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ABSTRACT

The coastal zone in the northern area of Pylos, Messenia, constitutes a landscape of incomparable beauty and
of particularly great historical, archaeological and environmental importance, while also providing for great
tourist development. The windless ports of Navarino and Voidokoilia bay protected from the open sea by the
long mountain ridges of the island of Sphakteria, the peninsula of Koryphasium including the hills of Prophitis
Ilias and Koukouras in its northern edge, the access to the sea and therefore organised trade, the fertile hinter-
land attractive man who occupied the area from the Neolithic period (ca mid-4th millennium BC) and being
active at intervals until nowadays leaving an impressive cultural reserve.

The five-year research program of “Pylos Geoarchaeological Program - GEAPP” is in operation since 2021.
Among the goals of the Program that stand out are landscape reconstruction, the use of new technological
tools for archaeological and environmental research, commitment to informing local bodies about the rich
cultural heritage and the special ecosystem, while contributing to the balanced and sustainable development
of the area.

The endeavour of the present study is an attempt to fuse data and images from a series of approaches, namely
geophysical survey using magnetometry, aerial photography with the use of UAS and past excavation (since
1963) photos, implemented during the survey season of July 2021 covering an area of ca. 6,000m? North-East
to the Profitis Elias hill at Pylos.

The co-evaluation of the geophysical data, remote sensing methods and surface research are targeting in max-
imizing the obtained information and increasing the reliability of the interpretation in the detection of archae-
ological targets. The results of the study provided the development of a technological case depended on meth-
odology aiming to a better resolution and accuracy of the spotted antiquities and therefore towards a success-
ful management of the area, safeguarding and promoting buried antiquities.

KEYWORDS: Pylos Geoarchaeological Program, geophysical prospection, LIDAR, remote sensing, aerial
photogrammetry, data fusion, curvelet transformation models
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1. RESEARCH AIMS - INTRODUCTION

The study presents a combination of remote sens-
ing, geophysical and archaeological data aiming to
improve the detectability of possible archaeological
targets in the coastal region of Pylos located in SW
Greece. The project explores the feasibility and prac-
ticality of combining images generated through dif-
ferent methods, magnetometry, satellite imagery,
photogrammetry and LiDAR data, using various fu-
sion techniques in order to merge all relevant infor-
mation from the original images into a single image
while minimizing background noise.

Remote Sensing and geophysical prospection are
techniques widely used in archaeological exploration.
Geophysical prospection methods found extensive
application in the field of archaeological research pro-
ducing images of subsurface layers providing archae-
ologists resourceful insights on the location of archae-
ological features using non-destructive methods
(Tsokas et al., 2009; Vella & Sarris, 2022). Remote sens-
ing including aerial and space borne imagery have in-
troduced innovative non-invasive methods for ar-
chaeological research. Close range aerial photogram-
metry using Unmanned Aerial Vehicles (UAVs) has
become common practice over the past decade due to
increased availability, low cost and satisfactory sur-
vey results producing high-resolution imagery in-
creasing visibility for scientists (Panagiotidis & Zach-
arias, 2022; Nikolakopoulos et al., 2017). Similarly,
Light Detecting and Ranging (LiDAR) laser scanners
are also gaining ground in their application for aerial
and terrestrial scanning in archaeological research in-
creasing exponentially surface and ground presenta-
tion of areas of interest (Poirier et al., 2020; Risbel &
Gustavsen, 2018; Grammer et al., 2017).

These technologies and survey methods produce
different imagery and data. Combining the various
layers can be realized using different approaches. The
advances in Machine learning (ML) algorithms for ap-
plications in image analysis have created an additional
tool available in the study of archaeological sciences.
This study presents the application of ML for the com-
bination of the resulting data from the various remote
sensing and geophysical techniques utilized during the
Pylos Geoarchaeological Program during the 2021-
2022 excavation period (Kadhim & Abed, 2023).

Aerial LiDAR scanning is a remote sensing technol-
ogy that uses laser light to measure distances between
the sensor and the target area on the ground. The sen-
sor emits rapid pulses of laser light and records the
time it takes for the light to return from the ground sur-
face, creating 3D point clouds which in turn are georef-
erenced, classified, and cleaned to produce a highly ac-

curate and detailed digital terrain model (DTM). Dif-
ferent visualization techniques further applied to the
DTM geotiff file provide insights to the landscape ab-
normalities which in turn combined with the geophys-
ical and extensive survey can give potential sites of ar-
chaeological interest. Close range aerial photogramme-
try can be implemented using a camera payload to the
UAV. Photographs at low altitude from the ground are
used in order to create an orthomosaic of the surface.
The orthomosaic is a photogrammetrically orthorecti-
fied image product mosaicked from an image collec-
tion, where the geometric distortion has been corrected
and the imagery has been color balanced to produce a
seamless mosaic dataset.

Magnetic prospecting consists of one of the main
tools for locating and mapping concealed ancient fea-
tures. Due to the fact that the earth’s magnetic field is
precisely recorded in great spatial detail, antiquities
in the subsurface disturb this magnetic homogeneity,
creating detectable anomalies within the survey data.
Magnetometry can be an effective method for deline-
ating soil features such as ditches, pits, and trenches,
and it can be used to produce anomalous magnetic
field maps reflecting weakly magnetized structures
such as wall foundations, providing images of archi-
tectural remains that can work complementary and in
correlation with those created from aerial survey
(photogrammetry & LiDAR) (Tsokas et al., 2012).

Each of the individual methods applied to the re-
search area is non-intrusive providing a way to connect
the divide, between surface evidence and the hidden
remnants of history under the surface subsequently en-
hancing our understanding of the past. The integration
of the different approaches into a combined platform
and visualization surpasses traditional visualization
methods using enhanced interpretation through the
application of machine learning techniques in image
analysis. Data fusion in this work is realized based on
the curvelet transform and its great advantage over
other types of fusion techniques is that it allows de-
composition the unwrapping of the images, to a four-
dimensional space, where, in addition to the existing
spatial coordinates, they are also expressed as a func-
tion of the wavelength and the angle of imaged fea-
tures (Candes and Donoho, 1999; Karamitrou et al.,
2019). Image fusion offers a high potential for the mul-
timethod approach in maximizing the obtained infor-
mation and increasing the reliability of the interpreta-
tion in the detection of archaeological targets. In both
cases general, the curvelet-based fusion method (Fig. 1)
offers a more complete representation of the investi-
gated areas, incorporating all useful information of the
initial images revealing identifying possible archaeo-
logical targets.
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Figure 1. Curvelet Transform Method. We begin by applying a discrete wavelet transform to the initial image
(top left), dividing it into sub-bands. Each sub-band is then further divided into equal-sized tiles (bottom
left). Next, a 2-D Fast Fourier Transform is applied to each tile, expressing the image in the frequency do-
main. This domain is subsequently partitioned into various slices or angles. Each slice undergoes an inverse
FFT, transitioning into the Radon domain. Within the Radon domain, a Ridgelet transform is constructed
by applying a 1-D discrete wavelet transform to the slices.

Through using a combination of techniques during
data collection and data fusion in analysis, processes
can be efficiently streamlined deriving a larger range
of results achieving savings in both time and cost in
comparison to relying on conclusions based on indi-
vidual methods. Another important aspect can be
found in the enhanced accountability provided
through data fusion where different aspects expressed
in images, DTM, orthophotographs, magnetometry,
satellite, are improved while presented in a single re-
sulting image that can be analysed further at different
scale depending on the research scope of the study.
Continuous advancements in technology and research
have made photogrammetry, LIDAR survey, and mag-
netometry more accessible and effective revolutioniz-
ing archaeological research by providing new insights
and methodologies such as the work presented here.

This project explores the feasibility and practicality
of combining images generated through different
methods, magnetometry, satellite imagery, photo-
grammetry and LiDAR data, using various fusion tech-
niques. The use of aerial technology and advanced ge-
ospatial techniques in archaeological research is a pow-
erful approach that can provide valuable insights into
cultural heritage preservation and management. The
ultimate goal of fusion algorithms is to merge all rele-
vant information from the original images into a single
image while minimizing background noise.

1 The area is part of the declared archaeological site of Gialova
(Government Gazette AAP/284/11-09-2012) and is also environ-
mentally protected as it is part of the NATURA 2000 Protection
Network

2. MATERIALS & METHODS
2.1. STUDY AREA

The coastal zone northern to the modern town of
Pylos, Messenia, Greece constitutes a landscape of in-
comparable beauty and particularly great historical,
archaeological and environmental importance!. The
Navarino Bay, the Yialova lagoon, the bay of
Voidokoilia dominate the scenery together with the
long mountain ranges to the west, including the is-
land of Sphakteria, the Koryfasio peninsula and the
hills of Prophitis Ilias and Koukouras (Korres, 2012).
The famous sandy beach of Voidokoilia cove, most
probably was the harbour of Nestor, king of Pylos
where Telemachus arrived when searching for his fa-
ther Odysseus according to Homeric poems. The My-
cenaean Tholos tomb (1680-1600 BC) that is thought
to belong to King Nestor’s son, Thrasymedes, domi-
nates the cove’s north promontory upon the ruins of
earlier inhabited phases that go back to the Final Ne-
olithic period (4500-3100 BC) (Marinatos, 1961; Mari-
natos, 1958; Korres, 1980; Korres, 1981; Korres, 1982).
Traces of Neolithic occupation (4500-3100 BC) have
been also identified in the so-called “Cave of Nestor”
(Korres, 2014), on the cove’s south promontory,
northern part of the Koryfasio peninsula, now domi-
nated by the Frankish castle known as Palaiokastro or
Paleokastro or Paliokastro or Palionavarino? (AD
1282/1289). The castle constructed on the ruins of
classical Pylos also located here and flourished peri-
odically until Roman times, as it is attested from the

2 Paliokastro or Palionavarino translated to ‘Old Castle” in order to
be distinguished from the new one ‘Niokastro” that was built by the
Ottomans in 1753 on the south entrance of the Navarino Bay
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finds of the trial trenches that Professor S. Marinatos
carried out on the peninsula in 1958 (Marinatos, 1961)
and mainly from the town’s cemetery excavated on
the sand bar that separates the Yialova lagoon from
the Navarino bay (Gialouris, 1965; Gialouris 1966)
and on the east edges of the Profitis Ilias hill (Kaltsas,
1981; Kaltsas 1982; Kaltsas 1990).

The five-year research program entitled “Pylos Ge-
oarchaeological Program - GEAPP” (http://ge-
app.uop.gr/) began activities in 2021. Among the
goals of the Program that stand out are landscape re-
construction, the use of new technological tools for ar-
chaeological and environmental research, to inform
local authorities about the rich cultural heritage and
the special ecosystem, while contributing to the bal-
anced and sustainable development of the area in col-
laboration with all the environmental, tourism, cul-
tural, productivity organizations locally involved.

From 2021 to 2023 extensive surface survey has
been conducted for locating sites and artefacts signif-
icant to the research goals of the project. Geodetic
technologies are extensively used aiming to transform
the program into a digitzed survey providing seam-
less feed of data to the developed geodatabase for
their quantitative, qualitative and spatial analysis.
The findings (movable - immovable) are recorded in
the geospatial database, are classified and referred,
based on a consecutive numbering, which addition-
ally includes the initials of the member of the field
team and the square of the design canvas in which
they belong.

The surface survey is combined with the surveying
of the study area using an Unmanned Aircraft System
(UAS). The extensive and detailed photography aims
to create a high-precision georeferenced background
in the form of an orthomosaic. The aerial survey is
completed, corrected and georeferenced with an ac-
curacy of a few millimetres using fixed control points
(ground control points - GCPs) that are placed, and
their locations measured using GPS GNSS receivers
before UAS flight.

The work presented here focuses on two land plots
located in the wider study area, plot A east of
Prophitis Ilias hill and plot B to the roots of “Kou-
koura Hill” (Fig. 2). During the 2020-2021 research pe-
riod the extensive surface survey resulted in a consid-
erable amount of collected pottery, representative of
the Late Classical and Byzantine periods in Plot A. A
key factor for the selection of the site was the large
amount of pottery collected, indicative of the use of
the site during the respective time periods even
though no immovable monuments were identified
which most probably were partially or completely de-
stroyed mainly by agricultural work. Additionally,
the short distance, less than 300m, from the excavated

Hellenistic cemetery to the southeast, which consti-
tutes Plot B of the geophysical survey, raised hopes
about the possible existence of architectural remains
at a greater depth. The absence of architectural re-
mains may indeed be related to agricultural opera-
tions that destroyed evidence of both human activity
in the area as well as remains that could have been
found during the surface research.

Plot B is in the area where the Hellenistic cemetery
was found in 1981 during ploughing resulting in the
rescue excavation realized by the Ephorate of Antiq-
uities of Olympia and the archaeologist N. Kaltsas
(Korres et al., 2014; Gialouris, 1965). Twenty-three
(23) graves were revealed of deferent types such as
cist graves, pyres, jar burials covering an area of
around 1000 sq. meters in the tumulus form. The va-
riety of the offerings have been characterized as meg-
arian bowls, white lagynoi, kantharoi, unguentaria,
jars, lamps, bronze strigils and knives as well as,
bronze and silver coins The cemetery was in use from
the 4th century BC until the 4th century AD and the
majority of the graves are dating between the 2nd cen-
tury BC and the 1st century AD. The deceased most
probably originated from the Pylos settlement that is
situated in the Koryfasio peninsula. The choice of the
location was based on the findings detected during
the surface survey. In particular the structures that
were identified further east of the excavated tombs
which, from a first glance and based on the collected
pottery, date to the Roman period, perhaps even later.
In addition, the tombs excavation in the 1980s was a
rescue excavation and therefore spatially limited,
subsequently providing no insights on the possibili-
ties of extended archaeological remains in the wider
area. The utilization of the geophysical survey in cor-
relation with the LiDAR aerial survey can provide
more information for what could be found in the Plot.

2.2. METHODS IMAGING TECHNIQUES

A combination of close-range aerial surveying and
satellite imaging techniques were used to provide de-
tailed interpretation of the surface of the two plots un-
der investigation during the 2022-2023 survey period
(Zacharias et al., 2023). The close-range aerial survey
included aerial photogrammetry and LiDAR scan-
ning (also known as airborne laser scanning or ALS)
resulting in the production of a high resolution ortho-
mosaic and digital surface model. Aerial photog-
raphy and scanning of the area with Light Detection
and Ranging (LiDAR) was carried out using an Un-
manned Aircraft System (UAS) with two different
payloads, specifically, the DJI Matrice 300 RTK quad-
copter equipped with the Zenmuse P1 camera and the
3DT Scanfly LITE X Lidar. For the georeferencing of
the data, the RTK unit of the UAV was used.
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Figure 2. GEAPP study area, plots A & B where the selected imaging techniques and fusion methods are applied

For the purpose of photogrammetry and LiDAR
scanning, four flights were conducted at an altitude
of 60 meters above ground level while following the
terrain. Specifically, two flights were carried out uti-
lizing the Zenmuse P1 camera, and two additional
flights were carried out using the 3DT Scanfly LITE X
Lidar, paired for each plot. The P1 camera resulted in
the capture of 233 photos to facilitate mapping of the
area of Plot A and 202 photos for Plot B.

Respectively LiDAR scanning of Plot A resulted in
53,575,319 points captured with a point spacing of
0.066 and surveyed Plot B in 10,306,386 points cap-
tured with a point spacing of 0.078.

The georeferenced dense point cloud generated
through the ALS method was pre-processed using
NAVsolve and SmartProcessingLIDAR software na-
tive to the specific LIDAR model. The primary step
consists of interfacing the lidar data with the INS data
in order to create a single cloud that reaches the man-
ufacturer's accuracy and precision. The next step is to
georeference the point cloud and identify the stripes
from the point clouds that compose the total mapped
area. This specialized software used to align the point
cloud strips and determine the coordinate metadata
of the points. The dense point clouds are then classi-
fied using ArcGIS Pro software. During the first stage
of processing, point cloud classification was em-
ployed to clear and extract ground elements. The key
output of this process was the digital terrain model

(DTM), which obtained by the method of triangula-
tion of the ground points and shown in Fig. 2. The re-
sults that can be obtained from the study of DTMs is
the morphology of the terrain in combination with the
differences in elevation. All data collected was pro-
cessed using the Greek projection system GGRS "87.
In order to create a raster where terrain variations as
well as elevation changes are clearly visible, the visu-
alisation with colour gradients of the digital terrain
models is applied. The visualized DTM and the ortho-
mosaic are projected as georeferenced layers and re-
sulting gridded layouts through the ArcGIS Pro envi-
ronment.

One significand factor affecting the final results is
the accuracy of the Inertial Navigation System (INS)
which is a navigation system that uses accelerometers
and angular velocity meters to estimate the position,
velocity, and attitude of a moving object. The 3DT
Scanfly LITE X INS's accuracy for pitch and roll is
0.03° in real-time. Similarly, the accuracy for heading
is 0.08° in real-time, indicating that the INS can esti-
mate the pitch, roll and heading angles of the object
with high accuracy.

Geophysical survey

The survey, realized in the field, consisted of meas-
urements taken along parallel traverses. Measuring
tapes placed on the ground at 0.5m intervals created
a subsidiary grid within each grid square. The grid

SCIENTIFIC CULTURE, Vol. 10, No 2, (2024), pp. 35-48
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was in the Greek projection system GGRS 87 in real
time using a GPS GNSS base and rover system. The
rover receiver was mounted to the magnetometer
(Fig. 3) while the base receiver remained mounted on

a tripod over a known point correcting consistently
the location of the rover receiver ensuring high accu-
racy in the georeferencing of the model.

L 1 s

_-“—ﬁ

ory

Figure 3. Magnetometry survey Plot A.

FUSION TECHNIQUE

The fusion method used in this work is based on
the curvelet transform (Karamitrou et al., 2019), an
operation based in two decompositions; the Radon
transform (Radon, 1917), which transforms an image
into a series of line integrals along various orienta-
tions, and the Ridgelet transform (Logan & Sheep,
1975; Candes, 1998; Candes & Donoho, 1999; Asano,
2002), which is the application of 1-D wavelet trans-
form to the line integrals of the Radon transform. The
curvelet decomposition, transforms a 2-D image into
the 4-D space, whereas mentioned above, in addition
to the two spatial coordinates, it is also expressed as a
function of the space and the orientation.

If an image is represented as a bivariate function
f (x1,x3), then its Ridgelet transform R, can be ex-
pressed in relationship to the Radon transform Ry
(Candes, 1998; Candes & Donoho, 1999) as,

Re(a,b,0) = 7€R Yap (DR(6, t)dt

Where 9, 5 (t) is a wavelet-type univariate func-
tion,

Yap(t) = 1/)(%). In the given equation a > 0 rep-
resents the scale, b € R, the location along t, and 6 €
[0,2r] its orientation.

Note that as the Radon transform computes pro-
jections of f alonh radial lines defined as

cos(8)x; + sin(8)x, = const,

the Ridgelet transform can be considered as the appli-
cation of the wavelet transform on the different pro-
jections of f.

The ridgelet coefficients describe with great accu-
racy linear features in the image. However, if the im-
age contains curved lines and features then it fails to
describe them correctly. One of the main advantages
of curvelet transform is that before the application of
the ridgelet transform it separates the image into
equal size tiles. This procedure helps in representing
the curved features as almost straight lines (Fig. 4).
This method helps all features to be efficiently and ef-
fectively represented by ridgelet transform.
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Figure 4. Graphical representation of the curvelet decomposition algorithm. Top image shows the ridgelet transform,
where to the initial image a 2-D Fast Fourier transform (FFT) is applied, expressing the image in the frequency domain.
With the application of the 1-D Discrete Wavelet transform we move to the ridgelet transform. The bottom image ex-
plains the ridgelet transform. A 2-D discrete wavelet transform is applied to the initial image decomposing it into dif-
ferent sub-band levels. On each level tilling is applied so that curved features can be represented as almost straight lines
within each tile. Finally, on each tile the ridgelet transform is applied yielding the curvelet coefficients.

Fig. 5 is a schematic presentation of the steps fol-
lowed by the curvelet transform algorithm. Image A
and image B are the two initial images that both im-
ages undergo an initial decomposition into sub bands
using the 2-dimensional discrete wavelet transform.
Subsequently, the details within each sub band are

further divided into smaller tiles and the curvelet co-
efficients are generated by applying the ridgelet
transform to each tile within each sub band. The
curvelet transform offers an advantage by expressing
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the image as a function of scale (via the wavelet trans-
form), orientation (through the ridgelet transform),
and spatial location (via tiling) of its features.

The subsequent step involves combining these
curvelet coefficients from the original images to create
a fused image in the curvelet domain. Following this,
the maximum frequency rule is applied to select fea-
tures that offer the best representation from the initial
images.

Finally, the inverse curvelet transform is applied to
extract the final fused image. This inverse process es-
sentially reverses the initial decomposition, resulting
in the reconstructed fused image.

Image A Image B
owr-20 | DWT-20 }
Wavelet Wavelet
Subbands Subbands
] ]
=t Tiling ] =hd

Ll Ll
| Ridgelet Transfarm |

<

] ] | |
! [ J |
w Ridgelet " Ridgelet
% Coefficients ;En Coefficients
L |
p— p—
Frequency Bands Frequency Bands

Apply Fusion Rule between | the corresponding pixels

| |
I |
Fused
Coefficients

———»
Frequency Bands

1 Inverse Procedure

Fused
Image

Figure 5. Schematic representation of the Curvelet Trans-
form algorithm.

3. RESULTS & DISCUSSION
3.1. PHOTOGRAMMETRY RESULTS

Regarding the photogrammetry data processing,
specialized software dedicated to unmanned aerial
systems (UAS) mapping was used to create a georef-
erenced dense point cloud. Specifically, Agisoft
Metashape photogrammetry software was used to
produce the orthomosaic, which is shown in Fig. 6

and Fig. 7, utilizing the point cloud data. The com-
plete orthomosaic for each plot resulted in the gener-
ation of a high-resolution georeferenced aerial photo
with the true color of the surveyed area. By compar-
ing the orthomosaic with the DTM visualization,
changes in the terrain can be accurately identified and
documented.

Gesreiere Orthophoto Coordinate System: GGRS87/ Greek Grid

UAS Photogrammetry
Surveyed area A

291700

N L z
201700 01750 201800 201850

Figure 6. Georeferenced Orthophoto - UAS Photogramme-
try (Surveyed area A).

Coordinate System: GGRS87/Greek Grid

Georeferenced Orthophoto
UAS Photogrammetry ‘

Surveyed area B
Scale: 1:300

291800 291850

291600 291850

Figure 7. Georeferenced Orthophoto - UAS Photogramme-
try (Surveyed area B).
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3.2. LIDAR RESULTS

The level of detail of the generated DTM depends
on the density of the points in the scan. In the case of
an archaeological site study, a greater density of
ground points is required. The use of the 3DT Scanfly
LITE X Lidar and ArcGIS Pro software for point cloud
classification and DTM generation is a highly effec-
tive approach in accurately capturing and analyzing
the terrain of a surveyed area. By employing various
filters, including noise, classification, and ground
classification filters, vegetation points are removed,
and ground elements are isolated and extracted to
produce a highly accurate and detailed DTM (Stular
etal., 2021).

Georeferenced Digital Terrain Model (DTM) | Coordinate System: GGRSS7/Grock Grid
i

Aerial Lidal

Figure 8. Digital Terrain Model (DTM) - Aerial Lidar
(Surveyed area A)

The 3DT Scanfly LITE X Lidar module captured
precise point cloud data, penetrating through the veg-
etation, capturing points on the ground, to create a
dense and highly accurate map of the site. Mean-
while, the P1's high-resolution camera and 3-axis sta-
bilized gimbal allowed for the capture of detailed im-
ages from multiple angles, resulting in a highly de-
tailed and accurate orthomosaic of the area. The 3DT
Scanfly LITE X Lidar module can capture data with
an accuracy of up to 5 cm and 3cm precision, while
the Pl's 45-megapixel full-frame sensor captures
highly detailed images with exceptional color accu-
racy and low noise, achieved a Ground Sample Dis-
tance (GSD) of 0.75 cm per pixel at a flight altitude of
60 meters. Both sensors also feature advanced syn-
chronization technology, ensuring accurate geotag-
ging of captured data. The selection of those modules

The resulting DTM provides a clear picture of the
variations in elevation of the surveyed area, high-
lighting any changes in terrain. The accuracy of the
DTM can be evaluated through cross-validation with
GCPs and visual inspection, which demonstrate a
high degree of accuracy and precision, with a root-
mean-square error (RMSE) of less than 5 cm. The
Shaded Relief map is a visualization tool that pro-
vides a three-dimensional representation of the ter-
rain and contours as shown in Fig. 8 and Fig. 9. This
map simulates the shadows and highlights that
would be created by a hypothetical light source, cre-
ating a realistic and accurate depiction of the sur-
veyed area, revealing features with low light source
on flat areas such as in the two plots of this study.

Georeferenced Digital Terrain Model (DTM) | Coordinate System: GGRSG7/Greek Grid

Aerial Lidar

Scale: 1:300

a0atss0

201600 21050

Figure 9. Digital Terrain Model (DTM) - Aerial Lidar
(Surveyed area B)

in the Pylos Geoarchaeological Program’s case study
was based on the morphology of the surrounding ter-
rain and the necessary vegetation removal required
for the final maps.

3.3. MAGNETOMETRY RESULTS

Fig. 10 presents the magnetometry results for the
two plots. The magnetic survey conducted in the area
for this study has yielded valuable insights into sub-
surface features and anomalies. As part of the inves-
tigation, testing trenches are being employed to fur-
ther examine the geophysical survey results on-site.
This iterative process will continue into the upcoming
excavation season, enhancing our understanding of
the archaeological landscape.
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Figure 10. Magnetic anomaly maps Plot A (left) and Plot B (right)

3.4. CURVELET TRANSFORM RESULTS

The results of the study provided a case depended
on methodology aiming to a better resolution and ac-
curacy of the spotted antiquities and therefore to-
wards a successful management of the area, safe-
guarding and promoting buried antiquities.

Image fusion holds great promise for employing a
multi-method strategy to optimize information ex-
traction and enhance the dependability of interpreta-
tion during the detection of archaeological targets. In
both scenarios, utilizing the fusion technique based
on curvelets provides a more comprehensive por-
trayal of the surveyed regions, merging all relevant
details from the original images to reveal potential ar-
chaeological targets.

Figure 11. DTM derived from LIDAR after removing the long wavelength variations + magnetic gradiometry image =
fused image (Area A).

In the LIDAR image, the vegetated areas are pre-
sented with white dots while in the magnetic image,
there is no information along their linear projection

due to the inability of the instrument to take measure-
ments in these areas (Fig. 11). In the aerial image the
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process of removing these large wavelength anoma-
lies was performed the first instance manually using
image processing applications using MATLAB. In the
fused image although these features were considered
as noise and during the fusion process this infor-

mation should have been removed as there was an ab-
sence of geophysical information on these areas no fu-
sion was applied between these non-overlapping
parts of the images. This resulted in a final fused im-
age with noise in these areas covering up possible fea-
tures that might be present.

Figure 12. DTM derived from LIDAR after removing the long wavelength variations + magnetic gradiometry image =
fused image (Area B).

The presence of tree fields is clear in Area B as well,
but not as intense as it was in Area A resulting in a
clearer final fused image (Fig. 12). This means that the
fusion was extended in most of the overlapping areas
of the two images. Nevertheless, we still have areas
with no information on the geophysical image due to

the presence of vegetation. In the final fused image,
both images were combined meaning that in the areas
where the geophysical image had no information it
was provided by the aerial images creating a final
complete image that includes all available infor-
mation.

Figure 13. Zoom part of the Area B. (Left) zoomed part of the aerial image produced using UAS, (middle) zoomed part of
the magnetic image (vertical gradient of the local magnetic field) and (right) the respective zoomed part of the fused im-
age with the use of the curvelet transformation method giving emphasis at north-east to south-west orientation.

However, in the fused image the noise is sup-
pressed while the interesting features appear en-
hanced and, in many cases, more complete. Fig. 13 is
a zoomed part of the Area B where a rectangular fea-
ture at the centre of the image that is visible only in
the magnetic image can be see clearer and better de-
fined in the final fused image. This is because during
the fusion process the noise is supressed, and the in-

teresting features were enhanced creating a final im-
age with more distinct characteristics and clear tar-
gets.

4. CONCLUSIONS

Data fusion between different types of sensors is an
important and useful tool for the analysis of overlap-
ping data and for recognizing and mapping geologi-
cal archaeological structures before their excavation.
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One main advantage is that it allows a more complete
interpretation of the data by combining anomalies
provided by different sensors that may have different
sensitivity-oriented characteristics regarding their
special resolution, contrast, size, geometry, etc. For
this reason, the curvelet transform provides an excel-
lent tool as it can represent efficiently and effectively
both linear and curve-linear features with different
characteristics, scales, and orientations. Additionally,
it establishes the means for objectively selecting the
best features to be included in the fused image, for ex-
ample by using the maximum frequency rule as we
showed in this work. Moreover, it allows to treatment
in a different way features of different scales and/or
extent along different orientations, giving the ability
to suppress the noise based on prior information. This
can be particularly useful in cases where the images
contain systematic noise (e.g., plowing lines, microto-
pography) or it is necessary to select between archae-
ological features of different era.

In this work, two different locations of the archae-
ological area of Pylos, Messenia in South Greece were
examined. In both areas, the final fused image pro-
duced a more complete representation of the areas of
investigation as they managed to combine all the in-
teresting features from each of the initial images inde-
pendently. In the final fused images, the noise (sys-
tematic and random) is suppressed as much as possi-
ble, and the representation of potential targets has

been improved significantly. However, as noted
above, the presence of olive trees and other types of
vegetation in both areas presented a challenge as the
geophysical instrument was not able to cover these
areas resulting in large linear zones with no infor-
mation. On the other hand, in the aerial images, these
areas were presented as white dots.

Nevertheless, in some cases, structures that are seg-
mented in the initial images are shown complete in
the fused image, something that helped their detec-
tion and the further interpretation/identification. Ad-
ditionally, in some cases some rectilinear features
which are either not clear or are visible in one of the
two initial images through the fusion process in the
final combined image look complete and more dis-
tinct. This can help archaeologists in having a more
comprehensive image of the investigated sites by
identifying areas of possible historical and cultural in-
terest.

It should be noted that the fused image is a power-
ful, additional tool that can further help the interpre-
tation of the data and does not intend to replace the
initial images during the analysis. Additionally, more
than one fused image can be produced, each one fo-
cused on enhancing or smoothing selected features
over others. For example, in cases where multiple tar-
gets are imaged, and the result is dense then the in-
formation needs to be separated for interpretation
reasons.
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