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A B S T R A C T

Archaeological and cultural heritage (ACH), one of the core carriers of cultural diversity on our planet, has a
direct bearing on the sustainable development of mankind. Documenting and protecting ACH is the common
responsibility and duty of all humanity. It is governed by UNESCO along with the scientific communities that
foster and encourage the use of advanced non-invasive techniques and methods for promoting scientific research
into ACH and conservation of ACH sites. The use of remote sensing, a non-destructive tool, is increasingly
popular by specialists around the world as it allows fast prospecting and mapping at multiple scales, rapid
analysis of multisource datasets, and dynamic monitoring of ACH sites and their surrounding environments. The
cost of using remote sensing is lower or even zero in practical applications. In this review, in order to discuss the
advantages of airborne and spaceborne remote sensing (ASRS), the principles that make passive (photography,
multispectral and hyperspectral) and active (synthetic aperture radar (SAR) and light detection and ranging
radar (LiDAR)) imaging techniques suitable for ACH applications are first summarized and pointed out; a review
of ASRS and the methodologies used over the past century is then presented together with relevant highlights
from well-known research projects. Selected case studies from Mediterranean regions to East Asia illustrate how
ASRS can be used effectively to investigate and understand archaeological features at multiple -scales and to
monitor and assess the conservation status of cultural heritage sites in the context of sustainable development.
An in-depth discussion on the limitations of ASRS and associated remaining challenges is presented along with
conclusions and a look at future trends.

1. Introduction

The conservation of archaeological and cultural heritage (ACH) is a
strategic priority, not only so that cultural property and evidence from
the past can be safeguarded and passed on to future generations
(Lasaponara et al., 2018) but also because these are valuable assets
whose exploitation supports the UN's 2030 Sustainable Development
Goals (SDGs) (UN, 2015; Cuca and Hadjimitsis, 2017; Stott et al., 2018;

Xiao et al., 2018). ACH is one of the fields in which remote sensing from
elevated points was first used - the use of kites was followed by hot-air
balloons, aircrafts and helicopters, shuttles, rockets, space stations and
finally satellites (Fig. 1). Using each of these platforms, archaeologists
and specialists have recognized the great value of multi-platform re-
mote sensing in gaining a view from above in order to better identify
and understand ACH sites and their wider environments (Aminzadeh
and Samani, 2006; Luo et al., 2017b; Tapete, 2018).
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In the field of ACH, remote sensing is a general name given to all
techniques that use non-direct contact devices to observe targets of
interest on the Earth's (sub-) surface either from the surface of the
ground or from above it (Wang and Guo, 2015). This definition includes
geophysical methods (e.g. ground penetrating radar, electrical re-
sistivity tomography, and electromagnetic methods) and acoustic
methods (e.g. sound navigation and ranging), even though some
scholars and specialists refer to these as ground-based or underwater
remote sensing (Ballard, 2007; Deng et al., 2010; Ødegård et al., 2018).
In this review, we focus on airborne and spaceborne remote sensing
(ASRS) techniques, which are the most widely used tools for ACH
purposes (Lambers, 2018; Luo et al., 2017b). By taking advantage of the
fast imaging, large-spatial coverage, high spatial and spectral resolution
and signal sensitivity to anomalies linked to exposed and subsurface
features that ASRS provides, ASRS can be successfully adopted for use
in ACH applications (Rowlands and Sarris, 2007).

In the past twenty years, ASRS has witnessed many novel applica-
tions and faced several new challenges which have possibly not been
mentioned in existing reviews (Bewley, 2003; Crutchley, 2009; Scollar
et al., 1990). Many recent reviews (Agapiou and Lysandrou, 2015;
Ceraudo, 2004; Chen et al., 2017c; Deng et al., 2010; Giardino, 2011;
Lasaponara and Masini, 2013; Luo et al., 2018a; Masini and
Lasaponara, 2013; Opitz and Herrmann, 2018; Tapete, 2018; Tapete
and Cigna, 2017b; Verhoeven, 2017) and book chapters (Alexakis et al.,
2012; Harrower and Comer, 2013; Lasaponara and Masini, 2012b;
Leisz, 2013; Masini and Lasaponara, 2013; Parcak, 2009; Wiseman and
El-Baz, 2007) that point out the basic principles and practices that make
different ASRS techniques suitable for ACH and lead to successful re-
sults have been published. However, most of these focus on a single
imaging technique, single platform and sensor or single application
field within a given period of time; a collective review has not been
carried out and an in-depth discussion on methodologies, trends and
challenges is lacking.

Although ASRS techniques have already played crucial roles in the

exploration and understanding of the archaeological landscape and of
cultural heritage, it is still important to review key concepts, principles
and methods (Aqdus et al., 2012; McCoy and Ladefoged, 2009; Parcak,
2009; Rowlands and Sarris, 2007; Verhoeven, 2017). In addition to the
generic cases that Deng et al. (2010) and Agapiou and Lysandrou
(2015) discussed, the distinctive merits that characterize ASRS and
which may have been pivotal to its success in ACH applications need to
be closely examined. The advantages that have sustained the influence
of ASRS are worth dissecting in detail as this may provide an important
reference point for the future development of Remote Sensing Ar-
chaeology and Digital Heritage (Wang and Guo, 2015). In this context,
we have taken the liberty of conducting a collective review of ASRS in
ACH applications over the period 1907–2017.

2. A brief history of ASRS for ACH applications

More than a century has passed since airborne remote sensing was
first used in ACH around 1900. Since 1839, when photography was
born, photographers had sought to carry cameras aloft to obtain a view
of the Earth's surface from above. In 1906, a British general used a hot-
air military balloon to take both vertical and oblique photographs of the
Stonehenge site (Capper, 1907; Deng et al., 2010). After the 1900s,
most photographs taken from above the Earth's surface were taken from
airplanes (Agapiou et al., 2016a; Crawford, 1923; Ceraudo, 2004; Leisz,
2013). After 1959, images of our planet were also taken from space-
borne platforms (Giardino, 2011; Lasaponara and Masini, 2011; Luo
et al., 2017a; McCauley et al., 1982). One of the earliest published
scientific contributions on airborne remote sensing applied to ACH
came out of the intersection of using aerial photographs to survey an
area as part of map production in support of military purposes
(Beazeley, 1919; Leisz, 2013). In the short period of about 60 years
since the launch of the first spaceborne platform - the spy CORONA
satellite - in 1959, satellite remote sensing technology has made many
breakthroughs in terms of spatial, radiometric, spectral and temporal

Fig. 1. The schematic diagram of remote sensing (RS) for ACH applications.

L. Luo, et al. Remote Sensing of Environment 232 (2019) 111280

2



resolution. This has allowed the beginning of data mining from big
remote sensing data, which has led to more new discoveries (Giardino,
2011; Luo et al., 2017b). Accompanied by the development of different
imaging technologies, the use of satellite data as a novel tool to uncover
remains left by ancient human occupation and to study past landscapes
has become more and more popular since the 1970s, when the data
started to become available for civil purposes (Agapiou et al., 2015a;
Agapiou et al., 2016b, 2016c; Beck et al., 2007; Bewley et al., 2005;
Brivio et al., 2000; Donoghue and Shennan, 1988; Giardino, 2011;
Gumerman and Lyons, 1971; Luo et al., 2014b; Noviello et al., 2013;
Tang et al., 2016; Tapete and Cigna, 2017b; Tapete et al., 2013).

Based on the imaging technique used, the existing ASRS tools used
in ACH can be categorized into four main types: photography (Agapiou
et al., 2016a; Beck et al., 2007; Casana and Cothren, 2008; Connah,
1978; Evers and Masters, 2018; Fowler and Fowler, 2005; Goossens
et al., 2006; Gumerman and Lyons, 1971; Liritzis et al., 1983; Parcak,
2007; Philip et al., 2002; Ur, 2003), multispectral and hyperspectral
imaging (Agapiou et al., 2014a; Agapiou et al., 2012; Agapiou et al.,
2013b; Alexakis et al., 2009; Aqdus et al., 2012; De Laet et al., 2007; De
Laet et al., 2015; Doneus et al., 2014; Lasaponara et al., 2016;
Lasaponara and Masini, 2007; Le Tourneau, 1998; McLeester et al.,
2018; Tan et al., 2005; Winterbottom and Dawson, 2005), synthetic
aperture radar (SAR) (Balz et al., 2016; Chen et al., 2017a; Cigna et al.,
2014; Holcomb, 1996; Lasaponara et al., 2017a; Moore et al., 2007;
Rutishauser et al., 2017; Stewart et al., 2014; Stewart et al., 2018;
Tapete et al., 2016) and light detection and ranging (LiDAR) (Chase
et al., 2012; Chase et al., 2011; Devereux et al., 2005; Doneus et al.,
2008; Evans et al., 2013; Hesse, 2010; Lasaponara et al., 2010; Trier
and Pilø, 2012; Von Schwerin et al., 2016a).

Platforms used for viewing the Earth's surface have moved from the
atmosphere to outer space over the past century. While satellite remote
sensing has flourished, airborne remote sensing has continued to be the
workhorse for ACH applications at local scales and has seen just as
many technological innovations as satellite remote sensing in recent
years (Lambers, 2018). Conversely, although historical photographs
taken from airborne and spaceborne platforms continue to be used by
archaeologists, multispectral and hyperspectral imaging systems, as
well as LiDAR and SAR, have also begun to be used (Harrower and
Comer, 2013). In this paper, for ease of presentation, the four main
types of ASRS techniques mentioned above have been classified into
passive (photography and spectral imaging) and active (SAR and
LiDAR). Whereas passive remote sensing systems capture naturally
occurring radiation such as emitted thermal energy or reflected solar
radiation (Verhoeven, 2017), active systems produce their own radia-
tion (Fig. 1).

3. Literature overview of ASRS for ACH applications

During the last century, a large number of peer-reviewed con-
tributions on the use of ASRS in ACH have been published, thus
showing that Earth-observation technologies have triggered improve-
ments and the development of new tools. It should be noted that only a
dozen contributions were published in the period 1907–1967, due to
the influence of the two World Wars. To obtain an overview of the
growing use of ASRS in the field, we searched a widely used electronic
database, namely Scopus (http://www.scopus.com/) for the period 1
January 1967 to 31 December 2017. Using 11 independent filters, a
total of 2651 publication records were retrieved from the literature
database Scopus. The filters used were: “remote sensing”, “aerial”,
“satellite”, “airborne”, “spaceborne”, “CORONA”, “photography”,
“multispectral”, “hyperspectral”, “LiDAR” and “SAR”. In the returned
results, the terms “archaeological”, “archaeology” or “cultural heritage”
were mentioned at least once in the title, abstract or keywords, these
filtered records were then combined into a new set and the duplicates
removed using Endnote. A bibliometric analysis based on the retrieved
literature data was conducted in order to reveal the spatiotemporal
patterns in ASRS development over the past half centuries.

We began with a multi-year trend analysis to track the development
of ASRS applications in ACH. All the retrieved publication records were
aggregated by year to show the year-on-year growth (Fig. 2). Fig. 2
shows a two-stage feature: a period of stagnation from 1967 to 1997
and a period of linear increase from 1997 to 2017. This indicates the
high degree of importance and the acceptance that ASRS technologies
have gained in the fields of archaeology and cultural heritage science
over the last 20 years. These bibliometric statistics are similar to results
found in earlier studies (Agapiou and Lysandrou, 2015). The differences
between the results of these two studies might be caused by the dif-
ferent search filters that were used for searching the databases.

The 2651 publications found were narrowed down to a set of
journal papers in the English language; the categories “Conference
Paper”, “Book Chapter”, “Special Report”, “Manual” and “Erratum”
were excluded. Next, a journal ranking analysis was conducted to show
the orientation of ASRS in ACH applications. By doing this, we reduced
the dataset down to a list of 1571 articles published in 363 mostly in-
ternational peer-reviewed journals. Total 661 and 143 articles were
attributed to the top-ranking 10 journals (covered by SCIE or SSCI) in
categories of Archaeology and Remote Sensing, respectively (Fig. 3).
These top journals focus mostly on archaeological science subjects,
particularly on geoarchaeology and cultural heritage.

Although here we carried out a comprehensive bibliometric ana-
lysis, it still has insurmountable shortcomings in the absence of ‘grey
literature’ (Vlachidis et al., 2010) which the most common type is

Fig. 2. 50-year (1967–2017) literature count for articles introducing ASRS for ACH applications, extracted from the database Scopus (last access 15 October 2018).
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unpublished or informal published materials (e.g. Dissertations, Re-
ports, Conference Abstracts, Notes and Manuals). In these materials the
use of remote sensing in ACH applications is also included (Gibbs and
Colley, 2012). Grey literature is a kind of important and valuable in-
formation recourse, especially for local and regional researches in ACH.
This means that those carrying out systematic reviews need to search
for trials in both the published (Agapiou and Lysandrou, 2015) and grey
literature in order to help minimize the effects of publication bias in
review (Cooper and Green, 2016; Richards, 1997). Just as the other
disciplines, it is turned into a major and challenging issue that how to
collect and use grey literature (Conn et al., 2003) are also exits in ACH
studies.

On the other hand, it should be discussed openly the fact that only
the English-written papers were taken into consideration, missing thus
other studies published in other languages in our bibliometric analysis.
Actually, remote sensing archaeologists or specialists all over the world
usually contribute their work to archaeological or remote sensing
journals, often of local range and publishing in native language (Aliphat
Fernandez, 1996; Doneus, 2009; Guo, 1997; Wang and Guo, 2015), are
not freely accessible. The non-English papers may be difficult to dis-
cover, access, and evaluate, but this can be addressed through the
formulation of sound search strategies (Gibbs and Colley, 2012). They
contain author's original ideas and a large number of meaningful
background information of local archaeology. Thus, the role and impact
of the non-English papers should be investigated in the meta-analyses of
ASRS-based ACH studies in the future.

4. Passive remote sensing in ACH applications

4.1. Photography

4.1.1. Background
The use of photography in ACH applications has become increas-

ingly more common over the past 110 years. Photography provides the
ability to discover archaeological sites prior to destruction due to in-
tense human activities or natural erosion processes. The theoretical
foundation for aerial photography archaeology, the principle behind
archaeological remote sensing, was first established by Crawford in the
early 1920s (Deng et al., 2010). Traces of ancient human transforma-
tions of the landscape create subtle features, namely surface anomalies
that are only visible when viewed from above (Crawford, 1923;
Lasaponara and Masini, 2012c). The image characteristics of these
features strongly depend on local geographic environmental conditions

such as the vegetation cover and phenology, pedology, soil types and
topography. This results in spatial and temporal variation in the pixels'
brightness and contrast values in aerial photographs. Crawford was the
first specialist to systematically propose and use three interpretation
proxies - crop, soil and shadow marks - for prospecting and mapping
archaeological sites (Crawford, 1923; Leisz, 2013; Verhoeven, 2017)
using aerial photographs. Subsequently, specialists gradually began to
use these and other related proxies (e.g. snow, frost, flood and damp
marks) to detect, identify and map ACH sites not only from aerial
photographs but also from the satellite photographs (Agapiou et al.,
2014a; Lasaponara and Masini, 2012c).

4.1.2. Photograrchaeology: photography of archaeological sites
The majority of historic photographs have been acquired with

imaging sensors that are sensitive to the visible part of the electro-
magnetic spectrum between 400 nm and 700 nm. Photography often
allows the detection of buried archaeological remains through small
changes in relief or discoloration of overlying soils or crops, and allows
large areas to be surveyed within short time-scales. Crop marks are
dependent on buried features either enhancing or reducing the growth
of overlying vegetation by increasing or reducing moisture availability.
Soil marks occur where past activity has led to variations in the color
and character of the topsoil and are usually only evident when fields
have just been ploughed. Shadow marks can be seen where variations in
micro-topographic relief are made visible by shadowing at low sun
angle (Luo et al., 2018b). Sometimes, archaeological features are de-
tectable by photography only under optimal conditions and circum-
stances. Historic vertical aerial photographic data have been widely
used by archaeologists because they retain archaeolandscapes and
cultural heritage sites that have been damaged or have disappeared
(Beazeley, 1919; St Joseph, 1945). Throughout the 20th century, pho-
tography archaeology (Bewley, 2003; Cox, 1992; Denbow, 1979;
Hanson and Oltean, 2013; St Joseph, 1961; Verhoeven and Sevara,
2016) began to develop rapidly both in the West and East, especially as
economic development in developing countries led to sharp tensions
between economic growth and the preservation of ACH sites (Cowley
and Stichelbaut, 2012; Deng et al., 2010; Leisz, 2013; Nie and Yang,
2009). This led to great importance being attached to photography
archaeology. This review mainly focuses on ACH applications that used
historic airborne and spaceborne photographic data.

4.1.3. Airborne and spaceborne photography
Aerial photography, also called airborne photography, can be

Fig. 3. Ranking treemaps of the top 10 journals by number of publications in categories of archaeology (A) and remote sensing (B).
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divided into two categories: vertical and oblique. The first aerial images
for archaeological purposes were taken above the Stonehenge site from
a military balloon (Capper, 1907; Deng et al., 2010) at the beginning of
20th century. Shortly afterwards, during World War I, black-and-white
aerial photographs taken for military reconnaissance from airplanes
covered many archaeological ruins and cultural heritage sites in Europe
for the first time (Cowley and Stichelbaut, 2012; Lambers, 2018;
Stichelbaut, 2011). During World War II, aerial photography was fur-
ther developed, and the vertical and oblique photography technologies
were greatly improved; color photography and color infrared photo-
graphy were also invented (Thomas, 1945). The use of infrared and
later multispectral photography in aerial archaeology in the 1970s in-
creased the visible range so that differences in soil moisture and crop
growth could be used more effectively (Estes, 1966; Rigaud and Herse,
1986; Verhoeven, 2008; Verhoeven, 2012). However, inherent con-
ceptual issues such as survey bias (Lambers, 2018; Verhoeven and
Sevara, 2016; Verhoeven, 2017) could not be resolved through tech-
nological innovation.

During the period of the Cold War, several spy satellite photography
systems were designed and launched; of particular note are the USA's
Keyhole (KH) Program and the former Soviet Union's ZENIT Program.
The KH Program started with CORONA (KH-1 to KH-4B) in 1959, fol-
lowed by ARGON (KH-5), LANYARD (KH-6), GAMBIT (KH-7, KH-8) and
HEXAGON (KH-9) (Lasaponara et al., 2018). The spatial resolution of
CORONA spy photographs taken during the Cold War could reach up to
0.6 m. Such data are valuable in areas where the archaeolandscape has
changed dramatically as a result of human activity such as agricultural
production and urbanization (Conesa et al., 2015; De Meyer, 2004;
Fowler, 2011; Fowler and Fowler, 2005; Kennedy, 1998; Lasaponara
et al., 2018). CORONA was officially classified as top secret until 1992.
Then, in 1995, the photos taken by the CORONA satellites were de-
classified. Spaceborne spy photography data (ZENIT, COSMOS, and
Kometa KVR-1000) from the former Soviet Union and subsequent
Russian space programs have been available since 1961 and have a high
resolution of up to 2m. Even though those photographs have been used
by several researchers (Comer, 2012; Comfort and Ergeç, 2001; Fowler,
1996; Hadjimitsis et al., 2013b), their application is still limited due to
their high cost or inaccessibility.

4.1.4. Airborne and spaceborne photography in ACH applications
The holistic study of archaeological sites or ruins was the initial

purpose of aerial archaeology. It provided a view from above that could
be used to uncover archaeological earthworks that are invisible to the
observer on the ground. Beazeley (1919) discovered a number of un-
known archaeological sites based on the use of military air photos in
Mesopotamia. In addition, aerial photographs can be used to support
landscape archaeology by allowing the analysis of the relationship be-
tween sites and their surrounding environments (Lu et al., 2017; St
Joseph, 1945; St Joseph, 1961). After the Second World War, aerial
photography provided a further boost to archaeology as the use of
aerial reconnaissance during the war meant that photographs of places
that otherwise would not have been surveyed had been obtained
(Bradford and Williams-Hunt, 1946; Leisz, 2013; Thomas, 1945). The
use of historic aerial photographs in recording archaeological sites
worldwide has continued to the present day (Lu et al., 2017;
Stichelbaut, 2005; Stichelbaut, 2006; Stichelbaut, 2011; Stott et al.,
2018).

Since their declassification, the potential of spy satellite photo-
graphs for researchers in archaeology (Fowler, 1996; Kennedy, 1998)
and other fields (such as glaciology and forestry (Bindschadler and
Vornberger, 1998; Kim et al., 2006; Nita et al., 2018) has gradually
been recognized. These photographs have been considered an invalu-
able resource for archaeological investigations by many archaeologists.
These studies concentrated on archaeological investigation and (re-)
discovery in the Near East and Middle East (Agapiou et al., 2016a;
Alizadeh and Ur, 2007; Altaweel, 2005; Beck et al., 2007; Bitelli and

Girelli, 2009; Casana, 2013; Casana, 2015; Casana and Cothren, 2008;
Casana et al., 2014; Casana and Laugier, 2017; Challis et al., 2004;
Conesa et al., 2015; Elfadaly et al., 2017; Fowler, 2004; Fowler, 2011;
Fowler and Fowler, 2005; Gheyle et al., 2004; Lasaponara et al., 2017b;
Parcak, 2007; Philip et al., 2002; Ur, 2003; Wilkinson et al., 2006).
Kennedy (1998) carried out the first applications of CORONA images
for virtual investigation of the Euphrates valley in Turkey. Ur (2003)
exploited CORONA spy photography to investigate archaeological sites
and road traces in northern Syria and thereby discovered an ancient
road system. While the CORONA satellite photos have been the most
used by archaeologists, there are also other examples of photographs
taken from space. For instance, Fowler (1996) exploited Russian de-
classified KVR-1000 imagery to identify archaeological features in the
surrounding of Stonehenge using crop and soil marks.

Numerous ACH applications were conducted using historic aerial
and spy satellite photographs, or by integrating them with other remote
sensing data (Agapiou et al., 2016a; Altaweel, 2005; Coluzzi et al.,
2010; Hritz, 2013; Masini and Lasaponara, 2017; Watanabe et al.,
2017). This extensive use necessitated an improvement in data-pro-
cessing, mainly in overcoming the complex issues related to metrical or
quantitative use (Lasaponara et al., 2018). These issues arose due to the
severe distortions affecting data acquisition that prevent visual or even
automatic archaeolandscape analysis procedures being carried out
(Casana and Cothren, 2008; Casana et al., 2012; Rayne and Donoghue,
2018). Thus, one of the key problems is how to rectify these raw aerial
and satellite photographs, especially in mountainous areas. In order to
overcome the distortions, several photogrammetric and geometric ap-
proaches were proposed, along with the use of well-distributed and
reliable ground control points (GCPs) (Bitelli and Girelli, 2009; Casana
and Cothren, 2008; Nita et al., 2018). Doneus (2001) and Goossens
et al. (2006) proposed similar ground control point methods to reduce
geometric distortion in aerial photographs and CORONA images, re-
spectively. For inaccessible areas of interest or regions of conflict, GCPs
were generally collected from other sources, including rectified his-
torical aerial photographs and CORONA images, modern satellite
imagery, Google Earth and DEM products (Casana and Cothren, 2013;
Rayne and Donoghue, 2018). Casana and Cothren (2008) reduced the
geometric distortion in CORONA sub-images by selecting GCPs from
SPOT imagery and SRTM data. Subsequently, Casana et al. (2012) de-
veloped a low time-consumption method for efficient orthorectification
of full CORONA scenes using an automated scale-invariant feature
transform (SIFT) algorithm and Google Maps reference data. Nita et al.
(2018) developed an accurate and fast method for orthorectifying high-
resolution CORONA photographs of mountain areas, and rectified
scanned CORONA photography based on Structure from Motion (SfM)
technology.

Due to the gradual changes in land use and land cover that have
occurred over the past century, most ACH applications have favored
using historical aerial and spy satellite photographs. Many archae-
ological features and old landscapes have been preserved in these dust-
laden data (Stichelbaut, 2006). For instance, Fig. 4A and B shows rec-
tified aerial and CORONA images of the Beijing Old City (BOC) in 1945
and 1967, respectively, showing a scene that is very different from
today's metropolis (Fig. 4C). Fig. 4B shows the walls of BOC have
demolished completely in 1967, due to the increasing urban sprawl of
Beijing from 1950s to 1970s. The moats of BOC stood for nearly
550 years, but in the period of 1960s–1980s, were partially filled or
covered to allow for constructing the Ring Road and Beijing Subway
(Fig. 4C). In 1945, the urban and built-up area of Beijing only was about
100 km2. Meanwhile, it has spread rapidly outward, and has grown to
about 300 km2 in 1967, reaching an area up to 2600 km2 in 2015
(Huang et al., 2017). The rapid urban sprawl places BOC at great risk
and irreversible landscape transformation means that valuable in-
formation about how imperial city planned and interacted with en-
vironment is lost. The BOC's old system of walls, gates and moats has
reconstructed (Fig. 4D) by using old photographs.
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4.2. Multispectral and hyperspectral remote sensing

4.2.1. Background
Remote sensing images depict features (spectral, spatial, radio-

metric and temporal) of buried archaeological remains, most of them
through the above-mentioned proxies such as crop or soil marks
(Fig. 5). Since the 1900s, historical photographic data have made great
contributions to our improved appreciation of the distribution and di-
versity of archaeological sites across the world and also to the discovery
of these sites. However, photographing crop or soil marks is not equally
effective in all regions of interest because of the particular imaging
conditions and phenology needed before these marks become visible,
which is highly unpredictable (Aqdus et al., 2012). Vertical and oblique
photography, even when executed in color, thus significantly reduce
the detection sensitivity of crop or soil marks. Despite their potentially
high spatial resolution, photography spectrally under-samples the at-
sensor radiation and masks spectral features that are too narrow to be

distinguished (Verhoeven, 2017). Also, the timing of photography
campaigns for archaeological prospecting is therefore crucial and,
often, the optimal conditions for detection may not occur for a long
period. Given that the appearance of crop or soil marks is linked to the
nature of the local landscape matrix, these marks are potentially de-
tectable at bandwidths outside the visible spectrum before they become
apparent there. As a result, nowadays, spectral imaging data are com-
monly used in ACH applications.

4.2.2. Spectrarchaeology: spectral imaging for archaeological prospection
In this review, ‘spectral imaging’ generally refers to passive optical

remote sensing techniques that capture a specific part of the Earth's
reflected solar energy or self-emitted thermal energy from space, and
then turn this into an image (Verhoeven, 2018). Since buried archae-
ological remains can change the chemical, physical and biological
properties of the local soil matrix, their presence might be expressed by
phenological differences in the spectral reflectance or height of

Fig. 4. Reconstruction of the walled Beijing old city (BOC) based on historical photographs. (A) Aerial photograph in 1945; (B) 0.6 m CORONA spy photograph in
1967; (C) GE imagery (© 2019 Digital Globe, acquired on 18 October 2018); (D) the layout of BOC. The red circle indicates the location of the disappeared Xizhimen
Gate, the yellow ellipses show the extension of the Chang'an Avenue, and the pink and blue boxes indicate the landscape transformations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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vegetation on top of the remains (crop marks) (Fig. 5A, B, C) (Agapiou
et al., 2012; Beck, 2010; Lasaponara and Masini, 2007; Verhoeven,
2018) or in distinct tonal or textural differences in the ploughed soil
(soil marks) (Kim et al., 2013; Luo et al., 2014a; Agapiou et al., 2016b)
(Fig. 5D, E, F). Spectral imagers record the reflected energy for a
number of sampled wavelength ranges — from the visible (VIS,
0.4 μm–0.7 μm) part of the electromagnetic spectrum (Fig. 5G), through
the near infrared (NIR, 0.7 μm −1.1 μm), short-wave (SWIR,
1.1 μm–3 μm) and middle-wave infrared (MWIR, 3 μm–6 μm) to the
thermal infrared (TIR, 6 μm–15 μm). Where vegetation cover is domi-
nant, the VIS and NIR spectral regions are more sensitive to variations
in spectral properties related to buried structures, whereas, where soil
cover becomes relevant, the SWIR and the TIR regions resulted more
sensitive. The selection of specific spectral channels for the detection of
archaeological remains both in vegetated areas as well under bare soil
has recently been discussed by Bassani et al. (2009). Variations in the
spectra were the key to detecting archaeological marks. In specific cases
where the dominant land cover type over archaeological sites is known,
then the optimal spectral range can be selected in order to improve the
efficiency of archaeological observations using remote sensing data
(Agapiou et al., 2014a; Agapiou et al., 2014b; Cavalli et al., 2009).

4.2.3. Multispectral and hyperspectral imaging system
Broadband multispectral remote sensing involves the simultaneous

acquisition of calibrated radiance units in a limited number (generally
between 3 and 15) of non-contiguous broad (generally wider than
20 nm) spectral bands; in contrast, narrowband hyperspectral remote
sensing involves the simultaneous acquisition of calibrated radiance in
many (generally more than 100) narrow (generally 20 nm or smaller)
spectrally contiguous channels (Agapiou et al., 2012; Beck, 2010;
Veraverbeke et al., 2018). The current generation of airborne and
spaceborne spectral imaging sensors easily enables a Ground Sampling
Distance (GSD) below 50 cm and 2m, respectively, with a spectral
range from 400 nm to 1000 nm, respectively. The multispectral GSD
can even reach 10 cm for low altitude unmanned aerial vehicles
(UAVs). The fundamental differences between multispectral and hy-
perspectral imaging play an important role in archaeological pro-
specting. Obviously, more and narrower spectral bands have a greater
potential for detecting subtle spectral reflectance differences in the soil
and vegetation cover (Agapiou et al., 2012; Carter and Miller, 1994).

The earliest multispectral satellite imaging system for earth ob-
servation began in 1972 using the Landsat program, which had the
highest (15m) spatial resolution sensor available for civilian

applications (Brivio et al., 2000; Dorsett et al., 1984). The latest Landsat
satellite was launched in 2013. The importance of this system lies pri-
marily in its potential for providing long-time series of systematic
multispectral data of the earth surface features and the archae-
olandscapes. A major improvement in earth observation was achieved
by the end of the 20th century (1999) with the launch of IKONOS, the
first commercial very high-resolution satellite with 1m spatial resolu-
tion. Several airborne multispectral imaging systems, such as the Dae-
dalus Airborne Thematic Mapper (ATM) (Pascucci et al., 2010;
Winterbottom and Dawson, 2005), have been developed and used in
archaeological research for the generation of corrected orthoimages
and digital surface models (DSM). Up to now, a large number of mul-
tispectral imaging systems (Table 1) have been developed for multi-
scale and multi-temporal Earth-observation. Typically these systems
have been exploited by satellite imaging platforms, such as Landsat
MSS/TM/ETM+/OLI (Aminzadeh and Samani, 2006; Davies et al.,
2016), SPOT (Fowler, 2002; Löhrer et al., 2013), IKONOS (Beck et al.,
2007; De Laet et al., 2007; Garrison et al., 2008), ASTER (Altaweel,
2005; Cerra et al., 2016), QuickBird (Lasaponara and Masini, 2007;
Mondino et al., 2012), GeoEye (Lin et al., 2011; Luo et al., 2017b),
WorldView (Luo et al., 2014b; Parcak and Tuttle, 2016) and Sentinel-2
(Agapiou et al., 2014b; Tapete and Cigna, 2018).

Hyperspectral remote sensing has proven its utility in a wide range
of Earth system science domains including ACH applications (Aqdus
et al., 2012; Doneus et al., 2014; Sivitskis et al., 2018). Hyperspectral
imaging, or imaging spectroscopy, refers to the acquisition of co-re-
gistered images over contiguous narrow spectral channels (Schaepman
et al., 2009). Most hyperspectral ACH studies were mostly conducted
based on airborne imagery, often obtained from the Airborne Imaging
Spectrometer (AIS), Airborne Hyperspectral Scanner (AHS), Airborne
Prism Experiment (APEX), Airborne Visible Infrared Imaging Spectro-
meter (AVIRIS), Compact Airborne Spectrographic Imager (CASI), or
Multispectral Infrared and Visible Imaging Spectrometer (MIVIS)
(Agapiou et al., 2012; Alexakis et al., 2009; Aqdus et al., 2012;
Atzberger et al., 2014; Bassani et al., 2009; Cavalli et al., 2007; Cavalli
et al., 2013; Cavalli et al., 2009; Cerra et al., 2018; Doneus et al., 2014;
Giardino, 2012; Pascucci et al., 2010; Rowlands and Sarris, 2007;
Savage et al., 2012; Sivitskis et al., 2018; Tan et al., 2005; Veraverbeke
et al., 2018). Although most satellite imaging systems are multispectral,
hyperspectral imagers do also exist (Agapiou et al., 2012; Alexakis
et al., 2009; Castaldi et al., 2016; Savage et al., 2012). To date, Hy-
perion, carried on the EO-1 platform, which acquired data between
2000 and 2017 and had 242 channels, has been the only spaceborne

Fig. 5. Variations in reflectance due to the presence of crop marks (A) caused by buried ditch (B) and buried wall (C), and soil marks (D) caused by shallow buried
ditch (E) and buried wall (F); electronic spectrum (G). ((B, C, E and F modified from Lasaponara and Masini (2012c)).
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hyperspectral imager that acquired data in the visible to short-wave
infrared spectral range (0.4 μm–2.5 μm) (Veraverbeke et al., 2018).

4.2.4. Airborne hyperspectral remote sensing in ACH applications
Airborne hyperspectral applications used in archaeology mainly fall

into the detection of crop marks, in which the goal is to identify spectra
containing archaeological anomalies (Agapiou et al., 2012; Alexakis
et al., 2009; Aqdus et al., 2012; Cavalli et al., 2007; Cavalli et al., 2013;
Cerra et al., 2018; Doneus et al., 2014; Savage et al., 2012; Tan et al.,
2005). In the literature, many techniques for the detection of Earth
surface features or objects (Schaepman et al., 2009; Veraverbeke et al.,
2018) as well as archaeological anomalies related to buried remains
(Bassani et al., 2009; Cavalli et al., 2009; Lasaponara and Masini,
2012c) have been developed. However managing and processing hy-
perspectral data is not a simple task, mainly because of the hundreds of
spectral channels involved. Thus, it is imperative to carry out di-
mensionality reduction for speeding up the visual interpretation and
identification of buried remains in airborne hyperspectral images to
support further archaeological prospecting. For this purpose, many
techniques have been proposed to reduce the dimensionality of hy-
perspectral images, preserving the variability in the original dataset
(Huang et al., 2015; Lee et al., 1990; Plaza et al., 2005; Wang and
Chang, 2006). Among these, Principal Components Analysis (PCA), a
generic spectral enhancement technique used by remote sensing ar-
chaeologists, has been widely used to enhance visual interpretation
(Fig. 6A, B) of the scene or as a way of increasing the computational
efficiency of automated classification procedures (Cavalli et al., 2007;
Cavalli et al., 2013; Doneus et al., 2014). In PCA, the vast majority of
the variance in the original dataset (sometimes greater than 95%) is
captured by the first principal component, and each new principal
component is orthogonal to every other. Vegetation Indies (VIs)
(Fig. 6C) have a certain potential to enhance the visibility of crop

marks. The principle of VI based ACH applications will be discussed in
detail in section §4.2.5 below. In addition to PCA and VIs, Doneus et al.
(2014) investigated the red edge inflection point (REIP) (Fig. 6D) and
distribution fitting (Fig. 6E, F) for analysing airborne narrowband
spectral data. Their examples showed that, when compared to the true
color imagery, distribution fittings and REIP visualizations can increase
the contrast between healthy and stressed crops (Fig. 6H, G).

Besides dimensionality reduction, channel selection, image en-
hancement and classification are the main issues in hyperspectral ap-
plications for detecting archaeological features. Since buried remains
generate slight differences in spectral features between the pixels con-
taining archaeological marks and the background pixels, the capability
of airborne hyperspectral sensors to distinguish spectral anomalies re-
lated to buried remains can be assessed by using the Spectral
Separability Index (SSI), Spectral Angle Mapper (SAM) and Spectral
Mixture Analysis (SMA) (Cavalli et al., 2009). SSI, also called M-sta-
tistics (Luo et al., 2018b), can be used to assess the separability between
archaeological features and backgrounds by a channel-by-channel in-
spection of multispectral or hyperspectral data, and then also used to
guide the selection of spectral channels for improving the ability to
detect buried archaeological remains and reduce the computation time
(Bassani et al., 2009; Cavalli et al., 2009; Lasaponara et al., 2016;
Lasaponara and Masini, 2012c). The SAM determines the spectral si-
milarity on the basis of the spectral shape. It describes the angular
differences (expressed in radiance from 0 to π/2) between the spectrum
of every quarantine pixel and the spectrum of one given endmember
related to the archaeological features (Savage et al., 2012). Instead of
placing each pixel in an image into one of a set of discrete classes, SMA
starts with a set of endmembers, representing a spectral library, and
then deconvolves the image through linear spectral unmixing to reveal
the percentages of endmembers present in each analyzed pixel. SMA
analysis provides the potential for covering a large spectral library of

Table 1
List of available satellite multispectral (VIS-NIR) imaging systems for ACH applications.

Satellite/sensor VIS-NIR Time span Spatial resolution/m

Spectrum/nm Channel no. PAN VIS-NIR

ALOS/PRISM 420–890 4 2006– 2.5 10
CBERS 450–890 5 2003– 20
EO-1/ALI 433–890 8 2000– 10 30
GeoEye 450–920 4 2008– 0.41 1.65
Gaofen-1/PMS 450–890 4 2013– 2 8
Gaofen-2/PMS 450–890 4 2014– 1 4
IKONOS 450–950 4 1999–2015 1 4
IRS-P6/Resourcesat-1 520–860 3 2003– 5.8 23.5
KOMPSAT-2/EOC 450–900 4 2006– 1 4
KOMPSAT-3/EOC 450–900 4 2012– 0.7 2.8
Landsat-1/MSS 500–1100 4 1972–1978 78
Landsat-4/MSS 520–900 4 1982–1993 78
Landsat-5/TM 450–900 4 1984–2013 30
Landsat-7/ETM+ 450–900 4 1999– 15 30
Landsat-8/OLI 443–885 5 2013– 15 30
Orbview-3 450–900 4 2003– 1 4
Pleiades-1 430–950 4 2011– 0.5 2
Pleiades-2 430–950 4 2012– 0.5 2
QuickBird 450–900 4 2001– 0.6 2.4
RapidEye 440–850 5 2008– 5
Sentinel-2/MSI 450–900 4 2015– 10
SPOT-1/HRV 500–890 3 1986–2003 10 20
SPOT-2/HRV 500–890 3 1990–2009 10 20
SPOT-3/HRV 500–890 3 1993–1996 10 20
SPOT-4/HRVIR 500–890 3 1998– 10 20
SPOT-5/HRG 500–890 3 2002– 5 10
SPOT-6/HRG 455–890 4 2012– 1.5 6
SPOT-7/HRG 455–890 4 2014– 1.5 6
Terra/ASTER 520–860 3 1999– 15
WordView-2 400–1040 8 2009– 0.46 1.84
WordView-3 400–1040 8 2014– 0.31 1.24
Ziyuan-3 450–890 4 2012– 2.1 5.8
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endmembers, including archaeological features and other land cover
types. It is a useful tool for guiding surveys and for discovering un-
known sites in a large region with actual ancient human occupations
(Savage et al., 2012).

4.2.5. Satellite multispectral remote sensing in ACH applications
Satellite multispectral imaging, the most popular technique in the

second half century of remote sensing archaeology, has been success-
fully applied in almost every field related to ACH (Pringle, 2010).
Success stories include the detection and identification of archae-
ological features (Agapiou et al., 2014a; Baeye et al., 2016; De Laet
et al., 2009; Lasaponara and Masini, 2007; Menze and Ur, 2014), ar-
chaeolandscape analysis and reconstruction (Banerjee and Srivastava,
2013; Canilao, 2017; Foglini et al., 2016; Gallo et al., 2009; Luo et al.,
2017a), looting monitoring and assessment (Agapiou et al., 2017a;
Contreras and Brodie, 2010; Lasaponara et al., 2012; Stone, 2008),
urbanization mapping (Agapiou, 2017b; Agapiou et al., 2015a;
Lefebvre, 2017), risk monitoring and assessment (Agapiou et al., 2016c;

Hadjimitsis et al., 2013a; Lasaponara et al., 2017b; Reimann et al.,
2018), and cultural heritage management and conservation (Agapiou
et al., 2015b; Comer, 2012; Davies et al., 2016; Evans et al., 2007;
Parry, 1992; Rayne and Donoghue, 2018).

Recently, VHR satellite multispectral imagery was used to track
heritage loss across Middle East (such as Syria, Iraq, Egypt, Yemen,
Oman, and Lebanon) and to assess the damage to Syria's World Heritage
Sites caused by ISIS and the Syrian civil war (Casana, 2015; Luo et al.,
2018a; Parcak et al., 2016). Several international organization and
scientific communities, such as UNESCO, UNITAR and AAAS, have
launched the satellite applications project during the past sensitive
period, one of whose aims is to provide remote sensing support for the
fast assessment and decision-making of the cultural heritages and ar-
chaeological sites (AAAS, 2014; Luo et al., 2018a). A well-known ex-
ample is the Roman site of Dura Europos on the West bank of the Eu-
phrates River. During the three years (2011–2014) that separate the
two VHR satellite images (Fig. 7) that were analyzed, the site was
subject to extremely serious looting. A long history of pre-war looting

Fig. 6. Airborne hyperspectral data (64 spectral
channels and 0.4 m GSD) from Carnuntum, Austria,
acquired on May 262,011 (Data source: LBI-ArchPro
and ABT GmbH). (A) True-color image; (B) false
color composite created by the PCA (R=PC1,
G=PC2, B= PC3); (C) NDVI; (D) false color com-
posite created by the REIP (R= band 1 (wave-
length), G= band 2 (slope), B= band 3 (reflectance
value)); (E) gamma distribution fitting (R= none,
G= band 2 (shape parameter α), B= band 1 (rate
parameter β)); (F) normal distribution fitting
((R=band 4 (the upper bound of the confidence
interval for mean (μ)), G= band 2 (standard devia-
tion (σ)), B= band 2)); (G) unsupervised k-means
classification results with 10 classes; (H) visual in-
terpretations of archaeological traces (Roman Road)
from (D) covering the area enclosed by red box in
(A). All data processes were implemented in an open
MATLAB®-based archaeological toolbox called
ARCTIS (see Atzberger et al. (2014)). (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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extending back several decades is visible in an early 2011 VHR satellite
image (Fig. 7A) of the site, but in 2014 (Fig. 7B), the site was further
damaged by looting, with thousands of new looting pits visible across
the entire site. Fig. 7C shows the changes caused by looting between
2011 and 2014, which were identified in ENVI 5.3 by using the change-
detection tool. These applications have primarily exploited broadband
multispectral remote sensing data. As Giardino (2011) and Agapiou and
Lysandrou (2015) argues, multispectral sensors carried on satellite
platforms have provided new and important dataset for the investiga-
tion, discovery, delineation and analysis of ACH sites worldwide
(Agapiou et al., 2014a; Agapiou et al., 2014b; Alexakis et al., 2009;
Aminzadeh and Samani, 2006; Deroin et al., 2011; Garrison et al.,
2008; Luo et al., 2017b).

The sensitivity of satellite multispectral sensors was systematically
assessed and used in a series of studies by Agapiou (Agapiou et al.,
2014a; Agapiou and Hadjimitsis, 2011; Agapiou et al., 2013b;
Hadjimitsis et al., 2013b) that focused on (1) the investigation and
assessment of the spectral sensitivity of satellite multispectral sensors
intended for use in the detection of archaeological crop marks, (2)
ground spectroscopy and ground-truthing campaigns for quantitative
archaeological applications, and (3) establishment and validation of
orthogonal equations to multispectral satellite imagery for the identi-
fication of archaeological features. For instance, a series of new linear
orthogonal equations for different multispectral data derived from
QuickBird, IKONOS, WorldView, GeoEye, ASTER, and Landsat sensors
was developed to enhance the exposure of archaeological marks
(Agapiou, 2017a; Agapiou et al., 2013a). In the last decade, most sa-
tellite multispectral studies have focused on identifying archaeological

features from very high resolution (VHR) imagery (Agapiou et al.,
2012; Hadjimitsis et al., 2013b; Lambers, 2018; Lasaponara and Masini,
2012a; Noviello et al., 2013). However, traces of archaeological fea-
tures are very hard to observe due to multiple factors. As a result of
coarse spectral and spatial resolution, image degradation, the presence
of obstacles (trees, man-made objects, etc.), and unfavorable pre-
servation, they are often only partially visibility. In order to improve
the visibility of archaeological features, many enhancement techniques
that can be applied to the spatial, spectral and frequency domains (e.g.,
data fusion, VIs, orthogonal equations, convolution and morphology,
PCA, Kauth-Thomas (K-T), and Wavelet) have been adopted
(Lasaponara et al., 2016; Luo et al., 2017a; Tapete and Cigna, 2018).
This is because viewed from above, the presence of buried remains
appears as subtle spatial discontinuities or variations in the reflectance
values of vegetation or soil cover (Agapiou and Hadjimitsis, 2011;
Agapiou and Lysandrou, 2015; Beck, 2010; Lasaponara and Masini,
2007; Rowlands and Sarris, 2007; Traviglia and Cottica, 2011;
Verhoeven, 2012).

Data fusion and pansharpening can be considered suitable for im-
proving the visibility of archaeological features in multispectral data
(Lasaponara and Masini, 2012b; Noviello et al., 2013). Several studies
have presented the results of applying different pansharpening techni-
ques (Fig. 8) for better identification of buried remains (De Laet et al.,
2015; Lasaponara and Masini, 2012b; Lasaponara and Masini, 2014;
Traviglia and Cottica, 2011). The reason for the multiplicity of tech-
niques is that either the spatial or the spectral properties of the image
are always compromised during the pansharpening process (Opitz and
Herrmann, 2018). VIs are mathematical combinations of reflectance

Fig. 7. Dura Europos, eastern Syria, as it appears in VHR satellite images (© 2019 Digital Globe) from August 2011 (A) and April 2014 (B). The VHR satellite image
from 2011 was displayed with detected looting changes in red (C); the sub-image correspond to the area marked by the blue box in A, dozens of old looting pits are
visible around the Palmyrene Gate (D); the sub-image correspond to the area marked by the blue box in B, a renewed phase of severe, war-related looting with fresh
pits clearly visible in the same area (E); and ground views (© AAAS (2014)) of looting at Dura Europos site (F–H). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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values from two or more spectral channels of multispectral or hyper-
spectral data. These combinations highlight a specific feature of the
vegetation while reducing the perturbing effects caused by solar geo-
metry as well as atmosphere, topography, viewing angle and exposed
soil (Verhoeven, 2012). There exists a variety of VIs, each of them using
different datasets and optimized for specific purposes (Agapiou et al.,
2013a; Agapiou et al., 2013b; Atzberger et al., 2014). As a result, they
all have their advantages and disadvantages as well as appropriate
operational scales. As such, not all of these VIs are of benefit to ar-
chaeology and the NDVI remains the most popular index (Lasaponara
and Masini, 2007; Masini and Lasaponara, 2007). A comprehensive
analysis that included 38 vegetation indices, object-oriented classifi-
cation and segmentation, PCA, and color transformation, was applied to
the detection of looting marks in WorldView-2 imagery and the results
interpreted (Agapiou et al., 2017a). Lasaponara and Masini (2014)
proposed a novel enhancement approach based on local indicators of
spatial autocorrelation applied to ASTER and QuickBird data, which
allowed them to visually identify traces of a possible ancient hydro-
graphic network.

However, the spatial resolution of hyperspectral satellite data is
much lower than that of multispectral satellite data and so, of limited
application to the fine-scale study of ACH sites. The satellite EO-1
Hyperion has a spectral and spatial resolution of 10 nm and 30m, re-
spectively. There is an extreme paucity of studies exploring the cap-
abilities of hyperspectral satellite data in ACH application. Savage et al.

(2012) guided an archaeological survey and found several potential
ore-processing areas with similar spectral signatures by visually inter-
preting the results of applying PCA to Hyperion imagery. Another ex-
ception is the research published by Agapiou et al. (2013b) which de-
monstrated that their proposed Archaeological Index was suitable for
the enhancement of crop marks in Hyperion imagery. However, so far,
this study stands alone.

5. Active remote sensing in ACH applications

5.1. Synthetic aperture radar (SAR)

5.1.1. Background
In contrast to passive optical remote sensing, SAR actively transmits

radar signals and then receives backscattering radiation for imaging. It
can provide a major contribution to overcoming the limits of passive
optical data: being an active technique, SAR is able to sense a target at
any time of day or night under all-weather conditions and, to some
extent, ‘penetrate’ soil and vegetation depending on the imaging fre-
quency (C-, L-, X-, and P-band), surface characteristics (ice, desert sand,
close canopy, etc.) and conditions (texture, moisture content, com-
pactness, etc.). Backscattering amplitude and phase are two compo-
nents of a SAR image (Franceschetti and Lanari, 2016). The former is
influenced by speckle, layover, shadow and foreshortening, and the
latter by the variation in backscattering and movements of terrain

Fig. 8. The image processing results from WorldView-3 multispectral data allowed us to discover buried archaeological remains near the site of the Roman Port City
Gigthis (Tunisia).
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(Chen et al., 2017c). The characteristics of surface objects, such as
landcover type, relief, geometry, moisture, conductivity and roughness,
can be retrieved by exploring the amplitude information (back-
scattering coefficient σ0); topographic data and subtle deformation can
be derived by exploiting the phase information from interferometric
analyses of multiple SAR images. In addition, the radiometric compo-
nent of SAR data, i.e. the intensity (I value), can serve as an additional
feature in archaeological prospecting.

5.1.2. SARchaeology: SAR in archaeology
In general, the ability of SAR to discriminate archaeological objects

is an issue closely related to both the signal-to-noise ratio and to the
differential scattering behavior of target objects and their surroundings
(Chan and Koo, 2008; Chapman and Blom, 2013; Chen et al., 2017c;
Holcomb, 2007). Compared with passive optical remote sensing, large
numbers of studies have demonstrated that SAR is superior at detecting
buried features, soil-marks and micro/medium-relief (occurring as
shadow-marks in optical imagery with a low solar elevation angle) for
archaeological purposes (Adams et al., 1981; Chen et al., 2017c; Guo,
1997; Lasaponara et al., 2017a; McCauley et al., 1982; Moore et al.,
2007; Stewart et al., 2013; Tapete et al., 2016). Several publications
have also tried to demonstrate the potential of SAR in prospecting for
crop-marks (Chen et al., 2015; Jiang et al., 2017; Stewart, 2017) but
with little success in spite of years of effort. Fig. 9 shows a general
model of the basic scattering mechanisms between the radar signal and
typical archaeological objects (soil marks and micro/medium-relief).
The configuration of the SAR system (frequency, polarization, incidence
angle and viewing geometry) will additionally influence the visibility of
archaeological features. It is worth noting that different frequencies are
characterized by different ‘penetration capabilities’, with higher fre-
quencies exhibiting greater penetration capabilities (Lasaponara and
Masini, 2013). The penetration capability is strongly limited by surface
characteristics and significantly influenced by tree canopy and moisture
content.

The interferometric SAR (InSAR) technique, which is based on the
processing of two or more SAR images covering the same scene, has the
ability to detect changes occurring between acquisitions (Cigna et al.,
2014; Hanssen, 2001; Tang et al., 2016; Tapete et al., 2012). A high-
resolution DEM, one of the most common and popular InSAR-derived
products, provided an insight into settlement patterns in ancient times
and allowed discovery of new structures (Bubenzer and Bolten, 2008;
Garrison et al., 2011; Menze et al., 2006). Therefore, InSAR-derived
subtle deformations have great potential for preventive diagnosis of the
structural instability and vulnerability of ACH sites and their sur-
rounding environments and providing early warnings of these problems

(Chen et al., 2017a; Tapete et al., 2012). Movements not perceivable
with the naked eye can be revealed through estimates of displacement
only along the radar line of sight (LOS) (Fig. 10) (Tapete et al., 2012).
Differential InSAR (D-InSAR) techniques date back to 1989, when L-
band SEASAT SAR data was first exploited for this purpose (Gabriel
et al., 1989). Since 2001, the capability of D-InSAR has been con-
siderably improved by using Multi-Temporal InSAR (MT-InSAR)
(Crosetto et al., 2016; Lin et al., 2017) to enhance accuracy and retrieve
consistent estimates, with millimeter precision being achieved for
single measurements.

5.1.3. Airborne and spaceborne SAR system
Airborne SAR systems, which are generally equipped with dual

antennas, can map regions of interest at high spatial resolution and with
faster repeat times than satellite SAR systems and thus play a key role
when cloud cover, bad weather or the need for nighttime acquisition
restrict other approaches. These advantages have been used in planned
archaeological prospecting (Garrison et al., 2011; Moore et al., 2007).
Currently, several relatively mature airborne SAR systems-E-SAR, Or-
biSAR-1, Eco-SAR, AIRSAR and UAVSAR (Garrison et al., 2011) - are
available. E-SAR identifies the DLR airborne experimental SAR system
which has been operated on their Dornier DO228-212 aircraft since
1988. This system has polarimetric and interferometric flexibility and is
capable of emitting a radar signal at four separate frequencies. The fully
polarimetric SAR data acquired by E-SAR L- and P-band radar, together
with X- and C-band E-SAR data, has been collected to estimate surface
topography. UAVSAR, a NASA/JPL L-band airborne experimental SAR
platform that uses quad-polarization to image, has been in operation
since 2009. UAVSAR is designed to collect fully polarimetric SAR data
from an aircraft that can fly near-exact-repeat flight lines for inter-
ferometry research and applications. This radar system is designed to
operate on an Unpiloted Aerial Vehicle (UAV) but was initially de-
monstrated on a NASA Gulfstream III aircraft (C-20A/G-III) (Comer
et al., 2017).

Spaceborne SAR systems can be mounted on space shuttles, space
stations or satellites. SEASAT, the first spaceborne SAR system, was
launched in 1978 by NASA, to carry out demonstration studies focused
on the oceans. Later, the Shuttle Imaging Radar (SIR) systems consisting
of SIR-A, SIR-B and SIR-C were launched one after another and acquired
data that gradually came to be used for archaeological purposes. Since
the first use of SAR imagery acquired by the space shuttle in the 1990s,
satellite SAR systems, such as ENVISAT and RADARSAT, developed by
ESA and CSA, respectively, have been introduced and their products
have also been used by archaeologists. In 2000, the Shuttle Radar
Topography Mission (SRTM) was designed for interferometric

Fig. 9. Model of the response of basic scattering mechanisms: from left to right, simplified models of volume scattering in soil penetration, single bounce (smooth
surface), back scattering (surface roughness for archaeological microrelief) and double bounce volume scattering (walls or other outstanding reliefs). (Modified from
Lasaponara and Masini (2013)).
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applications and measuring large-scale surface changes. The Digital
elevation models (DEMs) derived from SRTM data have been and still
are one of the most useful and most often used SAR-based products in
landscape archaeology (Bubenzer and Bolten, 2008; Menze et al.,
2006). Since 2007, satellite SAR has witnessed a revolution as the first
generation of satellites (e.g., ERS-1/2, JERS-1, ENVISAT, ALOS-1, and
RADARSAT-1/2) has been followed by the second (e.g., COSMO-
SkyMed, TerraSAR-X, Sentinel-1, ALOS-2 and Gaofen-3). Satellite SAR
systems have been developed to provide multi-frequency, multi-polar-
ization, multi-mode, variable incidence angle, and high-resolution data.
Furthermore, a number of user-friendly commercial and open-source
software or toolkits have recently been developed. As a result, space-
borne SAR systems have ushered in a new era of ACH applications
mainly due to the increasing availability of large historical archives and
active satellite platforms.

5.1.4. SAR for archaeological prospecting
SAR-based archaeological investigations date back to the 1980s and

undoubtedly have enabled numerous important discoveries and pro-
vided new insights in forested areas and desert environments, as in the
cases of the Maya Lowlands (Adams et al., 1981) and the Sahara
(McCauley et al., 1982). Since then, more and more studies have un-
covered buried features and paleo-landscapes by exploiting the peculiar
penetration capability of SAR (Blom et al., 1997; Blom et al., 1984;
Chen et al., 2016; Evans et al., 2007; Gould, 1987; Guo, 1997;
Lasaponara and Masini, 2013; Moore et al., 2007) at different acquisi-
tion frequencies. In the eastern Sahara Desert (Ghoneim et al., 2012;
McCauley et al., 1982), southern Taklimakan Desert (Holcomb, 1992)
and Gobi Desert (Guo et al., 2000; Wang et al., 2004), subsurface linear
features related to paleo-channels were discovered using space shuttle
SAR data. These discoveries had significant implications for the
geoarchaeology and landscape evolution of paleo-environments in the
research regions. In other cases, the paleo-landscapes and water man-
agement systems of prehistoric and ancient Angkor lying under tropical
forests were revealed using AIRSAR data (Evans et al., 2007; Moore and
Freeman, 1996; Moore et al., 2007).

SAR's sensitivity to structures makes it more useful than passive
optical data for detecting archaeological microrelief or outstanding
relief. Taking Peru's Nasca Cultural Landscape as an example, C-band
ENVISAT, L-band PALSAR and X-band COSMO-SkyMed imagery (Cigna
et al., 2013; Lasaponara et al., 2017a; Tapete et al., 2013) were sepa-
rately used to detect earthen structures that are only partially above
ground; visually, these structures would be difficult to distinguish from
the surrounding landscape. Several researches assessed the sensitivity
of satellite SAR to buried or microrelief archaeological features in terms
of frequency, polarization, incidence angle and scale based on an ana-
lysis of SAR imagery from both single- and multi-date (Chen et al.,
2017b; Chen et al., 2016; Lasaponara and Masini, 2013; Patruno et al.,
2013; Stewart et al., 2014; Tapete and Cigna, 2017b). Stewart et al.
(2014) assessed the sensitivity to buried archaeological structures of C-
and L-band SAR with various polarizations in the eastern outskirts of
Rome, including single and dual-polarization PALSAR and quad-po-
larization Radarsat-2 SAR data. The results showed that by identifying
the polarimetric bases that yielded the greatest backscatter over
anomalous features and subsequently changing the polarimetric bases
of the time series, features of interest in the study area could be high-
lighted. The multi-frequency polarimetric SIR-C/X-SAR data (Guo et al.
1997) have been used to uncover the buried remains of two generations
of the earthen Great Wall in northwestern China (Fig. 11). The colors in
the composite image below (Fig. 11B) have been assigned to different
radar frequencies and polarizations as follows: red is L-band, horizon-
tally transmitted, horizontally received (L-HH); green is L-band, hor-
izontally transmitted, vertically received (L-HV); and blue is C-band,
horizontally transmitted, vertically received (C-HV). Fig. 11C shows
that the L-band HH image provides the clearest image of the wall, and
that the two generation of the earthen Great Wall are seen less distinctly
in the L-HV image and C-HH image.

Generally, most archaeological applications have directly utilized
SAR imagery for visual interpretation and identification of buried fea-
tures, microrelief or outstanding relief (earthworks, walls and other
structures) by using the backscatter, which provides information about
surface characteristics according to the wavelength frequency,

Fig. 10. Estimation scheme, along the line of sight (LOS), of the displacement (Δd) that occurred in the elapsed time between two consecutive acquisitions (Δt), (A) in
cases of: (1) toppling outstanding relief, (2) terrain deformation correlated with instability of buried structures, and (3) building collapse due to land subsidence and
ground motions; (B, C) LOS geometry for the ascending acquisition mode, with orbit inclination, α, and look angle, θ, indicated. (Modified from Tapete et al. (2012)).

L. Luo, et al. Remote Sensing of Environment 232 (2019) 111280

13



polarization and incidence angle. However, the effect of the viewing
geometry and radar illumination on the visibility of archaeological
features should be taken into consideration. Both Patruno et al. (2013)
and Chen et al. (2016) provided pilot cases and interesting discussions
on how different bands, incidence angles and imaging modes (spatial
resolutions) can be used in a polarimetric analysis to detect buried ar-
chaeological features in arid environments. Additionally, in order to
reduce speckle and improve the visibility of archaeological features,
certain enhancement methods included multi-looking, filtration and
multi-temporal averaging have been applied to archived SAR data.
Further processing may involve multi-temporal coherence, analysis of
target decompositions, and study of the polarimetric signatures over
areas of suspected buried structures and changing the polarimetric
bases in an attempt to enhance the visibility (Tapete and Cigna, 2017b).

For archaeological purposes, SAR-derived DEM products are most
often used for surface analysis (Bubenzer and Bolten, 2008; Chen et al.,

2016; Erasmi et al., 2014; Garrison et al., 2011; Ghoneim et al., 2012;
Hillier et al., 2007; Luo et al., 2017b; Menze et al., 2006; Rajani and
Rajawat, 2011) in order to provide new insights into the understanding
of archaeolandscapes or paleo-environments. The near-global avail-
ability of the SRTM product offers specialists the opportunity of car-
rying out large-scale surveys for landscape archaeology and geoarch-
aeology (Ghoneim et al., 2012). Based on a groundwater model
provided in the hydrological analysis tools under the GIS environment,
Luo et al. (2017b) discovered the moat system of the ancient Longcheng
site using the SRTM product. After the launch of the TanDEM-X mis-
sion, a 3D product with an unprecedented resolution could be derived
for archaeological identification (Tapete and Cigna, 2017b) and pa-
laeoenvironmental reconstruction (Erasmi et al., 2014). Chen et al.
(2016) discovered a rectangular-shaped anomaly by employing an en-
tire radar interferometry procedure for generating the TanDEM-X DEM
product at the desert Niya site. The AIRSAR is now capable of detecting

Fig. 11. SIR-C/X-SAR polarimetric images showing the buried segments of the earthen Great Wall in northwestern China. (A) Landsat-5 TM imagery; (B) false color
composite of SAR SIR-C/X-SAR polarimetric images, the trace of Great Wall appears as a thin orange band, running from the right to the left; (C–F) the sub-images
correspond to the area marked by the white box in A and B, and are the four frequency-polarization channels; (G) field photo of archaeological remains of the Great
Wall. (SAR SIR-C/X-SAR images courtesy of JPL).
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archaeological sites, with notable implications for archaeology in tro-
pical forests (Moore et al., 2007). Garrison et al. (2011) successfully
detected and mapped ancient Maya settlements beneath jungle canopy
in Guatemala by using AIRSAR radar elevation data.

5.1.5. SAR for cultural heritage monitoring and conservation
Multi-date SAR products, such as interferometric coherence, multi-

temporal features of radar signatures (e.g. ratio, summed, mean,
median, gradient and standard deviation) and RGB multi-temporal
composites, have been effective at sharpening archaeological traces as
well as in change monitoring and detection (Chen et al., 2016; Cigna
et al., 2013; Stewart et al., 2013; Stewart et al., 2014; Tapete and Cigna,
2017b; Tapete et al., 2016). Tapete et al. (2016) developed an alter-
native solution for quantifying the magnitude, spatial distribution and
rates of looting at the Apamea site in Syria based on the successful
recognition of looting marks within ratio maps of radar backscatter
derived using two consecutive TerraSAR-X scenes. In order to detect
and measure landscape disturbances that are threatening the world-
renowned archaeological features and ecosystems of Peru's Nasca Cul-
tural Landscape, Comer et al. (2017) employed algorithms to calculate
correlations between pairs of SAR images and to generate correlation
images for both airborne UAVSAR and satellite Sentinel-1 SAR data
(Fig. 12). High coherence values indicate high homogeneity with no
change of surface characteristics such as moisture content, vegetation
cover, roughness, elevation or geometry, while low values are found
over altered surfaces. Therefore, correlation images together with fur-
ther analysis (e.g. ratio of correlation images) can be used to identify
archaeological features and to detect changes in these features (Comer
et al., 2017; Garrison et al., 2011; Tapete and Cigna, 2017b).

Due to the wide spatial coverage and the high accuracy provided,
MT-InSAR can be considered an efficient and cost-effective technique
for monitoring ground subsidence. It has been widely used to preserve
and management historic city centres or traditional urban landscapes

(e.g. in Mexico, Beijing, Rome, Angkor, Athens, and Venice, etc.) for
monitoring deformations and instability in buildings and assessing the
risk (Chen et al., 2017a; Chen et al., 2017d; Cigna et al., 2014; Da Lio
and Tosi, 2018; Osmanoğlu et al., 2011; Parcharidis et al., 2006; Sowter
et al., 2016; Tang et al., 2016; Tapete et al., 2012; Tosi et al., 2018; Zhu
et al., 2018) of damage due to ground subsidence. For example, Cigna
et al. (2014) carried out a comprehensive study focused on SAR-based
investigations of Rome over time. In particular, outputs from COSMO-
SkyMed time series processed using the Stanford Method for Persistent
Scatterer InSAR (PS-InSAR) confirmed the persistence of ground motion
affecting monuments and of subsidence in southern residential quarters
adjacent to the Tiber River (see Fig. 13). The movements and potential
risk of collapse of the monuments at the Angkor World Heritage Site,
along with changes in surface elevation, have been monitored with
high-resolution TerraSAR/TanDEM-X data and PS-InSAR approach
(Chen et al., 2017a).

Until now, of all the proposed MT-InSAR techniques, Persistent
Scatterer InSAR (PS-InSAR) (Ferretti et al., 2001) and Small BAseline
Subset InSAR (SBAS-InSAR) (Berardino et al., 2002), which are based
on processing long stacks of satellite SAR imagery and identification of
coherent or persistent scatterers, have been the most popularly em-
ployed to detect and analyse surface stability, structural deformation
and changes occurring in areas where ACH sites are present (Alberti
et al., 2017; Chaussard et al., 2014; Confuorto et al., 2016; Da Lio and
Tosi, 2018; Evans and Farr, 2007; Le et al., 2016; Osmanoğlu et al.,
2011; Tapete and Cigna, 2017a; Tapete and Cigna, 2017b). Tapete et al.
(2012) verified the capabilities of the PS-InSAR and SqueeSAR ap-
proaches for the preventive diagnosis of deformation threatening the
structural stability of archaeological monuments and buried structures
in Historic Centre of Rome. By combining the PS-InSAR technique with
55 ERS-1/2 SAR scenes, a precise average annual deformation rate-map
of Athens was generated for the period 1992–2002, the results showed a
rate of 2–3mm/yr in some part of the city centre (Parcharidis et al.,

Fig. 12. The correlation change image in (A) compares two correlation images. The red and orange areas experienced a relatively constant level of disturbance
between May 2015 and August 2017. Yellow to green indicates that decorrelation during the 2016–2017 period was 5% to 20% higher than during the 2015–2016
period. Panel (B) is a satellite image of the area delineated and labeled 1 in (A); (C) is a satellite image of area 2. (Following Comer et al. (2017)). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2006). Recently, based on the results of an intermittent SBAS time-
series analysis of 18 Sentinel-1 scenes of Mexico City, Sowter et al.
(2016) revealed a serious subsidence rate of 40 cm/yr and demon-
strated the potential of Sentinel-1 to support wide-area land subsidence
surveys.

5.2. Light detection and ranging (LiDAR)

5.2.1. Background
In principle, LiDAR is similar to SAR in that LiDAR systems send out

light pulses and record both how long it takes their backscattered
echoes to return and how much of the original energy comes back
(White, 2013). LiDAR can measure range and orientation, and identify
target characteristics through position, radial velocity, reflection and
scattering characteristics (Yan et al., 2015). LiDAR instruments can be
mounted on ground platforms (e.g. Terrestrial Laser Scanning, (TLS)),
airborne platforms (e.g. Airborne Laser Scanning, (ALS)) or satellites
(e.g. freely available data from ICESat (Wang et al., 2016)), and come in
two common models – discrete return and full-waveform systems
(Lefsky et al., 2002; Vierling et al., 2008). The former records a discrete
number of echoes and measures the time taken for a pulse to travel to
an object and is used to determine height. The latter digitize the com-
plete waveform of each backscattered echo, thus allowing improve-
ments in the classification of terrain and off terrain objects (Doneus
et al., 2008; Wagner, 2010; Yan et al., 2015). TLS is more suitable for

3D recording archaeological excavations and architectural heritages in
site-scale. At the same time, due to the limited spatial resolution of
satellite LiDAR data, it is little used for ACH applications.

5.2.2. LiDARchaeology: LiDAR in archaeology
At present, airborne LiDAR-based ACH applications concentrated on

the uses of full-waveform systems, which enable highly accurate surface
models to be obtained and archaeological structures, earthworks or
submerged sites even under dense vegetation cover or underwater to be
detected (Crow et al., 2007; Doneus et al., 2008; Doneus et al., 2013;
Masini and Lasaponara, 2013; Menna et al., 2018; Shih et al., 2014;
Wang and Philpot, 2007; Yan et al., 2015). However, there are several
cases of archaeological prospecting (Challis, 2006; Holden, 2001) that
have been successful using discrete model LiDAR, which was described
as a “conventional” system by Doneus et al. (2008) and Lasaponara
et al. (2011). Generally, a near-infrared LiDAR system (wavelength of
1064 nm or 1550 nm), also called topographic mapping LiDAR, pene-
trates the tree canopy to obtain terrain information (Fig. 14a); a green
LiDAR system (wavelength of 532 nm), also called bathymetric LiDAR,
penetrates the water column to survey the seafloor (Fig. 14b). Several
recent publications have shown how airborne LiDAR can be used to
detect, record, and even discover; archaeological features at both site
and landscape scales (Chase et al., 2012; Chase et al., 2011; Chase et al.,
2017; Evans et al., 2013; Fisher et al., 2017; Grammer et al., 2017;
Lasaponara et al., 2010; Masini et al., 2018; White, 2013). In this

Fig. 13. (A) GE VHR imagery (© 2019 Digital Globe, acquired on 4 June 2010) of the historic centre of Rome, with the locations of the monuments, heritage assets
and linear walls marked; (B) Spatial distribution and associated estimates of LOS velocities obtained using COSMO-SkyMed PSs (March 2011–June 2013) and
StaMPS-InSAR processing (Modified from Cigna et al. (2014)).
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context, this review focuses on the full-waveform type for prospecting
ACH sites. In products derived from classified airborne LiDAR point
cloud, there are usually two datasets: a digital surface model (DSM)
providing an estimate of the top of canopy, manmade structures or
water surface height, and a DTM showing the topographic variability of
the bare-earth, seafloor or other water body bed.

5.2.3. Airborne LiDAR systems
Airborne LiDAR, also called ALS, is a laser profiling and scanning

system used in topographic and bathymetric applications that emerged
commercially in the mid-1990s (Chase et al., 2011; Evans et al., 2013;
Lasaponara et al., 2011; Stott et al., 2018). In contrast to 2D remote
sensing data, LiDAR point cloud data provide 3D information about the
topography of the Earth's surface (Huisman et al., 2016; Yan et al.,
2015). Other benefits of airborne LiDAR include the lack of effects due
to relief, the ability to penetrate the tree canopy, and insensitivity to
lighting conditions (Freeland et al., 2016; Lefsky et al., 2002;
Rosenswig et al., 2015; Wagner, 2010). During the past two decades,
the development of airborne LiDAR has led to a gradual improvement
in both pulse rates and flying heights (Guo et al., 2011; Singh et al.,
2012), which has made large-area coverage and mapping easier (Yan
et al., 2015). Since LiDAR sensors used for commercial topographic
mapping usually utilize a multichannel laser source, which operates at
wavelengths of 532 nm, 1064 nm, and 1550 nm, high separability of
spectral reflectance between different land cover materials in the visible
and near-infrared spectrum is possible. Fernandez-Diaz et al. (2014)
assessed the effects of the data density, flying height, pulse repetition
frequency and scan angle on ACH applications.

5.2.4. Airborne LiDAR for archaeological prospecting
As a result of the work of archaeologists and specialists in under-

standing the physical basis of LiDAR echo returns (Devereux et al.,
2008; Devereux et al., 2005; Doneus et al., 2013; Masini and
Lasaponara, 2013), airborne LiDAR has been successfully applied to
detect archaeological features and to analyse patterns in these features

across the world-from Europe (Bernardini et al., 2013; Bewley et al.,
2005; Devereux et al., 2005; Hesse, 2010; Masini et al., 2018; Masini
and Lasaponara, 2013) to North America (Gallagher and Josephs, 2008;
Harmon et al., 2006; Johnson and Ouimet, 2014; Krasinski et al., 2016;
Rochelo et al., 2015) to Mesoamerica (Chase et al., 2012; Chase et al.,
2011; Rosenswig et al., 2013; Von Schwerin et al., 2013; Weishampel
et al., 2012) to Asia-Pacific region (Cheng et al., 2016; Evans et al.,
2013; Ladefoged et al., 2011; McCoy et al., 2011; Wang and Philpot,
2007; Wang et al., 2017a) to South Africa (Sadr, 2016). The series of
studies carried out in the Maya Lowlands can perhaps be considered
representative of LiDARchaeology, not only in terms of the identifica-
tion of monuments (Fig. 15) (Chase et al., 2011; Garrison et al., 2011;
Hare et al., 2014; Von Schwerin et al., 2016a), but also in terms of the
understanding and analysis of social pattern and paleo-landscape
(Chase et al., 2014; Chase and Chase, 2017; Evans, 2016; Garrison
et al., 2019; Inomata et al., 2018; Weishampel et al., 2011). Chase et al.
(2011) used the LiDAR DTM product to accurately portray not only the
topography of the Mayan landscape, but also structures, causeways, and
agricultural terraces that has a relatively low relief of 5–30 cm.

All of the above-mentioned studies inevitably involve two key steps
– effective filtering and classification of point clouds, and appropriate
generation and visualization of the DTM – for LiDAR-based archae-
ological interpretation. The filtering and classification of ground and
non-ground points is crucial for the discrimination of archaeological
features and subsequent interpretation. Therefore, it is essential to
apply adequate filtering methods that allow accurate DTMs for ar-
chaeological interpretation to be generated. Researchers have devel-
oped a wide range of filters to discriminate between ground and non-
ground in raw LiDAR point clouds (Fernandez-Diaz et al., 2014; Sithole
and Vosselman, 2004). According to Meng et al. (2010), based on the
characteristics of ground filters, filtering methods can be categorized
into six groups: segmentation/cluster-based, morphological-based, di-
rectional scanning, contour-based, TIN-based, and interpolation-based.
Each method has its own hypothesis, so the factors affecting the accu-
racy of DTM are different. Remote sensing archaeologists should choose

Fig. 14. Airborne LiDAR in archaeology: (A) diagram explaining airborne topographic LiDAR (ATL) in discrete mode and full-waveform mode (modified from Masini
and Lasaponara (2013) and Doneus et al. (2008)); (B) diagram explaining airborne bathymetric LiDAR (ABL) in full-waveform mode (Modified from Doneus et al.
(2013)).
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suitable filtering methods according to the characteristics of their re-
search areas. When remote sensing archaeologists get a DTM, if they
know the merits and demerits of the DTM filtering method, they will
also be helpful to grasp where the error is large and where the error is
small, and to distinguish some “true” and “false” archaeological fea-
tures. An active TIN-based model developed by Axelsson (2000) has
been the most popular algorithm and also the most widely applied by
archaeologists across the world (Hare et al., 2014; Harmon et al., 2006;
Lasaponara et al., 2010; O'Reilly et al., 2017; Opitz et al., 2015; Štular
et al., 2012; Von Schwerin et al., 2016a). Lasaponara et al. (2011)
presented the threshold-based algorithm for the filtering and classifi-
cation of ground and non-ground points and for the discrimination of
canopy, understory and micro-topographic relief of archaeological in-
terest. Evans et al. (2013) uncovered archaeological sites at Angkor
based on filtration, culminating in a ground classification routine that
used an iterative triangulation approach.

However, for ease of archaeological interpretation, visualization
and analysis, DSM or DTM elevation rasters have often been created
and used. These elevation rasters are created by interpolating the ele-
vation values from the irregularly spaced point clouds to a single ele-
vation value for each raster element (Fernandez-Diaz et al., 2014).
There are many mature interpolation algorithms that can be used to
generate a DTM. Among the most common are inverse distance
weighting (IDW), Kriging, minimum curvature, the modified Shepard's
method, natural neighbor, nearest neighbor, polynomial regression,
radial basis function, triangulation with linear interpolation, moving
average, and local polynomial. Each of these will produce slightly dif-
ferent in surface models or representations of reality based on the
available information (Guo et al., 2010). Thus it is important to know
the differences between the methods and the results they produce and
also when a given method might be better than another at answering a
particular research question (Fernandez-Diaz et al., 2014). The Kriging
algorithm (Cressie, 1990) and its derivatives are the methods most used
for archaeological DTM generation, and have been widely used by

archaeologists for LiDARchaeology (Canuto et al., 2018; Chase et al.,
2014; Chase et al., 2012; Doneus et al., 2008; Evans et al., 2013). To
reduce the effects due to residual non-terrain points in the classified
data, Devereux et al. (2008) used a hierarchical method focusing on the
technique of robust interpolation with an eccentric and a symmetrical
weight function (Kraus and Pfeifer, 1998). Based on the LiDAR-derived
DTM product, Johnson and Ouimet (2014) have positively identified
numerous archaeological sites (Fig. 16) in forested areas of New Eng-
land that have not been previously recorded by archaeological studies.

For archaeological purposes, most research has focused on using
visual maps of the DTM for manual or automatic interpretation (Chase
et al., 2017; Devereux et al., 2008; Freeland et al., 2016; Guyot et al.,
2018; Masini et al., 2018; Trier and Pilø, 2012; Wang et al., 2017a).
Different visualization techniques for post-processing the classified data
are used by archaeologists (Challis et al., 2011); the traditional methods
include hillshaded maps, images where the changes in elevation are
represented by a color gradient, slope analysis, 3D models, and contour
maps (Fernandez-Diaz et al., 2014). And the Local Relief Model (Hesse,
2010), Sky View Factor (Štular et al., 2012) and Openness (Doneus,
2013) are among many new methods highlight the natural and man-
made features of the terrain that have been proposed for archaeological
applications. Štular et al. (2012) proposed that interpreters should
choose different techniques for different terrain types by comparing
thirteen visualization methods. The hillshaded map (Fig. 16B) (Chase
et al., 2014; Chase et al., 2011; Corns and Shaw, 2009; Devereux et al.,
2005; Evans et al., 2013; Fernández-Lozano et al., 2015; Gallagher and
Josephs, 2008; Hare et al., 2014; Inomata et al., 2017; Johnson and
Ouimet, 2014; Lasaponara et al., 2010; Opitz et al., 2015; Quintus et al.,
2015; Tapete et al., 2017) is the most common visualization technique
in LiDARchaeology. Doneus et al. (2015) generated a DSM of the un-
derwater topography at depths of up to 11m in Kolone, Croatia. The
shaded DSM and its visualizations allowed several ancient fish-catching
structures to be identified and the result were verified during under-
water surveys (Fig. 17). It is worth noting that the use of micro-

Fig. 15. Two suspected Mayan public architectures (red circles in B and E) in the south Caracol, Belize. LiDAR data represented in DSM (left panels), hillshaded maps
of DTM (middle panels), and point cloud profile (right panels). LiDAR point cloud data (Data Source: Open Topography, LiDAR data were collected in 2013) have
been normalized and average density is reach up to 20/m2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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topographical relief as archaeological proxies could benefit of SVF and
Openness (Masini et al., 2018) for the reconstruction of the urban shape
of ancient villages, as showed in Fig. 18 which depicts LiDAR-derived
models of a medieval village in South of Italy.

6. Discussion: limitations and challenges

6.1. Archaeological and cultural heritage (ACH) remote sensing

6.1.1. Passive photography remote sensing in ACH
Historical aerial and spy satellite photographs are revealing more

than those who took them could have imagined because now, a century
or more later, they are proving to be of enormous benefit in revealing
lost ACH sites (Leisz, 2013; Menze and Ur, 2012; Stott et al., 2018).
Archaeological relief such as structures, earthworks and walls can be

seen on aerial or spy satellite photographs at an appropriate scale and
viewing angle. However the use of these data is limited to the manual
interpretation of grayscale images, which can be improved by image
enhancement methods including filtering, fusion, edge detection tech-
niques, etc. Agapiou et al. (2016a) presented a methodology for im-
proving the interpretation of CORONA images by adding color from
recently acquired satellite or airborne imagery. The methodology fol-
lowed in their article, is based on the use of pansharpening algorithms
which are applied to a set of an archived grayscale image and a recent
color image taken of the same area. Also, 3D information extracted by
photogrammetry from historic photographic stereo-pairs is of particular
value, allowing high-resolution historic Digital Elevation Models
(hDEMs) to be generated for archaeological purposes (Casana and
Cothren, 2008; Casana et al., 2012; Rayne and Donoghue, 2018).
Orengo et al. (2015) introduced a novel workflow for the topographic

Fig. 16. ATL for re-discovering archaeological features under the canopy in New England, USA. (A) shows leaf-on GE VHR imagery (© 2019 Digital Globe, acquired
on 11 October 2016) with a modern road superimposed on the northwest corner of the image for reference; (B) shows a hillshaded DTM created from 1m resolution
LiDAR data (Data Source: USIEI, LiDAR data were collected in 2016 and average point spacing is about 0.7 m), quite clearly depicting many features that can then be
identified.

Fig. 17. ABL for underwater archaeological purposes. (A) Shaded DSM generated from filtered and strip-adjusted ABL point cloud of the Roman harbour site at
Kolone; and (B) interpretation drawing based on ABL derived visualizations and underwater survey. (Reproduction after Doneus et al. (2015), the base-map in B is
the GE imagery (© 2019 Digital Globe, acquired on 29 August 2018).
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reconstruction of now-lost archaeolandscapes based on the digital
photogrammetric extraction of morphological information from historic
aerial photographs. Galiatsatos et al. (2008) set out analyses of the
orthorectification of satellite CORONA images in order to use its stereo
feature to create a DEM by calculating the degree of parallax between
conjugate points in each image using dedicated software.

In recent years, Structure from Motion (SfM) complemented by
dense image-matching algorithms embedded in Multi-View Stereo
(MVS) approaches (Szeliski, 2010; Ullman, 1979), particularly those
employing aerial photography imagery, has become an important tool
for passively generating point clouds and topographic data for ACH
sites and small-scale landscapes (Green et al., 2014; José Luis et al.,
2019; Mozas-Calvache et al., 2012; Orengo et al., 2015; Papworth et al.,
2016; Remondino et al., 2011; Verhoeven et al., 2012). The SfM-MVS
technique allows the generation of 3D models without any knowledge
of the imaging parameters and network geometry; this is in contrast to
traditional photogrammetry, where the positions of the cameras, or the
position of some points that are visible in more than one image must be
known (Green et al., 2014; Szeliski, 2010; Verhoeven and Vermeulen,
2016). Sevara et al. (2018) presented refinements to an SfM-MVS-based
workflow for the extraction of 3D data from aerial imagery, using
specific image preprocessing techniques and in-field measurement ob-
servations to mitigate some of the shortcomings of archival imagery and
to improve extraction of topographic data for change analysis of ar-
chaeolandscapes. Whether the end product is a DSM or DTM, aerial
image-based dense point cloud generation as a means of digitizing
surfaces with a specific elevation can now be considered a suitable

alternative to active airborne LiDAR approaches (Verhoeven and
Vermeulen, 2016). In addition, the creation of 3D models for larger
areas by processing historical aerial photographs not collected ex-
plicitly with photogrammetric processing in mind, as demonstrated by
Opitz and Herrmann (2018), Risbøl et al. (2015) and Sevara et al.
(2018), shows the potential of SfM for supporting multi-temporal
landscape analysis by allowing archaeologists to reconstruct hDEMs
that have since been transformed, and by providing new products for
high-resolution tracking of landscape change when satellite data are
limited or not available.

6.1.2. Passive multi- and hyperspectral remote sensing in ACH
The most commonly used archaeological proxies for guiding ar-

chaeological prospecting are crop and soil marks, which can be de-
tected through contrasts in spectral reflectance (Bewley et al., 2005;
Gaffney and Gater, 2003; Scollar et al., 1990; Scudder et al., 1996) in
spectral imagery. The visibility of crop marks often depends on the crop
type and soil conditions and their expression is dictated by crop's
phenological cycles. Soil marks develop due to subtle differences in
localized soil properties and their expression depends on physical,
chemical and biological conditions, particularly soil moisture and
composition. Spectral imaging largely addresses these problems be-
cause it is able to image at a wide range of different wavelengths si-
multaneously. In broadband multispectral imagery, subtle spectral de-
tails can be lost due to averaging; however, because images are
generally recorded at well-placed spectral positions in the NIR and
SWIR, they are still suitable for discriminating the reflectance

Fig. 18. LiDAR based reconstruction of urban shape of a medieval village near Matera (Southern Italy). (A) DTM; (B) SVF; (C) Openness; (D) GE imagery (© 2019
Digital Globe, acquired on 4 July 2014). The LiDAR data were collected on 10 October 2014 and average point density is about 25 points/m2. w1 and w2 are related
to potential city walls and extramural walls, c indicates the castle, and l refers to potential streets of the village.
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differences between different soils types and vegetations health states
(Agapiou et al., 2014a; Lasaponara and Masini, 2007; Verhoeven,
2018). Narrowband hyperspectral imagery can often support the en-
hancement or discrimination of archaeological features from the land-
scape matrix, or provide fine information on their state of health or
ambient conditions according to the particular absorption and re-
flectance properties or spectral signature of the features. Although
spectral signatures have been used to accurately identify crop or soil
marks in multi- and hyperspectral images, archaeological features do
not, in fact, exhibit specific or special spectral signatures that can be
used for generic detection purposes (Altaweel, 2005).

As has been shown here, when compared to using aerial imagery for
ACH applications, both broadband multispectral and narrowband hy-
perspectral imagery can increase the contrast between normal and
stressed (or vigorous) crops, and improve the visibility of crop marks
can be improved by data enhancements. This applies, however, only
when the data are acquired at a high spatial resolution and at the
correct moment in the crop growing cycle. Once the crop marks are
clearly visibly, the specific advantages of the hyperspectral imaging
technique are seriously reduced and aerial photographs or multispectral
images are able to show most archaeological information in very high
detail (Doneus et al., 2014). Conversely, sometimes the subtle effects of
buried remains on variations in crop, soil and topography are not de-
tectable using NIR and SWIR spectra (Winterbottom and Dawson,
2005). By using the TIR spectrum, the chances of detecting these subtle
patterns may be greatly improved. In addition, a combination of pre-
dawn and mid-day thermal images can be used to determine variations
in the thermal inertia of the ground surface (Beck, 2010) which may be
strongly affected by buried remains or moisture differences in the soil.
Lunden (1985) highlighted the considerable potential of thermal ima-
ging for the detection of buried remains, although recent cases have
demonstrated that the capability of aerial thermography to reveal sur-
face and buried archaeological features is limited (Casana et al., 2014;
McLeester et al., 2018; Poirier et al., 2013; Thomas, 2018). Technolo-
gical and cost barriers have prevented the widespread application of
thermal imaging in archaeology (Šedina et al., 2019).

6.1.3. Active LiDAR remote sensing in ACH
More attention is now being paid to LiDARchaeology across the

world and there have been many successful cases where it has been
used to reveal archaeolandscape and in cultural resource management
(Evans et al., 2007; Gheyle et al., 2018; Lasaponara et al., 2011; Siart
et al., 2008; Wang et al., 2017a); however, LiDARchaeology lags far
behind the use of LiDAR in a wide variety of other geosciences dis-
ciplines (e.g. forestry, oceanology, and agriculture). For instance,
LiDAR intensity data have been widely employed in land cover classi-
fication (Yan et al., 2015) but not for archaeological purposes. Although
this review has covered a wide range of archaeological prospecting
using airborne LiDAR data, further investigation and analysis of the use
of the archaeological information thus derived has been lacking. It is
expected that forthcoming studies will include deeper archaeological
analyses from the micro- to the landscape-scale. For example, airborne
LiDAR DTM data can be used to analyse and reconstruct ancient urban
and settlement patterns in vegetated areas (Chase et al., 2014), and to
guide the active automatic discovery of unknown archaeological sites
(Wang et al., 2017a).

As the majority of existing airborne LiDAR systems operate at a
single wavelength, the invention of a multi- or hyperspectral airborne
LiDAR sensor is required; this is likely to be realized in the next few
years (Yan et al., 2015). As has been reported recently (Fernandez-Diaz
et al., 2016; Wei et al., 2012; Woodhouse et al., 2011), there are some
experimental multi- or hyperspectral LiDAR sensors being developed.
Although most of the preliminary studies have focused on forest canopy
modeling and monitoring, the introduction of a multi- or hyperspectral
LiDAR sensor would provide new feature spaces to further enhance the
capability of detecting and understanding archaeolandscapes. Recently,

Canuto et al. (2018) utilized a Titan MultiWave multispectral LiDAR
system at three wavelengths (532 nm, 1064 nm, and 1550 nm) to map
natural terrain and archaeological features over several areas in the
Maya Lowlands of northern Guatemala, successfully uncovering inter-
connected urban settlements and landscapes containing extensive in-
frastructural development. In addition to multi- or hyperspectral
LiDAR, Geiger-mode and single-photon LiDAR are also new commercial
systems for increasing the number of light beams. These two novel
systems are useful in improving the density of point clouds, the cov-
erage of the regions of interest, and the efficiency of data acquisition.

The reduction of signal distortion and misclassification is crucial for
the identification of archaeological features and for their interpretation,
and the development of novel filtering and classification methods is
expected in the near future. Semantic segmentation, serves as a novel
classification method to 3D LiDAR point clouds, is mostly used in urban
or even indoor scenes. The field archaeological environment is gen-
erally complex, and semantic segmentation is difficult to be applied at
present. However, with the development of artificial intelligence (AI)
and big data, it is possible migrate it to archaeological scenes in the
future. At the same time, driven by the promotion and distribution of
LiDAR data and its derived products, a fast and robust 3D rendering and
visualization platform that is not restricted to one operating platform
needs to be developed (Torres-Martínez et al., 2016; Von Schwerin
et al., 2013; Von Schwerin et al., 2016b; Yan et al., 2015). Additionally,
it is worth noting that it still too early for the use of either topographic
or bathymetric LiDAR systems mounted on UAVs, although this is likely
to change in the next decade (Menna et al., 2018; Risbøl and Gustavsen,
2018).

6.1.4. Active SAR remote sensing in ACH
SAR backscattering provides information about surface character-

istics according to the imaging parameters of frequency, incidence
angle, and polarization. Thus, it can be a very useful tool for supporting
archaeological prospecting; however, compared to VHR optical ima-
gery, the ability to detect ACH sites is limited. Due to the speckling
effect, the discrimination of ACH sites and natural structures in SAR
images is, especially in comparison with the ability to detect more re-
cent man-made structures, quite limited. Compared to optical imagery,
Balz et al. (2016) estimated that SAR would require approximately a
spatial resolution that is two- to three-times-higher for the clear iden-
tification of burial mounds. Integration and comparative analysis of the
use of optical and SAR in the prospecting of ACH sites will become part
of mainstream remote sensing archaeology. Furthermore, the penetra-
tion capability of SAR is strongly limited by surface characteristics and
significantly by moisture content. This is the main reason why most
applications of spaceborne SAR have focused on (semi-) arid areas. To
date the lack of high resolution SAR data at bands with greater pene-
tration capability (i.e. the L- and P-band) has limited the use of SAR for
detecting buried remains (Chen et al., 2017c). Fortunately, L-band
ALOS-2/PALSAR-2 data, which has higher resolution, has recently be-
come available and could open encouraging perspectives in the field of
archaeological prospecting. Both airborne and spaceborne SAR systems
have been widely employed for archaeological prospecting by specia-
lists in many countries, with the latter type becoming more and more
popular. Satellite SAR has provided and continues to provide advanced
tools and data for archaeological purposes ranging from archaeological
investigation, buried detection, understanding of paleoenvironments
and monitoring of looting (Balz et al., 2016; Chen et al., 2017c; Cigna
et al., 2013; Comer et al., 2017; Garrison et al., 2011; Jiang et al., 2017;
Lasaponara and Masini, 2013; Stewart et al., 2014; Tapete and Cigna,
2017a; Tapete and Cigna, 2017b; Tapete et al., 2016).

Due to the emergence of space-ground integrated platforms and new
data processing techniques, fine instability monitoring and preventive
diagnosis for cultural heritage sites has become increasingly feasible
with the development of Differential Tomography SAR (D-TomoSAR),
Ground-Based Interferometric SAR (GB-InSAR) and Distributed
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Scatterer InSAR (DS-InSAR) techniques. Fornaro et al. (2010) applied
D-TomoSAR in 4D imaging experiment (3D positioning and 1D de-
formation velocity) in Rome. Intrieri et al. (2015) proposed and as-
sessed a GB-InSAR system for sinkhole monitoring and early warning in
Elba Island, Italy. DS-InSAR provides a new high-resolution method for
the precise detection of surface motion change. In contrast to the first
generation of MT-InSAR technology, the DS-based method focuses both
on pointwise targets with high phase stability and distributed targets
with moderate coherence, the latter being more suitable in complex
environments (Dong et al., 2018; Liu et al., 2019). The use of MT-InSAR
for monitoring and conservation of ACH sites can further developed,
benefitting from the increasingly consistent data archives that have
increasing spatial resolution and temporal frequency. It is worth
pointing out that satellite-based InSAR has dominated in the field of
cultural heritage monitoring and conservation, especially for mon-
itoring the deformation of architectural heritage sites and related
mapping of potential risks. In contrast to satellite-based D-InSAR or MT-
InSAR, the application of such techniques to airborne data has not, as of
yet, been well-established. Several airborne campaigns, involving
mainly P-/L-/C- and X-band systems, have been planned in the last
15 years to exploit the potential for deformation monitoring (Gray and
Farrismanning, 2003; Perna et al., 2008; Reigber and Scheiber, 2003).

6.2. Data availability

It is widely acknowledged that, over the past century, the coverage
and availability of ASRS data has improved significantly. Because ar-
chaeological work is carried out with obvious localized characteristics
and under localized conditions, most remote sensing archaeologists
wish to know if high-quality (e.g. higher resolution and cloud-free)
ASRS data is available for their area of interest. Although some ACH
applications might still be possible at lower or medium spatial resolu-
tions, in most situations, archaeologists' use of VHR ASRS data trends
towards freely available archive imagery. At the same time, archive
ASRS data are widely used to prospect ACH sites, especially for war-
zones or in other sensitive areas where aerial and ground campaigns are
not allowed or would be difficult to carry out. Moreover, today, the
historical aerial photograph archives acquired during the two world
wars represent a “unique data source” that can be used for detecting
ACH features later destroyed by urbanization, intensive agricultural
production and other anthropogenic activities. Thus, historical data can
be considered a low-cost alternative to modern aerial photography or
commercial satellite products for archaeological purposes. An en-
ormous amount of important sources of archaeological information are
also buried in the millions of aerial photographs taken for the purposes
of military reconnaissance or cartography collected in major national
archives (Cowley and Stichelbaut, 2012; Hanson and Oltean, 2013;
Lambers, 2018). These examples could help archaeologists to use these
data more in ACH applications. While imaging techniques for data ac-
quisition have advanced significantly, archaeological communities and
scientific institutes continue to struggle with the uneven availability of
these technologies and the data produced using them, and with the
ability to manage, maintain and make use of the data once they have
been acquired. These challenges are not unique to remote sensing in
ACH, but the scale, variability and complexity of the data involved
make them acute.

6.3. Data interpretation

For archaeologists, obtaining information (location, shape, struc-
ture, and pattern) about features from remote sensing images is one of
the most important purposes of archaeological research. Until now,
remote sensing archaeologists have given priority to visual interpreta-
tion which is usually limited in three spectral channels at a time. Both
visual interpretation and automatic detection techniques have their
strengths and shortcomings. Visual interpretation, an accurate method,

is time-consuming and strongly dependent on the digitization experi-
ence of the archaeologist using it; however, it has the advantage that
the naked eye can identify subtle differences between archaeological
features and backgrounds that a computer cannot. Inevitably, the biases
in the knowledge of archaeologists limit the accuracy of visualization
procedures and can lead to omission errors (Davis, 2018). At the same
time, with the application of digital image processing in archaeology,
some (semi-) automatic methods have also been proposed (Dorazio
et al., 2012; Freeland et al., 2016; Luo et al., 2014a; Orazio et al., 2015;
Sonnemann et al., 2017; Trier and Pilø, 2012; Witharana et al., 2018).
Generally, in these automated applications, the experimental and test
images are chosen for the great variable of the archaeological remains
that they contain and the marked contrast between them and their
surroundings. For instance, in the case studied by Figorito and
Tarantino (2014), the lengths of the linear archaeological traces that
were the targets for the semi-automatic method were only a hundred
meters and the background were homogeneous. Although existing
(semi-) automatic detection techniques save time and manpower, they
are not very successful except at an extremely limited range of spatial
scales and spectral contrasts. Compared to generic visual interpretation,
the biggest weakness of automatic methods is that they are not ap-
plicable to the detection of archaeological features with heterogeneous
backgrounds at a large scale (Opitz and Herrmann, 2018). Automatic
detection of archaeological features is a challenging task in itself and
further analysis of the features requires even more effort.

6.4. Unmanned aerial vehicles (UAVs)

The use of Unmanned Aerial Vehicles (UAVs) or drones for ACH
applications is becoming ever more popular, especially for oblique
photography, spectral imaging and LiDAR in inaccessible areas
(Campana, 2017; Lin et al., 2011). In contrast to conventional airborne
and satellite remote sensing, sensors onboard UAVs are capable of
generating imagery with a GSD of up to 1 cm (Fig. 19A). As a result,
these novel vehicles and data have motivated researchers to explore
new methods for ACH applications, such as the use of aerial thermo-
graphy (Casana et al., 2014) and photography (Verhoeven and Schmitt,
2010). It is worth noting that, previously, aerial photogrammetry was
one of the main techniques used for the 3D documentation and re-
construction of archaeolandscape and architectural cultural heritage
(Peak, 1978; Smith, 1989). Since 2010, UAV-based oblique photo-
grammetry has been the main method used and has continued to in-
crease in popularity (Achille et al., 2015; Chen et al., 2018; Chiabrando
et al., 2011; Fernández-Hernandez et al., 2015; Nikolakopoulos et al.,
2017) for documenting excavations and 3D modeling of architecture
heritage. Together with the popularity of UAVs in the field of ACH, the
SfM-MVS mentioned above enables the fast and cost-effective creation
of VHR topographic models over ACH sites of interest and their sur-
rounding areas (Fig. 19B).

Furthermore, the use of close-range SfM-MVS for the on-site re-
cording of stratigraphy during archaeological excavations is gradually
becoming popular (Dellepiane et al., 2013; Waagen, 2019), as is the
practice of documenting the landscape surrounding an excavation
(Opitz and Herrmann, 2018). The main advantages of UAVs platform
are flexibility, the very high resolution, low flight altitude and small
footprint as well as the far-reaching field of view. The disadvantages are
related to battery capacity, the size of the area covered and, particu-
larly, the requirement to have line of sight between the operator and
the UAV, a fact that restricts efficiency in terms of mapping large areas.
Their unavoidable growth in archaeological research notwithstanding,
non-military and affordable UAVs currently still suffer from too many
restrictions to consider them a viable alternative to large-area archae-
ological prospecting from a low-flying manned aircraft (Verhoeven and
Sevara, 2016). However, it is predicted that the increased use of UAVs
will be one of the next trends for remote sensing archaeology (Agapiou
and Lysandrou, 2015).
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7. Trends and perspectives

7.1. Towards (semi-) automatic feature detection

Generally, archaeological features can be extracted from imagery as
statistical and morphological data using GIS-aided manual interpreta-
tion or automatic detection following image enhancement. At present,
ACH applications are still focused on the analysis of multi-sensor image
interpretation results using artificial visualization or human-computer
interaction. This means that archaeological researchers are still re-
quired to intervene manually, which requires a lot of time, manpower
and material resources (Luo et al., 2014a; Luo et al., 2018b). At the
beginning of 21st century, the automatic detection of ACH features was
mainly carried out using different pixel-based approaches supported by
single sensor imagery (Aminzadeh and Samani, 2006; De Laet et al.,
2007; Garrison et al., 2008; Lasaponara and Masini, 2007). Fortunately,
with the application of digital image processing technology in archae-
ology, some (semi-) automatic applications based on pixel-based clas-
sification or object-based image analysis (OBIA) are also available. A
comparison between conventional per-pixel classification and OBIA
classification was performed by De Laet et al. (2007), who concluded
that the OBIA method resulted in a significant improvement in identi-
fication accuracy. Thus, there has been an increase in archaeological
features detection using OBIA procedures applied to high-resolution
multisensor imagery during the 2010s: for example, Figorito and
Tarantino (2014) extracted ancient linear man-made relics indicative of

vegetation markers by combining aerial images with active contour
model segmentation; using ENVI's FX algorithm, Lasaponara et al.
(2016) semi-automatically extracted information about farmland relics
at Turkey's Hierapolis site. These studies proved that pixel-based clas-
sification can be quite useful. However, when compared to object-based
approaches, OBIA methods are more accurate for detecting ACH fea-
tures (Davis, 2018; Luo et al., 2018b).

OBIA is a method of assessing remote sensing data that uses mor-
phometric and spectral parameters simultaneously to identify features
in remote sensing imagery (Blaschke, 2010; Blaschke et al., 2014;
Davis, 2018). It generally consists of two key steps: segmentation and
then classification. Improvements in accuracy have been attained by
using a greater number of morphometric variables for segmentation
and multi-scale feature analysis for classification. Over the past decade,
OBIA methods have been introduced to automatically detect archae-
ological features from multisensor datasets (Cerra et al., 2016; Figorito
and Tarantino, 2014; Freeland et al., 2016; Jahjah and Ulivieri, 2010;
Lasaponara et al., 2016; Lasaponara and Masini, 2018; Luo et al.,
2014a; Luo et al., 2018b; Orazio et al., 2015; Trier et al., 2018; Trier
and Pilø, 2012). By utilizing multiple parameters simultaneously, OBIA
is well suited for identifying features that are small, structurally
homogeneous, and that display differences with the local topography
(Davis, 2018). OBIA is a useful and potential tool for ACH research.
However, owing to the complexity of and multiple possible solutions for
ACH features in different physical and cultural contexts, it is crucial to
support the development of approaches that integrate OBIA with

Fig. 19. The UAVs derived orthoimage (A) and topographical model (B) of ancient Bhera site (related to the Eastern Expedition (334 BCE–324 BCE) of Alexander the
Great) in the north bank of the River Jhelum, Northern Pakistan; the ground view of the military mound (C) marked by the black box in B; the pottery fragments on
the site surface (D) and the mechanical opening up wasteland for farming (E).
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archaeological expert experience. In addition, the development and
testing of approaches for pattern recognition are undoubtedly another
key but difficult topic that requires more investigation, although recent
research based on optical imagery (Dorazio et al., 2012), SAR data
(Tapete et al., 2016) and LiDAR data (Trier et al., 2018) has shown that
great progress has already been made in this regard (Tapete and Cigna,
2017b). It is to be hoped these pilot studies will provide the stimulus for
further examination of the use of machine-learning methods (even AI)
to identify ACH sites from ASRS data.

7.2. Towards big remote sensing data

This review of the century for various categories of direct and in-
direct applications of remote sensing in the field of archaeology and
cultural heritage has indicated that various remote sensing archae-
ologists have collected and employed megabyte- or gigabyte- scale
ASRS data to carry out their studies in the regions of interest
(Gumerman and Lyons, 1971; Lambers, 2018). Recently, two petabyte-
scale remote sensing applications have been presented by Agapiou
(2017b): the first one was an evaluation of the sue of multi-temporal
Landsat image stacks and linear orthogonal equations for the detection
of buried Neolithic Tells in Greece; the second exploited European-scale
multi-temporal DMSP-OLS night-time light time-series to visualize the
impact of urban sprawl in the vicinity of UNESCO World Heritage sites
and monuments. Both applications highlight the considerable oppor-
tunities that big remote sensing data can offer the fields of archaeology
and cultural heritage (Agapiou, 2017b). Great challenges, including the
development of automatic detection and analysis algorithms and cloud
computing platforms for archaeological purposes (Liss et al., 2017;
McCoy, 2017) still need to be overcome in order to make the ex-
ploitation of big remote sensing data manageable and fruitful for future
ACH applications.

However, the true value of ASRS archaeology lies in the integrated
utilization of different imaging techniques and in the comparison and
correlation of archaeological interpretations derived from the big re-
mote sensing data that these techniques provided (Deroin et al., 2012;
Křivánek, 2017; Kvamme and Ahler, 2007; Lin et al., 2011; Luo et al.,
2014b; Piga et al., 2014). There is no one all-purpose remote sensing
dataset on which the archaeologist can rely that will uncover all evi-
dence of human occupation. This is determined by the nature (buried,
weak, complex, and have multiple solutions) of archaeological features
and the archaeologists' subjective perceptions when interpreting the
data (Luo et al., 2018b). For maximum data mining and archaeological
knowledge discovery, it is necessary that archaeologists collect and
employ as many different types of remote sensing data under as many
different environmental conditions as their resources and skill will
allow. Thus, a conventional approach is for archaeologists to build local
databases using multiple remote sensing datasets. In ACH applications,
such databases can be built by integrating historical photographs, sa-
tellite data and aerial imagery that require further processing. Only
then can the use of big remote sensing data led to a comprehensive
understanding of the archaeological and cultural purposes of their re-
gions of interest.

Since the turn of the 21st century, the progressive improvements in
imaging sensors in terms of spectral and spatial resolution, temporal
frequency and coverage, and the renewed enthusiasm for ASRS as the
data the sensor provided became finer and more sensitive to ACH fea-
tures, has meant that archaeologists' preoccupation with detail and
feature detection has been highlighted. However, ASRS imagery gen-
erally fails to reveal buried features in significant detail, which can
negatively affect archaeological interpretation. A novel space-air-
ground integrated database is needed to respond to this archaeological
question. It should be acknowledged openly that ground remote sensing
is very useful in archaeology. In terms of ground remote sensing,
ground spectroscopy, geophysical prospecting, and synthetic aperture
sonar (SAS) can be used alone or in combination to supplement and

support the results of ASRS applications. Field spectroradiometers can
be used to provide calibrated and accurate reflectance measurements
since these instruments are often accompanied by a calibrated
Lambertian surface (Agapiou, 2017a). Multi-frequency Ground Pene-
trating Radar (GPR), a popular geophysical tool, can produce 3D full-
waveform maps of the subsurface (Keay et al., 2014; Lasaponara et al.,
2016). SAS data can serve as the reference data for validating bathy-
metric LiDAR products (Menna et al., 2018). It is worth pointing out
that while geophysics and SAS belong to generalized remote sensing
technology, as ASRS does, there are obvious differences in their appli-
cation to ACH. SAS collects and records the acoustic characteristics of
underwater ACH targets almost truly, while geophysical prospecting
collects and records the attribute differences between buried ACH tar-
gets and their surrounding media. At the same time, the fusion of
ground and ASRS data is one of the main barriers to the realization of
integrated space-air-ground applications (Agapiou and Lysandrou,
2015; Sarris et al., 2013; Wang and Guo, 2015).

7.3. Towards complexes of ACH sites and their supporting environments

Since the 1950s, tremendous advances in Earth observation tech-
nology have led to the development of ASRS sensors that can be applied
to surveying, conserving and managing ACH sites (Luo et al., 2017b).
However, the development of imaging techniques has evolved in-
dependently, with little understanding of the small- or large-scale en-
vironmental conditions and processes that determine whether ACH
features or risks will be identified by any sensor (Beck, 2010; Tapete
and Cigna, 2017b; Wang and Guo, 2015). ACH features and the con-
ditions in which they were preserved have been formed and trans-
formed by local natural and human processes. Generally, these ACH
features can be expressed through, for example, topographic, spectral
reflectance or thermal variations. Hence, it is hypothesized that ar-
chaeological remains produce localized contrasts in their supporting
environment (landscape matrix) which can be detected using an ap-
propriate sensor under appropriate conditions. For example, the spec-
tral imaging of ACH features reviewed in this paper has shown that,
when compared to aerial imagery, broadband multispectral and nar-
rowband hyperspectral imagery can increase the contrast between
normal and stressed (or vigorous) crops, and can improve the visibility
of crop marks following data enhancement. However, little is known
about how different archaeological remains contrast with their sup-
porting environment, how these contrasts are expressed in the elec-
tromagnetic spectrum, or how localized environmental factors such as
soil moisture or vegetation types impact on contrast magnitude over
space and time (Beck, 2010). Uncontrollable environmental variables
(moisture, nutrients, landcover, relief, etc.) all play an important role in
the utility of remote sensing to the archaeologist, who needs rich ex-
perience of studying ACH sites and their supporting environments.

From the perspective of landscape-scale archaeology, which is
generally provided by lower spatial resolution imagery, is frequently as
necessary in interpretation as the identification of individual small ACH
features from high spatial resolution data. While an improved ability to
detect small features of interest is clearly important for ACH applica-
tions, the strong emphasis placed on working with high spatial re-
solution data may lead to neglecting the potential for lower-resolution
data to continue to shed important light on land-use patterns, areas of
activity, and the geological and morphological contexts constraining
appearance, and development and disappearance of the archae-
olandscape or cultural phenomenon, as well as affecting preservation of
the corresponding ACH sites (Opitz and Herrmann, 2018; Verhoeven,
2017). Stated more simply, the remote sensing archaeologist most
certainly must see the “forest” (the supporting environment or land-
scape) as well as the “individual trees” (ACH sites) (Gumerman and
Lyons, 1971). Taking Miran tuntian irrigation landscape on the Silk
Road as an example, this landscape has been co-controlled by the Altyn
Mountain Ecosystem, the Miran Oasis System and the Taklimakan
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Desert System (Luo et al., 2017b), which were connected by the Miran
River and together constituted a coupled mountain–oasis–desert eco-
system (MODES) (Fig. 20). Thus, it is important to explore the spatial
patterns in Miran tuntian irrigation system at a landscape-scale for
understanding its changes and declines. Landscape-scale archaeology is
a very challenging field for remote sensing archaeologists (Luo et al.,
2017b; Verhoeven, 2017) because not only do they need a good un-
derstanding of multi-sensor imagery but also detailed knowledge of the
ACH sites that they are studying. They also need to know about the
supporting environment and the human activities that took place there,
altogether thus including the geographic, geomorphic and hydrological
conditions, the historical origins of the sites and the associated socio-
cultural characteristics.

On the other hand, using data merely derived from remote sensing
techniques, archaeologists often can only detect the archaeological
anomalies, but hard to understand the essence of abnormality. The
multiplatform remote sensing products should be combined with other
geospatial data (e.g. archaeological, cultural, historical, geological,
hydrological, environmental, ecological, social and economic, etc.) to
provide new insight and contextual information about anomalies in
multiple layers of data (Tapete et al., 2017). By combining satellite SAR

image stacks with local grounder water data and architectural para-
meters, for example, Chen et al. (2017a) not only uncovered the serious
situations of monument collapse at site-scale, but provided new evi-
dences for understanding the water crisis of Angkor in a landscape-
scale.

7.4. Towards a down-to-earth tool for ACH applications

Undoubtedly, ASRS is a very effective, low-cost, and readily acces-
sible tool that provides direct perception of the geographical situations
at ACH sites with a relatively high accuracy. It is the major reason that
ASRS has become widely open to both the public and archaeologists.
However, over-reliance on ASRS imagery might lead to the danger that
archaeologists become too remote from the people that they are re-
searching (Luo et al., 2018a). The characteristics of archaeological
features strongly depend on localized factors (Beck, 2010; Crawford,
1923). It can be said that archaeological features create spatial
anomalies but those features that show spatial anomalies may not be
archaeological features. After all, an ASRS image is both an abstraction
and a particular, situated representation (McCoy and Ladefoged, 2009).
In addition, as far as remote sensing archaeology is concerned,

Fig. 20. Miran Tuntian Irrigation Landscape. (A) Miran site; (B) A fan-shaped complex including trunk (red), primary (pink), secondary (green) and tertiary canals
(blue) which have been automatic detected from Gaofen-1 PAN data (following Luo et al. (2018b)); (C) 2.5D view of the Mountain–Oasis–Desert Ecosystem (MODES)
of the Miran Tuntian Irrigation Landscape as viewed from the north, in this view, Gaofen-1 PMS (false color composites, RGB 432) and Landsat-8 OLI (false color
composites, RGB 654) pansharpened data have been laid over an ASTER GDEMV2 DEM product; the drainage system of the Miran River is also shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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archaeologists are faced more with a social problem than a technical
one (Opitz and Herrmann, 2018). Too many projects attempt to get
everything out of remote sensing data and start off with unrealistic
expectations, resulting in a general frustration with remote sensing as
an approach (Lasaponara et al., 2017a; Linck et al., 2013). Although
ASRS is a powerful tool for studying ACH sites, traditional and novel
ground-based survey methods, including excavation, ground remote
sensing measurements and instrumental observation of chemical, phy-
sical, biological and meteorological factors, must be employed as well
to distinguish false positives from areas of interest or objects related to
actual ancient human occupations, and to discover ACH sites too small
to be detected reliably by ASRS sensors (Luo et al., 2018a). As evi-
denced by many successful studies where ASRS images were validated
by ground-truthing data at a resolution appropriate to the scale of the
features, the archaeological aims can be reached if this is done (Agapiou
et al., 2017b; Balz et al., 2016; Banerjee and Srivastava, 2013; Campana
et al., 2009; Garrison et al., 2008; Verhoeven and Sevara, 2016).

Ground-truthing is the key to remote sensing archaeology and it can
be emphasized too much that researchers have to be able to confirm
what they are identifying in an image or other type of scene. ASRS is
not a straightforward substitute for field archaeology and should ideally
be integrated with ground-truthing and expert knowledge obtained
from both the public and archaeologists (McCoy and Ladefoged, 2009).
Where this is not possible, caution must be used when putting forward
interpretations of sites and features. It is certain that ASRS alone cannot
identify all ACH sites in a given region. Taking mountainous areas as an
example, due to the existence of shadows and terrain distortions,
anomalies often cannot be identified from remote sensing imagery but
can be identified by field survey (Brown Vega et al., 2011). Ideally,
ASRS-based ACH applications are a two-pronged approach that entails
image interpretation followed by GPS-based ground-truthing, or a field
survey of spatial anomalies. For deeply buried archaeological features,
small-scale invasive boring is a good alternative when excavation is not
allowed. Zong et al. (2018) used archaeological boring to map strati-
graphic sequences on the basis of color, compactness, and the inclusions
contained in the soil, and then to provide detailed confirmation of the
results produced by the remote sensing data and GPR surveys. ASRS
data will not replace the traditional field survey or ground measure-
ment, but, used judiciously, data gathered by spaceborne and airborne
platforms can reveal many archaeological features and the early signals
of damage risks in cultural heritage whose existence would not be un-
suspected from the ground.

7.5. Capitalize the experience of all the existing networks for the benefit of
the society

ACH, one of the core carriers of cultural diversity on our planet, is a
driver and enabler of sustainable development of the society (ICOMOS,
2017). Discovering, documenting and understanding ACH sites and
their changes in space and time are crucial to promptly provide mon-
itoring and management practices against damage and cultural di-
versity loss (Vaz et al., 2019). This is explicitly taken into account by
the SDGs of the United Nations (Guo, 2018; Guo et al., 2017, 2018; UN,
2015), with Goal 11.4 explicitly aiming to “strengthen efforts to protect
and safeguard the world's cultural and natural heritage to make our
cities inclusive, safe, resilient and sustainable”. However, ACH man-
agement and monitoring is mainly based on field observations related
to physical survey, considering different geographical settings, under
the proper methods of in situ analysis. Such a method is time and cost
consuming and does not allow in most cases to get temporal replicates.
This led to the urgent need of developing novel and low-cost methods
and stakeholders' networks to face above-mentioned issues at various
levels.

Fortunately, to the scientific community, many local, national, re-
gional and global (Table 2) networks or organizations such as Uni-
versity of Arkansas, University of Alabama, University of Central

Florida, Cyprus University of Technology, LBI-ArchPro, CNR-IMAA,
CNR-IBAM, CAS-RADI, National Aeronautics and Space Administration
(NASA), European Space Agency (ESA), Italian Space Agency (ASI),
International Centre on Space Technologies for Natural and Cultural
Heritage (HIST), and International Society for Photogrammetry and
Remote Sensing (ISPRS) are not only platforms providing huge volumes
of freely available RS imagery or 3D views of the ACH sites, but more
importantly are effective channels to communicate and share data, re-
search findings and experiences. We need and should make full use of
the experience of existing networks and organizations for the benefit of
the society. For example, since the early 2010s, HIST launched several
research projects to refine and validate the use of passive and active
remote sensing for archaeological purposes (Wang et al., 2017b). In the
beginning of 21st century, NASA formally solicited “Space Archae-
ology” proposals through its Earth Science Directorate and continues to
assist archaeologists and cultural resource managers in doing their
work more efficiently and effectively (Giardino, 2011). Moreover, the
Center for Advanced Spatial Technologies at the University of Arkansas
set up methods for the reliable and efficient orthorectification of
CORONA imagery and provides free public access to their imagery
database (covering the Near East and surrounding areas) and GIS tools
for non-commercial use in archaeology (Casana and Cothren, 2013).

7.6. From remote sensing archaeology to space archaeology

With the rapid development of science and technology, especially
the combination of applications in the natural sciences and the huma-
nities and social sciences, archaeology has developed into several new
subfields, such as historical archaeology, remote sensing archaeology,
environmental archaeology, and other multidisciplinary approaches.
Conventional archaeology generally believes that it is a science with
“time” as its core, while remote sensing is a technology with “space” as
its core. Remote sensing is of particular interest for specialists and the
public as it combines three key essences of archaeological research:
objects, space, and time (Luo et al., 2018a). It has become an important
tool for helping archaeologists to prospect and understand ACH sites,
for discovering and monitoring archaeological sites, for documenting
and preserving cultural heritage, and for resolving real archaeological
problems. The object of study is, of course, the ACH feature buried
underground or, sometimes surface remains. Whether they are under-
ground or surface remains, remote sensing archaeology starts with the
cognition of its attributes in “space”, including the micro-space (site
scale) and macro-space (landscape scale). Both the horizontal scale and
vertical depth of archaeological prospecting have been extended with
the rise of spatial technology (McCoy and Ladefoged, 2009) and com-
puter science since the 1950s. Recently, the research focus of ASRS-
based ACH applications has moved away from investigation, mapping,
monitoring and documentation to the mining of big geospatial data,
archaeological knowledge discovery and understanding, and landscape
pattern analysis and reconstruction (Agapiou and Lysandrou, 2015;
Wang and Guo, 2015). These improvements and transformations are
jointly pushing remote sensing archaeology towards a new stage of
space archaeology.

8. Conclusions

Even though remote sensing technology, especially ASRS, was not
originally designed for archaeological purposes, it has become an in-
dispensable and powerful tool in ACH and is being applied for mis-
cellaneous purposes. Archive and novel ASRS data allow multi-tem-
poral and multi-scale prospecting and change analysis of ACH sites.
Historical photographs constitute a highly valuable resource as many of
them show sites and landscapes that have since been heavily altered
damaged or destroyed because of, for example, land consolidation, ir-
rigation, urban sprawl, or armed conflict. Multi- and hyperspectral re-
mote sensing is cheaper, more intuitive and has wider applications than
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active remote sensing for archaeological prospecting and feature iden-
tification. SAR now has the great potential to provide suitable resolu-
tion for prospecting, mapping and monitoring, condition assessment
and documentation, as well as conservation and management. Airborne
LiDAR generally serves the purposes of exploration below the vegeta-
tion canopy or underwater and for carrying out landscape analysis
better than spectral imaging, SAR, or photography can. Aerial photo-
graphy and UAVs can be used to collect centimeter-level VHR data that
is typically captured at the site or site scale to support the detailed
mapping and monitoring. As an emerging force in aerial archaeology,
UAVs play an increasingly important role in ACH applications. ASRS is
a useful tool when combined with field campaigns, and it is a valuable
and low-cost method for archaeological investigations in remote or
inaccessible regions (e.g. tropical forests, deserts, Gobi, underwater or
war-zones). It can also be used to help accentuate spatial, spectral,
temporal and structural features (e.g. small or large buried ACH sites,
slight spectral differences and architectural micro-deformations) that
are invisible to direct observation by the human eye.

When going back to the above-mentioned landscape archaeology as
the study of the geo-cultural or man-land spaces between the sites and
their supporting environments, ASRS is in many research contexts a
valid and helpful way to accomplish this (Verhoeven, 2017). However,
remote sensing data stem from the worlds of quantification and gen-
eralization, to which the qualitative and subjective aspects of humanity
defended by the broadly labeled post-processual movement, represents
a partial reaction (Witcher, 1999). Post-processual archaeologists
mainly critiqued the scientific, analytical approach to reach objective
conclusions, in that light, it is unsurprising that remote sensing was
generally of little interest to them (Verhoeven, 2017). In addition, it
should be acknowledged frankly and openly that all the existing ap-
plications mentioned in this review have proved that ASRS has sub-
stantial contribution to studying ‘space’ dimension in Archaeology, but
the drawbacks in ‘time’ dimension are also obvious. ASRS would ef-
fectively response and solve the spatial problems (e.g. location, dis-
tribution pattern and man-land relationship) in the specific archae-
ological investigation, but it is often helpless on the temporal issues
(e.g. human society evolution, the origin and rise and fall of culture,
and paleoclimate change) of archaeological research per se.

This review has not only notes the major milestones in ASRS as used
in ACH applications but also provided in-depth discussion on methods,
current developments, challenges and trends. ASRS represents an in-
valuable set of powerful tools for prospecting, monitoring and doc-
umentation and also for supporting the assessment and conservation of
ACH sites and their supporting environments. ASRS is not always sui-
table in all environmental situations at any time and for all types of
ACH features. The reflection or emission properties of ACH sites dis-
tinguishable by various types of imaging sensors may perhaps be one of
their most characteristic features, and yet the meaning of the differ-
ential discrimination of features has not been determined for the most
part, since such spectral and backscattering properties are inadequately
understood at this date. ASRS provides big data related to archae-
ological objects, but data without interpretation is of no value.
Opportunities to access archive and novel data acquired by spaceborne
and airborne platforms are increasing, and training on how to integrate
these data and demonstration of their potential value for ACH study

appear to be practical ways forward to fill the gap between the ASRS
technology and archaeological communities (Tapete and Cigna, 2017b;
Wang and Guo, 2015), and to support the transfer of ASRS technology
into archaeological practice. This review has shown that the different
ASRS imaging techniques and the corresponding output images vary in
their applicability to ACH applications; however, their applications are
far broader than this review has indicated. Their full potential, to a
considerable extent, remains unexplored.
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