysis presented here should contribute to assessment of the suitability of applications of satellite
remote sensing for archaeology, drawing out the nature and reasons for the compromises that are
routinely made in fundamental areas of source data collection. This study illustrates the extent to which
archaeologists are most often ‘passive’ receivers of source data collected according to imperatives set by
others. While this will remain largely inevitable, aspects of the analysis should be useful in promoting
heritage concerns and speciﬁcations in future satellite system designs, and, at the very least, promoting
a better understanding of the systems that produce their data amongst users of satellite derived data.
High-level design for a bespoke satellite for archaeology system suggests that eight 100 kg
spacecraft at approximately 581 km altitude could meet the deﬁned needs. While the bespoke nature
of traditional space missions makes cost estimates challenging, based on the cost of the similar sized
Carbonite-2 spacecraft, each spacecraft could be expected to cost in the region of $6.3 million USD [46].
Rocket Lab USA provide dedicated launches for up to 150 kg to low-Earth orbit for an indicative cost
of $4.5 million USD [47]. Assuming one launch per spacecraft, this would give an estimated build and
launch cost in the region of c. $80–90 million USD. By heritage standards, this is a lot of money, but could
be oﬀ-set by cost-sharing amongst countries at similar latitudes, with commercial tasking to subsidise
costs and other social ventures oﬀering further potential funding. Very-high-resolution multi-spectral
satellite imagery with frequent revisit across Europe is expected to be valuable for many applications
beyond cultural heritage. As such, a collaborative mission addressing a variety of compatible user
needs could be envisioned, while additional imagery collection beyond the primary mission schedule
could allow for repurposing and use by wider communities for many years into the future. It is beyond
the scope of this paper to further explore these considerations, but they are raised here because of
the potential they oﬀer for archaeological considerations to be more directly taken account of in the
design of future systems. This is especially pertinent as the trajectory of satellite development will
continue to oﬀer improved spatial resolution imagery from smaller spacecraft and reduced launch
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costs, allowing similar performance to be achieved at a lower cost. Furthermore, development of
satellite relay systems [48,49], inter-satellite links [48,50], responsively manoeuvrable spacecraft [51,52]
and federated satellite systems [53] may allow for new methods of operation that could be suitable for
archaeological applications, in particular due to the seasonal restrictions on observations. For example,
the challenge of high cloud cover could, in future, be addressed through on-board autonomous agility.
Forward-facing cloud-detection cameras for spacecraft are currently being developed, which would
enable spacecraft to autonomously slew and plan data collection to mitigate the effects of cloud cover [54].
The focus of this study is explicitly on mission architecture, recognising that there are many
other factors that require consideration, not least of which are sensor design (e.g., to deal with cloud
cover issues), which would further inﬂuence system speciﬁcations, and processing and analysis
workﬂows. Nevertheless, even with this focus, many attributes of satellite mission planning that are
directly relevant to end users of derived data have been highlighted. These should promote the more
informed use of that data, through a better understanding of the attributes and characteristics of source
data. Published works promoting the application of satellite data for archaeology (e.g., [1–10,55])
focus extensively on the characteristics of data and imagery, but this paper represents, to the best of
our knowledge, the ﬁrst instance of a discussion of the inﬂuence on archaeological applications of
mission architecture as a fundamental aspect of satellite system design with profound down-the-line
implications. In the future development of reliable and systematic data sources to inform archaeological
enquiry, we hope it will not be the last.
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Abstract: Cropmarks are a major factor in the effectiveness of traditional aerial archaeology. Identiﬁed almost 100 years ago, the positive and negative features shown by cropmarks are now well
understood, as are the role of the different cultivated plants and the importance of precipitation and
other elements of the physical environment. Generations of aerial archaeologists are in possession of
empirical knowledge, allowing them to ﬁnd as many cropmarks as possible every year. However,
the essential analyses belong mostly to the predigital period, while the signiﬁcant growth of datasets
in the last 30 years could open a new chapter. This is especially true in the case of Hungary, as
scholars believe it to be one of the most promising cropmark areas in Europe. The characteristics of
soil formed of Late Quaternary alluvial sediments are intimately connected to the young geological/geomorphological background. The predictive soil maps elaborated within the framework of
renewed data on Hungarian soil spatial infrastructure use legacy, together with recent remote sensing
imagery. Based on the results from three study areas investigated, analyses using statistical methods
(the Kolmogorov–Smirnov and Random Forest tests) showed a different relative predominance of
pedological variables in each study area. The geomorphological differences between the study areas
explain these variations satisfactorily.
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In June 1998, one of the most proliﬁc aerial archaeologists of the second half of the
20th century, René Goguey, arrived in Budapest from Paris on an Air France scheduled
ﬂight. While still at the airport, he commented that from an altitude of 20,000 feet it was
clear to him that research into cropmarks on the Little Plain (Rába interﬂuve) should begin
immediately. Despite the previous several years’ lack of success, work was recommenced in
this region, and a large number of good quality archaeological features visible as cropmarks
were identiﬁed [1].
To understand the signiﬁcance and the complexity of cropmarks in aerial archaeology,
a brief summary of traditional ways of investigating them and a short presentation of the
factors affecting their formation are required. Alluvial fans are ideal for studying the role
of the different soils in the formation of cropmarks, and therefore, this introduction will
also contain the geographical background of the alluvial fans and the relevant results of
soil mapping in Hungary.

4.0/).
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1.1. Cropmarks in Aerial Archaeology
What has been long recognized is the correlation between variations in vegetation on
arable land (and, under certain conditions, on grazed and mowed areas) and the presence
of traces of past human activities (along with many natural phenomena). Although there
were indications of an understanding that vegetation might reveal the past in this way
as early as around 1540 (John Leland), it was the work of O. G. S. Crawford in the UK
beginning in 1914 that deﬁnitively linked variations in crop growth to the presence of
buried archaeological features [2]. By the 1920s, this was already being applied in his
research [3]. The development of aviation and aerial photography then led to similar
insights in continental Europe, too. In Hungary, Sándor Neogrády, another experienced
World War I aviator, was an aerial photographer and cartographer who started to collect
what he termed “unnatural phenomena” from the 1920s [4]. Pioneer researchers began
to organize them systematically, so Neogrády also described the role of darker, denser
vegetation, which grows over ﬁlled-in ditches/pits, and the sparser, lighter vegetation over
buried walls, introducing the distinction between positive and negative cropmarks as basic
categories [4].
In addition to variations in color, differences in the height of crops and vegetation
are also important (Figure 1), as illustrated in various studies [5,6]. Many cultivated plant
species indicate anomalies very early in their growing season, but it is in the course of
ripening that the greater part of variations may be detected [7,8].

Figure 1. Dabas—Öreg Országúti-dűlő (Pest County, Hungary) aerial archaeological site. The image
is dominated by the positive cropmarks showing the color variations (marks of a green circular ditch
and small pits) in yellow wheat. On the right side, mostly due to the barley’s late harvest period,
some further pits are visible (cf. Figure 2) owing to shadow effect of the cropmarks (Oblique aerial
photograph, 12 June 2015, Zoltán Czajlik).

From the 1950s, ﬁrst in France and Germany, later in Austria and Italy, and ﬁnally in
the 1990s in Switzerland and the former socialist countries, the importance assigned to
the identiﬁcation of the cropmarks has grown. This, together with data gathered using
traditional, analog aerial photography in archaeology, was summarized by Irwin Scollar in
his work on archaeological prospection, which is still relevant today [9].
Beginning in the 2000s, the use of digital cameras and GPS for positioning images
and navigation has greatly increased the efﬁciency of traditional aerial archaeological data
collection. Images with reference points can be quickly rectiﬁed, and the interpretation and
creation of photomaps has become much easier. Thanks to digital technology, it is now
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possible to collect information not only from the visible spectrum, but also from the NIR
and NUV domains, which (in a way similar to infrared ﬁlms in the analog era) can increase
the contrast between normal and stressed crops and improve the visibility of cropmarks
following data enhancement [10].

Figure 2. Rectified oblique aerial photographs at Dabas—Öreg Országúti-dűlő (Pest County, Hungary,
cf. Figure 1). Aerial photo polygons are generally related to the parcel-system. The “normal”/late
harvest cropmarks are marked in different colors. Source: Zoltán Czajlik, 12 June 2015 and GE-imagery.

Nowadays, archaeological aerial photography has become part of airborne and spaceborne remote sensing (ASRS), in addition to those mentioned above, as well as the multiand hyperspectral applications [11]. The programmed use of the latest UAV platform—as
with non-traditional ASRS—makes (semi) automatic photography also possible. Thus,
traditional aerial archaeology remains one of the last remote sensing techniques requiring
an observer, so its overhaul is certainly justiﬁed [12,13]. However, this does not lead to the
undervaluing or discarding of the experience and beneﬁts that come from the observer
being not only part of the learning process, but also being constantly present during data
collection and inﬂuencing its quality and efﬁciency through decisions; all this represents a
resource to be exploited. This is especially true in the case of such a complex phenomenon
as cropmarks, which are to this day still understood on the basis, more or less, of empirical
knowledge [14].
1.2. Factors Affecting the Formation of Cropmarks
As summarized above, the experiences of pioneers in this ﬁeld show that what
character and what quality of cropmarks become visible depends on when a photo is
taken. Some of these factors are connected to agricultural activity: in which way the soil
is cultivated, and above all, what species are grown, and in what proportion [15]. The
signiﬁcance of barley (Hordeum vulgare), wheat (Triticum aestivum), winter rape (Brassica
napus) and alfalfa (Medicago sativa) in this area of research is well-documented. To varying
degrees, maize (Zea mays L.), pea (Pisum sativum L.) and sun-ﬂower (Helianthus annuus L.)
may also reveal archaeological features [16]. On the basis of the personal experience of the
authors of the present paper, triticale (Triticale) and poppy (Papaver somniferum L.) also have
important regional roles [17]. The explanation for these observations is mainly related to
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the sowing distance, structure (e.g., normal root length) and drought tolerance/resistance
to high amounts of precipitation of the plants [18,19].
One of the most difﬁcult natural factors to calculate is the weather, and the personal
experience of both the aerial photographer-archaeologist and the pilot still plays an important role in dealing with this. As a general rule, droughts caused by dry weather can
dramatically increase the number of detectable cropmarks, which is what happened in
England in 1976. Too much rainfall, on the other hand, yields few cropmarks, while a lot of
rain in early summer can ruin even what had earlier been regarded as promising cropmark
development—this is what happened in Hungary in 2019, for example.
Taking all the above into account, the investigation of the correlation between inﬁltration/evaporation data and cropmarks requires the detailed analysis not only of data sets
for late spring/early summer but also of long-term sets [20–23]. Furthermore, it should be
noted here that while the analysis of precipitation-related factors is important, it is not in
itself sufﬁcient; temperature and even, in some cases wind, may also be of signiﬁcance [24].
Among the geological factors, the role of gravel-rich subsurface layers or gravel covers
and ﬂuvial-dominated fan surfaces is of extraordinary importance [25,26]. On the basis of
data from Bavaria, it would appear that even in moderately rainy years, good results can be
achieved by researching these areas [5]. In Central Bohemia, in the Elbe Basin, 75% of the
cropmarks identiﬁed between 1993 and 2009 are in gravel/sandy areas, and a further 22%
in territories underlain by loess bedrock [16]. Such areas can be successfully investigated
in Hungary as well, though in this case, the difference in favor of gravel/sand areas is not
as remarkable [17,23].
While soil conditions are, naturally, not independent of the underlying geology, alluvial areas may, nonetheless, present a very diverse picture, making it difﬁcult to recognize
correlations with soil types. The effects of sub-soil archaeological features on the growth
of crops and the related question of within-plot variability in soil properties has been
studied in Central European agricultural landscapes by Czech researchers. Hejcman et al.
(2013) [27] were able to demonstrate that variations in soil pH and nutrient availability
were attributable to prehistoric settlement activities. They recorded substantially higher
contents of organic matter, higher pH, and concentrations of plant-available P, Ca, Mg, Cu,
and Zn in the sub-soil layer in cropmarks identiﬁed on spring barley as compared to their
surroundings. In the arable layer, pH and concentrations of P, Ca and Mg were generally
higher. Cropmarks were characterized by barley plants that grew to twice the height of
those in the control group, and with signiﬁcantly higher Ca, Mg and P concentrations.
In Bohemia, the cropmarks were most visible on sandy soils, as the soil texture, water
holding capacity, and nutrient availability between ﬁlled-in archaeological features and
the surrounding sub-soil layers showed the greatest contrast. The soil properties differ
signiﬁcantly in areas with clayey soils, which may explain the almost complete absence
of cropmarks in these zones [16,28,29]. According to Gojda and Hejcman, positive cropmarks may appear particularly noticeable above graves due to the phosphorus from the
bodies [19]. On the basis of the experiences of the current authors, it should be noted that
the identiﬁcation of graves through cropmarks is more sensitive to weather/precipitation
than is the case with other archaeological phenomena.
1.3. Geographical Background
The interior of the Carpathian Basin is dominated by lowlands derived from alluvial
fans. The watercourses reaching the basin from the mountainous surroundings formed their
vast alluvial fans with lengths of 10 km to 100 km, stretching out towards the deep-lying
part of the giant basin during the Pleistocene [30]. The alluvial fans—representing a total
area of more than 50,000 km2 —are separated by low mountains and gentle hills. Elsewhere,
however, interlinked alluvial fans underwent signiﬁcantly different Late Pleistocene and
Holocene development histories; in these cases, due to both tectonic and climatic processes,
the watercourses gradually “slid down” (migrated) from the alluvial fans with gravel bases
and silty and sandy sediment dominated upper layers [31].
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On some of the alluvial fans—e.g., on the remnants of an alluvial fan ﬂanked by a
terraced valley edge—the movements of wind-blown sand and loess formation became
dominant. The sand-formed topography is dominated by large blowout-residual ridgehummock form assemblages that are extensive and adapt to the runoff direction(s) of the
former alluvial fan surface.
In other cases, the tectonic fragmentation of former alluvial fans with thick loess and
sand cover formed a tectonically controlled valley network. Their streams sharply divided
the alluvial fan bodies: alluvial valleys were formed, with steep marginal slopes, above
which extended ﬂat plateaus with a geological past as alluvial fans but subsequently were
covered with loess and/or sand.
At the edges of the alluvial fans, the rivers that migrated there formed wide ﬂoodplains.
After their strong alluvial fan erosion activity, during the accumulation phase-which is
also characteristic of the Holocene—they partially covered the marginal areas with their
sediments, or they could even cover the entire surface of the smaller alluvial fan.
1.4. Soil Mapping
The upper, weathered, solid mantle of the Earth, the pedosphere, results from the
complex interplay of several soil forming factors and soil forming processes in the zone
of interaction between the lithosphere, atmosphere, hydrosphere and biosphere. Soil is
a multifunctional natural resource [32], one of its main functions is the conservation of
natural and human heritages.
The goal of soil mapping is to reveal and visualize the spatial relationships of thematic
knowledge concerning the soil mantle. Soil maps are thematic maps, whereby a theme is
determined through speciﬁc information related to the soils [33]. These can be primary
or secondary (derived), quantitative, or qualitative properties. There are two basic and
apparently contradictory but in fact complementary concepts employed in the characterization of spatial variability in soils [34]. One approach essentially builds on similarity,
and represents the soil mantle via the mapping of units of homogeneous composition. Its
cartographic realization is classic soil maps, of which there is an extensive tradition [34].
The other approach emphasizes the continuous spatial variation of soil properties, and the
mapped soil property is predicted using cells and the spatial resolution is determined by
the cell size.
In Hungary, large amounts of soil information have been collected through soil surveys, observation and mapping. The goals and methodology of successive soil mapping
projects differed, and as a consequence, very often it was dissimilar soil features that were
highlighted. The maps were compiled at various scales, from farm to national level. Smaller
scale, synthesized maps provide national coverage, while larger scale ones cover only parts
of the country [35].
Recently, predictive soil maps in the form of digital soil maps have come to be considered the most effective representation of speciﬁc features of the soil mantle [36]. The
evolution of digital soil mapping is closely related to the rising availability of spatially
exhaustive, relatively low-cost data available in the form of satellite imagery covering
wide time scales and spectra, and also digital elevation models originating from remote
sensing, both of which provide efﬁcient representations of various soil forming factors
and processes [37]. In Hungary, the very recently elaborated DOSoReMI.hu is a collection
of spatial soil information in the form of unique digital soil map products compiled to
optimize the identiﬁcation of speciﬁc soil features at the regional scale [38]. A signiﬁcant
part of these had never been mapped before, even nationally, at a high (~1 ha) spatial
resolution. The new digital soil maps are compiled from speciﬁc spatial predictions based
on (i) measured soil observation data, (ii) spatially exhaustive, environmental auxiliary
variables, and (iii) sophisticated geostatistical and data mining methods for inferring the
spatial and temporal variations of soil features. The inherent vagueness of spatial prediction is explicitly expressed through a proper accuracy assessment, and the newly produced
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digital soil information and maps are therefore supplied with an estimation of the degree
of both local and global uncertainty or reliability.
2. Materials and Methods
Studying cropmarks requires a special mixture of knowledge, as besides the technical
factors, its efﬁciency depends on experience of the local setting, archaeological and geomorphological knowledge, and on environmental factors which are permanently changing
with respect to one another. Among these dynamic factors, the role of precipitation is
decisive, and the weather during the early summer time window can inﬂuence the results
for better or for worse to a great extent. In the light of this, it is clear why methods may
vary greatly in heritage management, but the greater the researcher’s experience and the
longer the research timescale, the greater the progress which can be made in reducing the
impact of seasonal differences.
The primary spatial unit of the traditional archaeological approach is the archeological
site. Ofﬁcial geoinformatics-based records rely on the sites being some kind of polygon
clearly delimited in an area using ﬁeld survey data. In the case of aerial archaeological
sites, the greater part of the data concerns the archaeological features. This allows a much
more detailed interpretation than the information from a ﬁeld survey. Thanks to the
detailed interpretation of aerial photos, deﬁning the archaeological site boundaries is not
necessary [39]. However, in aerial archaeology research, sites can be deﬁned as territorial
units reshaped by the imposition of modern borders, divisions, and changes in designation
and use. Nevertheless, the density of aerial archaeological sites are usually marked on
integrated maps with the help of simple coordinates/GPS tracks determined during ﬂights
or later in laboratory, meaning that there is no spatial data showing their true extent in most
databases [8,17,40–42]. One important exception is the system operated by the University
of Vienna for years, as they use both coordinates and polygons [26,29]. The method—in
some aspects similar to the Austrian one—employed by the current authors is, with a
few exceptions, adapted to the growth of cultivated ﬁeld crops. In the presentation it is
not aerial photograph coordinates which are used, but polygons. Aerial photo polygons
do not show the boundaries of archaeological sites, but the plots planted with the same
species, and any archaeological phenomena thus revealed. So, these are units which, thanks
to the presence of homogenous conditions, theoretically all the important archeological
phenomena should be visible.
Herein, the term cropmark plot (CMP) will be used for the areas covered by each
polygon. In the absence of CMPs, the extent of all archaeological aerial photo sites should
be determined in order to obtain comparable spatial data. Meanwhile, there may be often
several, in some cases even 8–10 aerially identiﬁable archaeological sites within the area of
a CMP (Figure 2).
The opposite is, of course, also true. Maps of various archaeological sites can be put
together, just like pieces of a puzzle, based on aerial archaeological prospection conducted
on different dates. In other words, the number of puzzle pieces—and the average size of
the CMPs—depends on the pattern of land use. To meet these conditions, the CMPs are
formed on the basis of the polygons determined by the parcel boundaries at the time when
the photo is taken. As a result of further photography, CMPs can be merged or resized if
the documented area expands.
The aim of the current research was to compare the pedological features of cropmark
plots (CMP) and non-cropmark plots (nCMP) in order to identify demonstrable differences
between them. For this purpose, the spatial soil information on primary soil properties
provided by DOSoReMI.hu was employed. To compensate for the inherent vagueness
of spatial predictions, together with the fact that the deﬁnition of CMPs and nCMPs
adopted here is somewhat indeﬁnite, the comparisons were carried out using data-driven,
statistical approaches.
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2.1. Study Areas
To examine the utility of this method, areas subject to increased systematic research
from 1993 onwards were selected, and 2017 was the last year processed. This does not,
however, mean that the regular aerial archaeological prospecting of the areas has ceased.
The sample areas also represent examples of all three characteristic alluvial fan evolution
types (1, 2, 3). These distinct environment types also demonstrate different patterns in
terms of cropmark appearance (Figure 3).

Figure 3. Location of the study areas. Cropmark plots (CMPs) are displayed in yellow.

1.

The alluvial fan of the Danube-Tisza interﬂuve (Study area 1)

This is a remnant of a huge alluvial fan of the paleo-Danube aligned in a NW-SE
direction, and from which the river—for tectonic reasons—migrated to the West. In this
new location, the Danube has created a wide ﬂoodplain extending 30–50 m below the
top of the former alluvial fan. On the surface of the inactive alluvial fan there is a gravelrich alluvial plain in the North but going southwards it is dominated by loess and sandy
sediments, and due to aeolian processes (which were extremely signiﬁcant in the Holocene
as well), by sand ridges, hollows and dunes. A near-surface gravel presence occurs at the
neck of the alluvial fan and on the terraces of the Danube as it cuts into its western margin.
2

Sió-Sárvíz valley (Study area 2)

The Carpathian Basin has been divided by ﬂuvial activity (the paleo-Danube) and
controlled by tectonic processes. This loess and sand region is markedly separated from
the wide ﬂoodplain of the Danube due to its Pleistocene migration and even from the
sandy surface of the wide alluvial fan of the Danube-Tisza interﬂuve. In the Sió-Sárvíz
valley, which deepens into a tectonically divided terrain, signiﬁcant valley widening and
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slope erosion took place. The area’s classiﬁcation as a lowland can be explained by the ﬂat
surface of the extensive loess and sandy plateaus that dominate the region.
3

Rába interﬂuve (Study area 3)

The alluvial fans of the section of the paleo-Danube entering the Carpathian Basin and
of the watercourses (e.g., Rába) coming from the eastern edge of the Alps developed into
one of the sub-basins of the Carpathian Basin-in the direction of the Győr Basin. The graveldominated alluvial fans were built on top of each other in this lowland depression. Their
ﬂoodplain sedimentary cover also signiﬁcantly thickened during the Holocene, covering
the alluvial fan-derived basement.
All the three study areas were preprocessed for the analysis in four steps:

•
•
•
•

A minimum bounding box was deﬁned, covering the CMPs of the given site. Its extent
is deﬁned by the outermost CMPs. The distribution of CMPs within these rectangles
is inhomogeneous.
The countrywide soil property maps with 1 ha spatial resolution were clipped to the
extent of the bounding rectangles.
Non-croplands were masked out from the clipped soil property maps on the basis of
the very recently elaborated, national, high resolution ecosystem-type map [43], which
also represents land-use/landcover characteristics with a high degree of accuracy.
Two sample populations were deﬁned for each test site and each soil property, containing (1) the raster cells in CMPs and (2) the rest of the cells. These sample populations
represented the two types of areas, which show cropmark features, or not, respectively.

2.2. Spatial Soil Information
Traditionally, the spatial knowledge of soils is summarized chieﬂy in the form of soil
type maps based on an appropriate classiﬁcation system [44]. Generally, these maps are
simply called soil maps, which in fact reﬂects their importance. Historically, soil mapping
was done based on soil typology, and soil types have strong didactic signiﬁcance. Soil type
maps have also been created on different levels and according to different classiﬁcation
systems. In present study, the cartographically prepared (raster-vector transformed and
generalized) version of the newly compiled nationwide soil type map (with harmonized
legend and spatially consistent predictivity [45], was used for the identiﬁcation of the
location of CMPs along main soil types.
In the quantitative investigations, optimized primary soil property maps with 1
ha spatial resolution were tested for their ability to reveal differences between CMPs
and nCMPs. As with soil type, rooting depth refers to the whole soil proﬁle (pedon),
while particle size fractions (clay, sand and silt content), bulk density (BD), soil organic
matter content (SOM), CaCO3 content (CC), and pH are mapped for subsequent soil
layers according to various partitions (Table 1). Each target variable was modelled using
a sequence of spatial inference approaches (altering either methods or the reference and
predictor data), which were always accompanied by a detailed accuracy assessment for the
determination of the best performing set of soil data, method and auxiliary covariables for
the given target variable [38]. The map products are published on the www.dosoremi.hu
website and are serviced in two different ways. The maps elaborated according to GSM
speciﬁcations represent the Hungarian contribution to the GlobalSoilMap.net project.
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Table 1. Summary of the primary soil property maps used for the comparison of the pedological features of CMPs
and nCMPs.
GSM.net Depth Intervals [cm]

Equidistant Depths [cm]

Topsoil

Soil Properties Linked
to Layers

0–5

5–15

15–30

30–60

60–100

100–200

0–30

soil organic matter [%] (SOM)

x

x

x

x

x

x

x

x

pH

x

x

x

x

x

x

x

x

sand [%]

x

x

x

x

x

x

x

x

x

silt [%]

x

x

x

x

x

x

x

x

x

x

clay [%]

x

x

x

x

x

x

x

x

x

x

CaCO3 [%] (CC)

x

x

x

x

x

x

x

bulk density

[g/cm3 ]

30–60

30–60

0–60

x

(BD)

x

x

Soil properties linked to
soil proﬁle
genetic soil type (traditional)

x

rooting depth [cm]

x

2.3. Statistical Methods
To identify their pedological differences, the two types of area underwent (i) testing
using a traditional, non-parametric statistical test, namely the Kolmogorov–Smirnov (KS)
homogeneity test and (ii) modelling using a recently “popularized” data mining method,
namely Random Forest (RF). Despite their inherent differences, both methods are appropriate for revealing the hypothesized differences in the two types of areas on the basis of the
available data.
2.3.1. Kolmogorov–Smirnov Homogeneity Test
The two-sample Kolmogorov–Smirnov (KS) homogeneity test is used to test whether
two samples come from the same distribution by comparing the cumulative distributions
of the two data sets. A great advantage of this non-parametric test is that it does not
assume that data are sampled from normal distributions. The null hypothesis is that both
groups were sampled from populations with identical distributions. The KS test reports
the maximum difference (D) between the two cumulative distributions and calculates a
p value from that and the sample sizes. The p value shows what the chances are that the
value of the Kolmogorov–Smirnov D statistic is as large, or larger than observed. If the p
value is small, the two groups are sampled from populations with different distributions.
The distribution of raster values for the two sample populations was compared by
KS for each soil property independently for the three pilot areas. The two distributions
were considered statistically different at a 95% conﬁdence level, then the soil properties
with P < 0.05 were ranked according to their D values. The higher the D value, the greater
degree to which CMPs and nCMPs differ in their tested soil property.
2.3.2. Random Forests
Random Forests (RF) are an ensemble data mining method for classiﬁcation and/or
regression. The RF algorithm depending on its settings and on the type of the dependent
variable, generates a number of regression or classiﬁcation trees. The model relies on
averaging the result of the trees, which are grown independently of each other [46]. In
the course of RF modelling, the number of trees was set at 500, the number of variables
available for splitting at each tree node (mtry) was set at 7 (501/2 ). RF models provide a
variable rank, reﬂecting which co-variables play a more important role in the prediction
model. According Hengl et al. (2017) [47], the main advantages of random forest over
linear regression are: (i) it has no requirements in terms of the probability distribution of
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the target variable; (ii) it can ﬁt complex non-liner relationships in k+1-dimensional space
(where k is the number of environmental covariates); and (iii) the correlation between the
environmental covariates is not a limiting factor.
In the present study, the prediction of CMPs and nCMPs was tested using RF modelling. The test dataset was set up by using all raster values for each study areas, and
a binary classiﬁcation was carried out for the identiﬁcation of CMPs and nCMPs. The
variable degrees of importance provided by RF were used for the ranking of soil properties
in the discrimination. RF was carried out once on genetic soil type and once only with
merely quantitative predictors.
3. Results
Differences in geological/geomorphological background alone do not explain all
anomalies. It was presumed that the recent state of soil formation, expressed by genetic
soil type, water absorption and water holding as well as nutrition supply capacity, would
play an essential role, too.
3.1. Distribution of CMPs along Main Genetic Soil Types
As witnessed in the study areas, Chernozem and Meadow type soils are remarkably
helpful in the formation of cropmarks, while the suitability of sandy soils is limited.
The eastern part of study area 1 (Figure 4, ﬁrst panel) is dominated by an alluvial fan
covered with sandy soils, and the amount of the detected CMPs decreases. Furthermore, in
the case of the area derived from the fan, the CMPs were not recognizable on salt-affected
soils. Only rarely do a few cropmarks show up on alluvial soils close to the riverbanks.

Figure 4. Cont.
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Figure 4. (panel 1–3). Distribution of CMPs on the soil type map for the study areas.

Study area 2 (Figure 4, second panel) is the most geomorphologically determined
area of the three study areas. The cropmarks ﬁt in the typical soil types of valley ﬂoors,
and in the vast majority of cases, the CMPs occur on Chernozem soils. As with previous
study areas, only a few CMPs could be detected on sandy soils. Study area 3 (Figure 4,
third panel) is the most heterogeneous area in relation to the distribution of soil types. The
majority of CMPs occur on Meadow and Chernozem type soils. It is suggested that the
detection of CMPs depends mainly on the weather and seasons.
3.2. Differences between Pedological Characteristics of CMPs and nCMPs as Revealed by the
Kolmogorov–Smirnov Test
In the light of the two-sample Kolmogorov–Smirnov homogeneity tests, the three pilot
areas display signiﬁcant differences. The ranked soil properties are listed in Table S1. For
each study area, the histogram of the raster cell values for the two data sets (CMPs and
nCMPS) in the case of the most discriminating soil properties are displayed in Figure 5.
In the Rába interﬂuve study area, CMPs and nCMPs mostly differ in the carbonate
content of the upper layers. Particle size fractions (clay, sand and silt content) in subsoil
(under 1m) and near-surface soil organic carbon also seem to be strong discriminating
factors. As can be seen in Figure 5, the carbonate content of the 15–30 cm layer is shifted
towards higher values in CMPs, with the distribution reaching a maximum in the 68% range; however, a second, local maximum is similarly situated for both data sets at
about 13%.
In the Sió-Sárvíz study area CMPs and nCMPs differ mostly in the particle size
fractions (clay, sand and silt content) of all layers; carbonate and soil organic matter content
lag behind and seem to be rather weak discriminating factors. Despite the signiﬁcant test
result, the histograms in Figure 5 do not seem to differ to any great extent, except for the
fact that for CMPs the maximum close range sand content of the 5–15 cm layer is wider,
and at over 40% is still almost as high as at 30%.
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Figure 5. The histograms of the raster cell values for the two data sets (CMPs and nCMPS) in the case of the most
discriminating soil properties for the three study areas.

In the Danube-Tisza interﬂuve study area, CMPs and nCMPs also differ to a large
extent in particle size fractions (clay, sand and silt content). However, deeper layers occur
later in the ranking; carbonate and soil organic matter content even lag behind and seem to
be rather loose discriminating factors. The two histograms in Figure 5 for the silt content
of the 0–60 cm layer look rather different, while for CMPs the maximum is located at the
lowest values and the overall distribution shows only slight ﬂuctuations. For nCMPs the
maximum is close to 30% and only one mode is visible.
It is an interesting fact that for all the three study areas rooting depth showed very
weak discriminating power, while pH and bulk density did not provide any statistically
valid test results despite their presupposed higher signiﬁcance.
For all three study areas, the use of RF with genetic soil type as qualitative predictor
provided the same results in relation to the importance of soil type, ranking it in the
hindmost position. As a consequence, the result and discussion of the models excluding
soil type alone form the focus of the discussion. Variable ranks are listed in Table S2. They
are also displayed graphically for each study area in Figure S1 [48].
In the Rába interﬂuve study area the most important soil properties in the prediction
of CMPs and nCMPs are the soil organic matter content of the deeper layers, rooting depth,
pH of the subsoil (under 1 m) and bulk density of the topsoil (0–30 cm).
In the Sió-Sárvíz valley study area, the most important soil properties in the prediction
of CMPs and nCMPs are rooting depth, soil organic matter content of the deeper layers,
pH of the subsoil (under 1 m), bulk density of the topsoil (0–30 cm).
In the Danube-Tisza interﬂuve study area the most important soil properties in the
prediction of CMPs and nCMPs are bulk density of the topsoil (0–30 cm), soil organic
matter content of the topmost layers (0–5 and 5–15 cm), rooting depth, pH of the subsoil
(under 1m), the soil organic matter content of the deeper layers.
It is an interesting point that particle size fractions (clay, sand and silt content) lag
behind in all three study areas, while in KS they were top ranked, and the least discriminating properties provide by KS became the determining factors in the RF based prediction of
CMPs (Figure 6).
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Figure 6. Importance of soil property covariates for predicting the indicators of CMPs and nCMPs. Abbreviations: BD: bulk
density, SOM: soil organic matter content.

4. Discussion
Although in the selection of the study areas, the aim was to match as many criteria as
possible, it should be noted that it is not yet possible to guarantee the same level of analysis
of the areas, and they thus cannot be compared with a perfect level of consistency in terms
of cropmark formation conditions. This is primarily due to the weather factor, which
shows considerable variations every year for the three study areas. While in the area of the
Danube-Tisza interﬂuve cropmarks can be detected every year, there are years when their
discovery is not possible in the Rába interﬂuve. The Sió/Sárvíz valley falls somewhere in
between these two, as there are no completely unsuccessful years, but truly good ones are
rare as well. A further weather-related observation is that the periods ideal for identifying
cropmarks—the cropmark time-windows—are not of the same length in the case of each
study area. In the Danube-Tisza interﬂuve study area, there may be a relatively long period
of up to two months, whereas this period is noticeably shorter in the Sió / Sárvíz valley,
and only 1–2 weeks long in the Rába interﬂuve. A further complicating factor in the case of
the Sió / Sárvíz valley is that the maize/sunﬂower/rape trio plays a noticeably greater role
in ﬁeld crop production than in the other areas. This means that barley/wheat are grown
less frequently in crop rotation than in the other two study areas. Finally, it should be noted
that the research of the Danube-Tisza interﬂuve is much cheaper due to its proximity to the
bases of the researchers. Thus, even in the years of scarce funding, ﬂights were guaranteed,
while good years—like 2012—may have been missed in the other two areas (Table 2).
Table 2. Comparison of the cropmark investigation circumstances and the proportions of
CMP/nCMP of the study areas.
Danube–Tisza Interﬂuve

Sió–Sárvíz Valley

area (km2 )

2144

2824

Rába Interﬂuve
809

general time window

8–10 weeks

5–6 weeks

1–2 weeks

seasonal differences

not signiﬁcant

medium

signiﬁcant

total CMP [ha]

4339

2440

1070

total nCMP [ha]

81303

170885

51469

proportion CMP [ha]

5.34

1.43

2.08

proportion nCMP [ha]

94.66

98.57

97.92

Also due to these differences, the proportion of areas covered by CMP is signiﬁcantly
higher in the Danube-Tisza interﬂuve than in the other two study areas. It is possible that
further ﬂights will reduce the differences in representativeness between the study areas,
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eventually making the results of the statistical analyses more coherent regardless of the
study areas.
Although all three sample areas have alluvial fan origins, their sediment accumulation
and surface evolution show distinct features. Their geologic and geomorphologic diversity
makes it difﬁcult to specify factors that inﬂuence the cropmark appearance clearly. Because
of the different appearance of geomorphological/sedimentological fragmentation, determining soil-parameters can still be used to boost the effectiveness of identifying cropmarks.
Regarding the occurrence of CMP-nCMP, the topsoil bulk density and the grain-size
composition can be deﬁnitive on areas of ﬂuvially determined low angle fans with a complex recent geomorphologic history. On these surfaces diverse landforms are built up from
sediments differing greatly in their water-balance, resulting in a mosaic of sand regions,
wet meadows, terrace surfaces and ﬂoodplains (e.g., the Danube-Tisza interﬂuve). As sand
movement and ﬂuvial land-forming have been active processes during the Holocene, [49]
both the subsurface sediments and the topsoil display great spatial variability.
The situation/picture/ is different in areas where during the Late Quaternary surface
evolution was governed by shallow valleys cutting into alluvial fans (e.g., the Sió-Sárvíz
valley): in the dual ﬂuviatile system of ﬂoodplains and ﬂood-free relief areas, the topsoil
bulk density is also an important factor. But the dominant component yielding sediment
and forming surfaces is sediment accumulation related to the recent ﬂooding of active
streams. This therefore results in signiﬁcantly higher organic material and carbonate
content as CMP-nCMP markers.
Regarding the CMP-nCMP analyses, the most problematic areas are completely ﬂat
plains with origins as alluvial fan. Considering sedimentation and buried paleo-landforms
together, the area must be considered fragmented. These terrains covered in thick, alluvial
sediments partially Holocene in origin are characterized by invariable reliefs [50]. The
majority of paleochannels are completely buried by now (e.g., in the Rába interﬂuve). As
today’s surface does not reﬂect the earlier, rougher terrain, and because of its covering
alluvial sediment, higher organic material and carbonate content seem to be even more
dominant factors in deﬁning CMP and nCMP areas.
Pedological differences between CMPs and nCMPs can be detected by all the three
approaches. The statistically identiﬁed differences, however, differ to a fair degree between
the various approaches. Differences in the distribution of speciﬁc soil property values for
CMPs and nCMPs (as opposed to the variable importance provided by RF for the prediction
of the two types of areas) result in signiﬁcantly different rankings of soil properties. This
might be caused by the problem of representative sampling in the study areas.
In contrast to results for the Czech Republic [16,19], those presented here do not show
the dominance of sandy soils in cropmarks.
The role of soil chemical properties in cropmarks revealed by Hejcman et al. (2013) [27]
are, however, supported by the result in the present study that organic matter and carbonate
as well as pH are important variables in RF models. However, nutrients available to plants
have not been mapped in the frame of DOSoReMI.hu due to their dynamic nature and the
lack of available observational data. Thus, their role in cropmarks is not considered in the
present work. Nevertheless, the approach employed can reveal the more static pedological
background where the spatial differences in nutrient status due to archeological sources
may result in stronger effects on crop development, thus making plots more suitable
for cropmarks.
5. Conclusions
The analyses of the factors behind the formation of cropmarks gave rather complex
results, despite the fact that only the ﬁxed elements of the system were examined. The
importance of alluvial fans has also been prospected in Southern Germany, Switzerland,
Austria, and the Czech Republic. However, the differences in cropmark between alluvial
fan sub-types have been explained by analyzing Hungarian soil data. At the same time,
this method could prove useful in the future for the analysis of areas with signiﬁcantly
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different geomorphological conditions—bearing in mind the important role of loess areas
in the Czech Republic.
Based on the detailed statistical analysis of both the aerial archaeological and pedological data, different factors seem to be relevant to each study area. However, these differences
can be sufﬁciently explained by the slightly different formation and landscape evolution
processes of study areas with similar bedrock. While cropmarks correlate well with the
results of traditional soil mapping, much more complex processes underlie the formation
of cropmarks. This is probably due to the fact that in previous analyses, the role of some
important factors (e.g., sandy soils) seems to have been more subordinate.
Since the 1990s, Hungary has been considered highly suitable for the prospection of
cropmarks, thanks chieﬂy to the presence of large ﬁeld monoculture grain corn production
and also to early summer weather suitable for aerial archaeological research. Among a
number of other factors, the favorable conditions can certainly be linked to a high-quality
soil mantle. It is worth noting that by increasing the representativeness of archaeological
prospecting, an even more accurate picture may hopefully be created in the future. One
important objective of the methodological developments presented here is the creation of a
predictive model in order to start mapping cropmarks during ﬂights over micro-regions
not previously researched, but in which the geomorphological / soil conditions seem to
be favorable.
We also plan to explore the roles of changeable factors. The above described features’
inﬂuence on cropmarks might be enhanced, decreased, or—in years of extreme weather—
completely altered by weather conditions, especially by the amount of precipitation.
The use of cropmarks in aerial archaeology helps primarily the identiﬁcation and
the geomorphological analyses of sites, as well as the mapping of archaeological data.
However, in order to understand the complex factors of cropmark formation better, new
methods were needed. Asked in 2000 how much experience he needed truly to understand
the nature and the research opportunities of cropmarks, René Goguey's answer was: “After
30 years work, I’ve started to realize”. Now, 20 years later, progress seems possible on
the basis of an approach which makes cropmark data suitable for statistical processing,
together with analyses related to soil data systems based on remote sensing data sources
and interpreted from a geomorphological point of view. It is the hope of the authors
that the methodological experiments detailed here may make the technology of aerial
archaeological prospecting, which has been somewhat sidelined in the last 10 years, more
predictable, plannable and thereby more effective.
Supplementary Materials: The following are available online at https://www.mdpi.com/2072-4
292/13/6/1126/s1, Table S1: Rank of primary soil property maps used for the comparison of the
pedological features of CMPs and nCMPs in the case of the three study areas. The higher the D value,
the greater the degree to which CMPs and nCMPs differed in their tested soil properties. Table S2:
Variable importance rank of primary soil properties used in Random Forest modelling of CMPs and
nCMPs in the case of the three study areas. The higher the importance value, the more informative is
the given soil property in the discrimination of CMPs and nCMPs. Figure S1: Variable importance
rank of primary soil properties used in Random Forest modelling of CMPs and nCMPs in the case of
the three test sites.
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