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Abstract: This paper is focused on the Middle Paleolithic rock shelter called “Abrigo de San Lazaro”,
placed in the Eresma River valley (Segovia, Spain). In this area, a multisource geomatic approach is
used. On the one hand, the external envelope of the shelter has been digitalized by the means of an
efficient combination between aerial photogrammetry and laser scanning (static and mobile). On
the other hand, the ground penetrating radar and the electric tomography were used with the aim
of evaluating the inner disposition of the shelter. The combination of both digitalization (external
and internal) has allowed for improving the knowledge of the site characteristics that, in turn, will
facilitate the future excavation works. The results of these studies allow archaeologists to know
new data for a better understanding of the site formation (geology of the site, sedimentary potential,
rock shelter dimensions, etc.) and the events that took place in it (knowing its historical evolution,
especially the interaction between man and the environment). Additionally, the information obtained
from these studies is very useful to plan future excavation works on the site.

Keywords: paleolithic rock shelter; remote sensing techniques; geophysical approaches; sensor fusion

1. Introduction

The integration of remote sensing and geophysical methodologies in archaeology has allowed
advancements in the characterization of the external and internal parts of complex settlements. As a
result, the integrations of these methodologies could provide two main benefits: (i) optimization of
the fieldworks (archaeological excavations and surveys), (ii) improvement of the accuracy analysis
and (iii) documentation methods. Last but not least, this multidisciplinary work also enhances the
methodologies currently used in archaeological fieldworks, generating new procedures and thus new
valuable information of the archaeological site.
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The use of remote sensing techniques was introduced in the last decades in archaeology with the
aim of improving the documentation processes [1,2]. The main remote sensing techniques applied
in archaeology are image-based methods (photogrammetry or image based modelling) [3-5] and
range-based methods (laser scanner) [6-8] (Table 1).

Table 1. Remote sensing approaches used for the characterization of rock shelters.

Photogrammetry/Image Close Range Photogrammetry

Image-Based Methods Based Modelling - Aerial Photogrammetry
3D Digitalization Static laser scanner - Terrestrial laser scanner
Techniques
Range-based methods - Back-pack wearable mobile
Dynamic laser scanner mapping system
- Mobile LiDAR system

- Image-based methods: this group includes terrestrial and aerial photogrammetry (on board airborne
systems like drones, among others). These methods use the image based modelling strategy, more
specifically the Structure from Motion (SfM) approach, making a 3D reconstruction of the scene
by the use of digital images (2D information). Images must follow a certain shooting protocol to
obtain a rigorous geometric model. Topography support (GPS, Total Station, rulers, etc.) is also
required for the scale definition [9,10].

- Range-based methods: these methods are based on active sensors that emit a laser beam, which is
reflected from the object or scene to capture metric information. The final product only includes
spatial information of the scene with a unique radiometric value that depends on the laser
wavelength [11].

With these methods, it is possible to transform places and real objects into a digital format by
means of a 3D points cloud. These clouds are constituted by points in space representing the captured
geometry, with metric and textural rigor in a precise and detailed way [1-8]. By the use of aerial
photogrammetry or airborne Light Detection And Ranging (LiDAR), archeological sites in open areas
can be detected and characterized in a global or general way [12,13]. On the contrary, terrestrial
photogrammetry or terrestrial laser scanning can be used in more local environments for both open and
closed spaces [1-8]. A new collection of handheld sensors called Backpack Wearable Mobile LiDAR
Systems (WMLS) are currently emerging. The resolution of these systems is worse, for Terrestrial Laser
Scanner (TLS) devices, around 8 mm in the best case. However, these dynamic techniques can be
applied to record scenarios where the terrestrial laser scanner (TLS) or terrestrial photogrammetry
could not be efficient due to its complexity and the number of stations required [14-17]. In addition,
these WMLS techniques are mainly interesting in the documentation of closed spaces with narrow
paths such as caves, rock shelters or underground dolmens, etc. They can also be used as a complement
for the airborne LiDAR or a photogrammetric flight in reservoirs located in forested areas, since
they provide much more points density per square meter at much more affordable costs [18]. The
WMLS save time and money in the capture and processing of data (up to 10 times faster than static
laser systems) (17). On the contrary, as it has already been highlighted, their accuracies are worse
(centimetric) and they require to perform specific protocols (i.e., planning of routes that start and
end the scan in the same position). Fortunately, the development of Simultaneous Localization and
Mapping (SLAM) techniques is allowing guaranteeing acceptable precisions [19].

The application of these methodologies is useful in several of the processes involved in an
archaeological site study (Table 2).
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Table 2. Main geomatic procedures used in different archaeological contexts.

Archaeological surveys: phase
characterised by the search of
archaeological evidence and site
location [12,13].

Orthophotography: (Present and historical) in order to find signs of
anthropic activity (e.g., wall alignments, differential growth in crops that
reveal geometric figures, etc.)

Digital Elevation Model: used with the aim of detecting characteristic
elements on the “z” axis (e.g., elevations, rocks alignments, that in view of
a human eye are not perceptible in the terrain)

Site contextualization and documentation:
phase of data collection of the site for its
understanding [20-25].

Point cloud: geometric characterization of the heritage resource.
Orthophotography: Location of characteristic elements of the studied
resource.

Excavation processes: documentation of
the elements appearing during the
excavation process (it is an irreversible
process, being impossible to recover the
original state of the site) [26,27].

Points cloud: re-visualize what there was in each of the intervention
processes of that resource, having georeferenced all the archaeological
material extracted from it. Obtaining longitudinal and transversal profiles
and surface and volumetric calculations.

Orthophotography: obtaining a detailed planimetry of the excavation.

Preservation and analysis of the
archaeological findings: processes in
which different techniques are applied in
order to check the deterioration suffered
by the resource and preserve its
conservation [28-31].

Points cloud: documentation of archaeological sites and objects with the
aim of monitoring it and verifying its deterioration over time.
Orthophotography: verification of the resource deterioration.

Taphonomical analyses of the
archaeological findings: a process in
which the materials unearthed in the site
are studied to know the processes they
suffered [32-38].

Points cloud: performing a morphometric and geometric analysis of the
materials (or details of them) found in a given archaeological site (cutting
marks, engravings in stone, coins, ceramics) for a better understanding of
the activities and processes that affected the archaeological findings.

3D model: visualization of 3D models on web, applications in a graphic,
visual and didactical way. Recreation of the site and the activities that
were carried out in it. 3D models can also be used for the analysis of
archaeological materials since they are reliable copies of the pieces.
Orthophotos: diffusion of images from the site.Panoramic photographs:
Generation of virtual visits.

Dissemination: a process in which the
resources (archaeological site,
archaeological evidence) or what
happened in them are put in value at the
service of the public [1,3-8,22,25].

As a result of the previous motivation, we can affirm that geotechnologies are necessary tools for
the external geometric characterization of a heritage resource, enabling a more precise archaeological
investigation. Thus, they are capable of carrying out studies and analysis with greater accuracy, making
wide dissemination of the results according to the needs of the researcher, in a more graphic and visual
way [7,39,40].

On the other hand, geophysics is the discipline that includes numerous techniques dedicated to
the study of the subsoil elements. This discipline is commonly used in archaeology in the first phase
of surveying, although it is also used during the different phases of the excavation process [41,42].
The main aim of this discipline in archaeology is the internal geometric characterization (subsoil)
of an archaeological site. Within the techniques that constitute geophysics, this research is focused
on two of them: (i) the Ground Penetrating Radar (GPR) [43,44] and; (ii) the Electrical Resistivity
Tomography (ERT) [45]. Both techniques are non-invasive. GPR and ERT allow a first approximation of
the characteristics of the elements located in the subsoil at a specific site (if the study case is favorable),
allowing archaeologists to plan an excavation campaign, focusing interest on those areas where the best
results are hoped [42]. The application of these techniques has meant a revolution for archaeologists,
since they allow the optimization of resources (which in many cases are limited). Thus, they are able to
investigate in the area they want to, digging in specific areas of a site (the site sometimes occupies
several hectares) and avoiding unnecessary damages to the site (in many cases the archaeological
remains are under current constructions, such as asphalt, buildings, gardens, etc.).

For the location of specific elements, such as tombs or artifacts, the GPR technique presents very
precise results [46,47]. It is also useful for a more extensive location of construction elements (e.g.,
buildings, warehouses, etc.), engineering works (e.g., roadways, water pipes, aqueducts, etc.), and
geological studies (e.g., location of cavities, stratigraphic study, etc.) [48-52]. Both ERT and GPR are
effective techniques if the chosen method is correct. It is important to note that there are several factors
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to consider before choosing one or another technique; GPR allows limited prospecting depths and is
specially designed for electricity resistive grounds, whereas ERT allows for much higher prospecting
depths and a wider range of use. For both systems, the presence of different electric conductive layers
favors the results reliability.

In this paper, a multidisciplinary methodological approach towards the external and internal
geometric characterization of an archaeological site is presented based on the fusion of remote sensing
and geophysical techniques. Within this context, the paper has been organized as follows: Section 2
introduces the study case and defines the materials and methods used to digitalize it; Section 3 describes
the experimental results obtained, Section 4 exposes the discussion and finally some conclusions
obtained from the present work are drawn within Section 5.

2. Materials and Methods
2.1. The San Lazaro Rock Shelter (Segovia, Spain)

2.1.1. Geographical and Geological Context

The San Léazaro rock shelter is a small cavity originated in the cretaceous dolomites of the left
bank of the Eresma river (Segovia, Central System, Central Iberia) and about 15 m above the riverbed
(Figure 1). The site, discovered in 2014, takes its name from the medieval bridge that crosses the Eresma
river a few meters far from the rock shelter [53]. In turn, the San Lazaro rock shelter is located about
400 m upstream of the Eresma river, and the Molino rock shelter, a Mousterian site excavated between
2013 and 2018 by the same research team [54-57]. The site is placed in the upper part of the Eresma
river valley, just passing through the city of Segovia.

Figure 1. Location of the San Lazaro Rock Shelter (Segovia, Spain).

The upper part of the Eresma river encompasses the area of its birth on the summits of the
central range and its course on the northern slopes of the mountains and highland foothills [58,59].
This section of the valley is characterized for having carved its valley in the proterozoic-paleozoic
igneous-metamorphic materials of the mountains and crystalline piedmont (gneisses, migmatites,
marbles, granitoids), corresponding to the Central Iberian area of the Iberian Massif—this part where
the river draws gorges and open defiles or valleys of tectonic origin (Valsain), and coming from the
incision in the sedimentary detrital-carbonate materials of the Mesozoic border (Upper Cretaceous)
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corresponding to the western sector of the Castilian Branch of the Iberian Basin, where it creates
meandering canyons (sickles or snouts).

In this last sector of the upper Eresma, the river has constituted its valley along the Quaternary
through successive stages of entanglement alternating with the formation of erosive terraces (shoulders
of the ballast) or discontinuous deposits of gross detrital materials (rocky ground). There are only three
levels of terraces in the valley bottom and only in the internal meanders faces [60].

Prior to the embedding of the river and coeval with it, a karstic system, essentially endokarstic,
was developed in carbonate lithology (dolomites, limestones, marls and dolomitic sandstones). It
was constituted by a wide network of galleries and conduits. Cavities are of very limited dimensions
(hectometer length and metric height and width), showing a clear rocky-structural control, concentrated
in certain carbonate levels previous to karstification or in which stabilization stages were concentrated
in the nesting. Many of them, due to their small size, could be classified as balms, rock shelters and
flaps, rather than caves, and their genesis is related to stabilization moments of the valley nesting and
lateral erosion of the slopes by the fluvial-karstic system [53].

2.1.2. Site Description

The San Lazaro Rock Shelter was discovered in 2014 and three archaeological campaigns (2014,
2016 and 2018) have been carried out so far in the site. An excavation of 2 X 2 m was performed during
the first campaign, unearthing an archaeological horizon attributed to the final Middle Paleolithic.
In the following stages, only sampling works were carried out in order to get a better definition of
the documented stratigraphical sequence (Figure 2), since the aim is to initiate systematic excavations
from 2019 onwards.

These works were made in parallel to the excavations in the nearby site of the Abrigo del Molino,
which presents an interesting archaeological sequence to study the last Neanderthals occupation in
the interior of the peninsula [57,61]. The sequence of the Abrigo del Molino is contemporary to the
San Lazaro Rock Shelter, although, in this last case, at least three additional archaeological levels were
documented. Both sites have several Neanderthal occupation layers with faunal and lithics remains
dated at the end of the Middle Paleolithic in Southern Europe [53,57]. To date, only one publication on
the discovery of the site exists [53], further results still remain unpublished.

Figure 2. Stratigraphic sample inside the rock shelter.
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2.2. Integral Digitalization of the Rock Shelter by Means of Remote Sensing and Geophysical Approaches

2.2.1. Aerial Photogrammetry

For the elaboration of the cartography of the site and its surroundings, photogrammetric techniques
were used. All of the photographs follow a protocol of parallel photographic capture (axes perpendicular
to the ground and parallel to each other, creating coplanar planes with the ground in each station),
with an overlap area or horizontal-longitudinal coverage of 70% and 30% between passes (Table 3).
The implemented photographs were acquired from a drone, model DJI Mavic Pro (Table 4, Table 5),
planning several flights. Results of this work are useful to locate and characterize the archaeological
site and its environment in a global way. Flights were planned taking into account the drone autonomy
(battery life), the location and the extension of the land, as well as the orography (Table 3). Coordinates
were established by using a GNSS (Global Navigation Satellite System) instrument with accuracies of
+1 cm to points evenly distributed throughout the study area. These points are easily identifiable in
the photographs, with the aim of resolving the external orientation and geo-referencing the work. The
reference system was the European Terrestrial System 1989 (ETRS 89).

Table 3. Characteristics of the flight planning.

Flight Planning

Ascent speed 0.5m/s

Horizontal speed 3m/s

Flight height 67 m

Rotation degree (respect to the north) 30°s

Horizontal-longitudinal overlap 70%

Overlap between strips 30%
Positioning system accuracy 50 cm
Surface 34 ha

Number of images 519

Table 4. Technical specifications of the drone used.

DJI Mavic Pro’s Camera
Autonomy 27 min
Total weight 734 gr
Maximum flight speed 65 km/h
Accuracy of the on-board GPS +1.5m (x,y) and 0.5 m (z)
Maximum allowable height 5000 m over the sea

Table 5. Technical specifications of the camera used during the flight.

DJI Mavic Pro’s Camera
Sensor size 1/2.3”
Sensor resolution 12 MPix
Field Of View 78.8°
Focal length 5
Max. ISO 3200
Aperture £/2.2 fixed

Shutter Electronic
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2.2.2. Terrestrial Laser Scanner

In order to obtain a detailed model of the environment close to the rock shelter, a terrestrial laser
scanner was used. More specifically, the lightweight terrestrial laser scanner Faro Focus 3D was used
(Figure 3). This device measures distances using the principle of phase shift within a range comprised
between 0.60 and 120 m with a measurement rate of 976,000 points per second, an angular resolution
of 0.009° and a beam divergence of 0.19 mrad. Concerning its accuracy, this laser allows for capturing
scenes with 2 mm of precision under normal lighting conditions.

= J

Figure 3. Terrestrial Laser Scanner device used for the detailed digitalization of the rock shelter.

2.2.3. Wearable Mobile Mapping System

Due to the geometrical complexity of the rock shelter, placed inside a narrow space where 90%
of its area has a height lower than 0.80 m and around 50% under 0.50 m, the use of the TLS was
not possible. In order to solve this limitation, a WMLS, Zeb-Revo [62], was employed. This device
is commercialized by the GeoSLAM company (City, US State abbrev. if applicable, Country) and
integrates a rotating 2D scanning device (Hokuyo UTM-30LX-F, City, Country) rigidly coupled to an
inertial measurement unit mounted on a rotary engine. These sensors are complemented by a battery
and a data storage system located in a small backpack (Figure 4, Table 6). Regarding the accuracy of
the device, the manufacturer declared that its value is 1-3 ¢m in relative terms.

Table 6. Technical specifications of the Wearable Mobile LiDAR System used.

WMLS Zeb REVO
Measuring principle Time of flight
Wavelength (nm) 905
Scanner resolution (°) 0.625H X 1.8V
Orientations system MEMS IMU
Scanner dimensions (mm) 86 x 113 x 287
Total weight (kg) 4.10
Scanner weight (kg) 1.00
Dimensions (mm) 220 x 180 x 470
Working range (m) 0.60-30 m indoors

0.60-15 m outdoors

Measurement rate 40,000 points per second
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o ZEB-REVO hand held laser scanner o Chargers and adapters
@) ze8-012600 data logger © sackpack
© ze8-ReVO cables © ceosiam software

Figure 4. Wearable Mobile LiDAR System device used for the 3D digitalization of the cave: (a) main
components of the WMLS device used and (b) photo acquired during the data acquisition. The high
portability of the system is worth mentioning.

The motion of the scanning head, i.e., the rotary engine, within the movement of the operator and
the information captured by an inertial measurement unit (IMU) allow for obtaining the 3D information
of the environment. To this end, a 3D SLAM algorithm was used to combine the information coming
from the 2D laser head and the data provided by the IMU. More specifically, the full SLAM approach
was used, implemented in the robotic operative system (ROS) library [63]. In order to obtain optimal
results, it was necessary to follow a close-loop path. In this sense, the operator needed to start and
finish at the same position, following a circular loop rather than a “there and back” loop where the
path simply doubles back on itself [17,18]. The use of this protocol allowed the compensation of error
propagation obtained during the data acquisition.

2.3. Geophysical Methods

2.3.1. Electrical Resistivity Tomography (ETR)

The electrical resistivity tomography (ERT) method, in two dimensions, is a geo-electrical technique
used in the subsoil characterization. The system measures the apparent resistivity (AR) from a given
tetra electrode device. With that aim, it injects electricity with a known intensity into two electrodes
called A and B and automatically registers the potential difference between the other two electrodes
called M and N. The equipment automatically modifies the distances between the pairs of electrodes
obtaining the apparent resistivity in multiple positions and levels (n). These data are later treated by
means of mathematical inversion algorithms obtaining an image of resistivity and real depths of the
subsoil. The interpretation of this image allows for identifying the different lithology and structure of
the subsoil [45].
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The contrast of resistivity obtained from the implementation of this technique allows for the
differentiation of the subsoil materials according to their electrical behavior, that is, in terms of their
resistivity value, since it mainly depends on the following factors:

e  Pore volume proportion versus total rock volume. Initially, the greater the porosity, the lower
the resistivity if the porosity is filled (water, clay, etc.). In the case of empty pores (air filling),
a resistivity increase will be produced due to the dielectric air nature.

e  Pores geometric disposition (formation factor). The greater the pore connection, the lower the
resistivity, since the fluid and ion mobility is easier.

e  Proportion of pores filled with water versus empty pores. The greater the proportion of water-filled
pores, the resistivity decreases as water allows the circulation of electric current, as opposed to air
(dielectric).

e  Resistivity or conductivity of the water or fluid that is filling the pores. The higher the water
conductivity, as in the case of seawater, the lower the resistivity of the formation containing it.

The selection and use of the ERT technique for the realization of the present works are based on
the following factors:

e It allows the obtaining of precise two-dimensional resistivity subsoil sections that enable the
determination of the position of the limits and materials structure.

e It is a non-invasive technique that allows the realization of work in any kind of grounds,
environment or installation.

Equipment used in the field measurements was a Syscal Pro device from the Iris instruments
company (Figure 5).

Given the conditions of study (i.e., type, objective, site depth and required resolution), an
investigation was carried out using two high resolution ERT profiles (profile 1 Root Mean Square Error
(RMSE) = 23.1% and profile 2 RMSE = 21.6%). Each of them was performed using 48 electrodes and
an inter-electrode spacing of 1 m and direct and reverse Polo-Dipole recording method. With this
configuration, a penetration higher than 15 m was achieved, establishing 46 registration levels and
obtaining more than 2000 measurement points in each profile.

Figure 5. Cont.
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Figure 5. Syscal pro equipment: (a) general view of the different devices used and detailed view of the
data acquisition unit (integrated in the corner of the bigger image) and; (b) results obtained form the
2 ERT profiles carried out on the shelter. Harm colors indicate higher values of electrical resistivity
meanwhile cold colors indicate low values of electrical resistivity

2.3.2. Ground Penetration Radar (GPR)

The GPR technique stands out for being based on the emission of short duration electromagnetic
impulses, which are reflected and detected by the receiving antenna when an object or a discontinuity
area is intercepted [43,44]. Of all the energy that arrives at the object, only a part of it is reflected
(depending on the electrical properties of the object), continuing the remaining energy to the reflection
in new objectives until its total cushioning.

If the conditions of the ground and the element to be detected are optimal (for example, if we
have different materials on a dry surface and we want to find walls of different materials than those
constituting the ground), GPR usually presents very good results.

On the contrary, if the ground humidity is high or there are several clayey levels, GPR will not
make effective measurements if the electromagnetic waves cannot penetrate the ground. It should be
noted that results obtained by the use of GPR (in the form of radar-gram) are fully interpretable by the
operator. The profiles obtained in the field (depth-length) have shown an excellent image with the
standard signal treatment. With further treatment time-depth transformation (depth slices), it has been
possible to verify that the depth of the reflectors coincides with cave or karstic features Depending on the
GPR’s MHz, it can deepen further, getting better or worse resolution (400 MHz—depth 4 m—resolution
10-20 cm), depending, among other factors, on the presence of clays or high humidity states. Therefore,
GPR is an ideal instrument for locating elements at shallow depths at high resolution. With many GPR
sections, extensive subsoil maps can be generated at different depths. In archaeology, it is the most
used application since it works in plant layout.
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The objective of using this technique in this work is to detect different reflectors linked to variations
in lithology or stratifications, as well as gaps: caves and karst phenomena (chimneys, sinkholes, etc.)

The GPR system used was a commercial device of the IDS Company (City, US State abbrev.
if applicable, Country) characterized by a central frequency antenna of 400 MHz. Acquisition was
carried out with software IDS K2 and a window length of 120 nanoseconds with 512 samples was
selected for the profiles shown in this work.

Results were processed by the GRESWIN 2D (Table 7) software applying to this end a bandpass
and a noise removal filter, an improvement of the amplitude of the most notable reflectors and a time
distance conversion (Figure 6). The usual research depth of this type of device is about 4 m with a
resolution of approximately 10 to 20 cm (the greater the depth the signal dissipates and the wave
amplitude increases, it is thus more difficult to detect hollow anomalies of small size). Thus, the signal
“bounces” in the mentioned holes or reflectors and is collected after the so-called “double time”.

b) Profile 1 Profile 4
Depthim) Depth{m)

e T B,

awl
TR

B
H
s
2
5
H
E
2

)

T

Depthim)

Figure 6. Ground Penetrating radar campaign: (a) general view of the sensor used and;

(b) radargrams obtained.

Different longitudinal and transverse profiles were made (and geo-located by GNSS) in the upper
part of the rock shelter in order to know the cavity starting point, fracturing and possible presence of

karstic chimneys.
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In order to complement the data obtained by the ERT campaign, a total of 6 GPR profiles were
carried out on the upper part of the rock shelter: (i) 3 profiles parallel to the rocky escarpment (P1 to
P3) and (ii) 3 profiles orthogonal to the previous direction (P4 to P6) (Figure 6).

Table 7. Configuration for data processing in GRESWIN 2D.

GRESWIN 2D Configuration
Xmin: —0.18
Xmax: 15.18

Move start time

Background removal

Vertical bandpass filter (td)

Linear gain

Smoothed gainTime-depth transformation: velocity = 110 mm/ns

3. Results
3.1. Definition of the External Geometry by Means of the Combination SfM-SLAM

3.1.1. Digitalization at a Global Scale

Cartography based on photogrammetric techniques was generated, using as vertical aerial
photography. Once the images were taken, they were processed with GRAPHOS open-source
photogrammetric reconstruction software [64,65], obtaining the point cloud, the 3D model, the digital
elevation model (DEM) and the orthophotography (average GSD of 3.7 cm, average scaling error of
3.1 cm, average photogrammetric error of 1.7 cm, average precision of 3.4 cm) (Figure 7).

=]

GRAPHOS

| INPUTS |—>

PROCESSING

Automatic Automatic

hierarchical 4= | extraction and
orientation matching

¥
Automatic 3D

dense surface -DI Scaling I

=1

Figure 7. Flow of data processing frames and results with GRAPHOS software.

DIGITAL ELEVATION MODEL (DEM)
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3.1.2. Digitalization at Local Scale (Detailed Model)

Complementary to the digitalization carried out by means of the integration drone + SfM,
an additional experimental campaign was carried out with the aim of obtaining a detailed model of
the rock shelter. To this end, a LIDAR approach was used, combining the data coming from the TLS for
the characterization of the environment close to the rock shelter and the data obtained by the WMLS
for the analysis of those more complex and narrow spaces.

Previous to the collection of data, a network of registration spheres was placed along the scene
with the aim of aligning the different point clouds generated in a common coordinate system (Figure 8).
These registration spheres have a diameter of 200 mm and were placed along the scene, guaranteeing
their visibility from different positions. It is worth mentioning that these registration spheres were set
on topographic tripods equipped with an in-house platform that allows for georeferencing its centroid
by means of a GPS device.

a)

® Indoor spheres - Path followed by the WMLS
* Outdoor spheres -/~ TLS Scan stations

404361.606 4534321.754 922.381
2 404364.326 4534327.320 921.407
3 404364.670 4534325.161 920.723
4 404367.094 4534324.748 926.066
< 404366.222 4534318.491 921.669
6 404346.290 4534326.603 913.468
7 404359.942 4534334.012 915.368

Figure 8. Network of registration spheres used to align the different point clouds: (a) plant view of the
sphere network distribution and (b) a detailed view of the spheres used near the rock shelter entrance.
The cross marks represent the different TLS scan stations carried out. The blue dash line represents the
trajectory followed during the data acquisition by means of the WMLS.

On the one hand, a total of three scan stations were required in order to digitalize the close
environment of the rock shelter (Figure 8). The alignment of these scan stations was carried out
by means of the target-based registration method. This method allows for aligning different point
clouds through the use of geometrical features coming from artificial targets such as planar targets or
registration spheres. For the present study case, a target-based registration approach able to use the
centroid of each registration sphere was used as a control point for the alignment between point clouds.
Within this framework, the centroid of each sphere was extracted by the RANSAC Shape Detector
algorithm [66]. As a result, it was possible to align all the point clouds with an accuracy of £3 mm.
Complementary to this data acquisition, and, with the aim of evaluating the accuracy of the WMLS
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point cloud, an additional scan station and several registration spheres were placed inside the rock
shelter (Figure 8).

On the other hand, the acquisition of the inner and more complex envelope of the rock shelter was
performed through the use of the Zeb REVO WMLS. During this data acquisition, a close loop path was
followed with the aim of compensating possible error accumulations (Figure 8). Data acquisition with
the Zeb REVO device requires firstly the initialization of the IMU in order to establish the reference
coordinate system. Then, the scanner head rotates, allowing for the capturing of 2D profiles. It is
worth mentioning that the portability of the proposed WMLS allows for capturing the whole inner
geometry of the rock shelter, spending a total of 2 mins for its acquisition.

In order to get the complete 3D model, a full SLAM approach was followed [67]. This strategy
estimates the spatial position of the scan head through the use of the data captured by the IMU as
well as the geometrical features extracted from each 2D profile. For more details about the workflow
followed by the full SLAM approach, the reader is referred to [67]. The time spent to obtain the 3D
model of the rock shelter by means of the WMLS was around 4 mins, 2 mins for the data acquisition
and another 2 mins to solve the SLAM problem (Figure 9). In order to align the point cloud obtained by
the WMLS with the TLS point clouds, another target-based registration phase was carried out, using to
this end the spheres 52, S3 and S5 (Figure 8). The RMSE of this registration phase was 0.01 m.

a)

B
¢)
Section A-A Section B-B
e e g 2
S '\~._..._______—” \‘""‘-c-_‘ il
——— ) p]
~— P
L /
—
LN

P,

Figure 9. WMLS point cloud: (a) general view; (b) plant view and; (c) comparison between the TLS
and the WMLS point clouds—the TLS point cloud is in green and the WMLS point cloud is in red.

To obtain a more in-depth evaluation of the potential of the WMLS solution for the mapping of
narrow spaces, a point-to-point comparison was carried out. During this stage, the Multiscale Model
to Model Cloud Comparison (M3C2) algorithm was used [68]. This approach allows for estimating
the signed discrepancies between the WMLS and the TLS point clouds, and it is implemented in
the open-source software CloudCompare v2.10 [69] In order to get reliable results, the Zeb-REVO
point cloud was segmented, deleting non-common areas, i.e., those parts not visible from the scan
station used to compare the results. The comparison of both point clouds provided a RMSE of 0.01 m
(Figure 10), in line with the RMSE obtained during the alignment phase.
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Figure 10. Discrepancies obtained from the comparison of the TLS and WMLS point clouds. It
is observed that most of the WMLS point cloud shows a green-yellow color indicating that the
discrepancies between the WMLS and the TLS are under or near 1 cm. Red and blue areas indicate
zones on which the TLS was not able to capture information due to the complexity of the shelter.

Finally, all of the point clouds (three coming from the TLS and one from the WMLS) were fused in
a single point cloud. This point cloud was later decimated due to the high amount of overlapping
points. During this stage, a distance filter with a threshold of 0.005 m was applied. As a result, it was
possible to obtain a detailed model of the rock shelter and its inner environment made up by 23,402.999
points (77% of the original model).

As it was stated before, the registration spheres were equipped on topographic tripods with
special platforms that allow for georeferencing the centroid of each sphere. Thanks to this, it was
possible to geo-reference the point cloud obtained by means of a six-parameter Helmert transformation
(three translations and three rotations) allowing for placing both models, the LIDAR and the SfM point
clouds, in the same coordinate system.

3.2. Inner Characterization of the Rock Shelter through Geophysical Methods

With the purpose of obtaining the stratigraphy of the rock shelter as well as a possible presence of
infill layers, ERT and GPR geophysical methods were used.

3.2.1. Electrical Resistivity Tomography

This section is based on the joint analysis of the two resistivity profiles carried out (Figure 11,
Figure 12), it being possible to extract the following deductions:

e  Profiles show a similar structural style allowing defining the position of the materials of interest
(conductive fillers). Profile-2 cuts profile-1 in an orthogonal way, clearly defining the morphology
of the area occupied by filling conductive materials.

e Inthese profiles, the presence of fillers above ground is clearly visible. In more detail, an alternation
of sandstones-sands-sandstones is found. It can be differentiated by their resistivity contrast,
being higher in the sandstones than in the sandy stratum.

e Conductive materials consisting of fillings with possible archaeological interest can be perfectly
characterized by their low resistivity value. They are presented only in the central part of profile-1
(Figure 11) and at the beginning of profile-2 (Figure 12). The thickness of the conductive fillers of
interest is not constant and is around 2-3 m deep.
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Figure 12. Results obtained from the transversal Electrical Resistivity Tomography profile (profile 2).
3.2.2. Ground Penetrating Radar

The amplitude of the signals captured by the GPR in each profile was later projected on a
bidimensional graph, the so-called radargram. In this radargram, it was possible to observe the
different echo obtained during the data acquisition. This echo represents anomalies inside the ground
such as voids or even different layers. With the aim of improving the graphical representation of
each GPR profile, several filters obtained were applied, namely: (i) background removal; (ii) vertical
bandpass filter; (iii) linear gain; and (iv) smoothed gain.
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It is worth mentioning that the GPR profiles were not closer to the cliff because this particular
antenna has a signal cone that can reach the air, promoting the presence of false positives. In addition
to this, the GPR profiles were mainly carried out with the aim of detecting a possible karstification.
In all of them, the velocity conversion was checked with the hyperbola filling method.

As a result, it was possible to obtain information about the inner composition of the rock shelter,
i.e., stratigraphic disposition, contacts and possible karstic areas (Figure 13).
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Figure 13. Results obtained by the different GPR profiles carried out on the rock shelter. Red lines
indicate karstic features or a cave.

e P 1: this profile shows two clear reflectors that can correspond to the stratification level, the first
of them is the contact between a more altered ground and a more compact rock mass underlying.
These two reflectors (lines) are at a depth of 1 to 1.5 m. Abnormalities of amplitude in the signal
that can represent small karstic cavities of 10 to 20 cm are detected. The ceiling of the cave could
be placed in the last part of the profile at a depth of 1 m.

e P 2: the profile shows a very marked line that probably indicates the transition between a more
altered ground and healthy rock at about 0.80 m depth. Some karstic areas and buried metallic
objects are detected (without necessarily having relevance). These features showed the typical
multi-reflector signal with high amplitude rebounds. In the middle of the profile, the cave is
crossed, special anomalies are not identified on it, perhaps the ceiling of the cave coincides with
the stratification and the reflector is not marked.

e P 3: aline between 1.0 and 0.8 m deep is recognized, indicating the transition between the ground
and the rock.

e P 4: asin all profiles, a reflector is detected indicating the horizon between the ground and the
rock or upper more altered zone. A fracture or failure seems to be detected 5 m away from the
beginning point.

e P 5: In the middle of the profile, a low signal area is identified, surrounded by very markedly
inclined reflectors that could indicate a karstic chimney.

e P 6: Akarstic area with an anomalous zone in the ceiling is detected. It could be a karst filling area.

It is worth mentioning that the maximum depth of the different GPR profiles extracted was about
2 m (Figure 13). This penetration depth is justified by the presence of humidity in the soil as well as the
presence of clays.
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4. Discussion

This study presents a combination of geophysical and remote sensing techniques for the
applied study of archaeological sites, describing new developments that could be used to improve
methodological approaches to archaeological fieldwork and documentation. These different techniques
could provide a valuable means of contributing new data to Middle Palaeolithic and Neanderthal sites
research, considering how the integration of these different methods can reveal morphological and
geological data from a different perspective, even prior to any type of archaeological intervention in
the area.

On one hand, 3D documentation provides a means of capturing the external geometry of
a site, creating digital data in the form of 3D point clouds that have a high degree of accuracy.
The possibility of combining data from structured light laser scanning and photogrammetric techniques
with archaeological data, geo-referenced under the same reference system, can additionally reveal
new information that might not have been possible from a purely archaeological perspective. Here,
we have presented a study case that have been able to globally define the position of the site in 3D.
From one perspective, the use of a novel WMLS have been able to facilitate the 3D documentation
of complex areas, proving several advantages in comparison with other traditional remote sensing
approach such as:

e Static laser scanning: this method is able to digitalize narrow spaces on which it is not possible to
place a static laser scanner, requiring also a small number of stations as stated di-Fillipo et al. [17].
Additionally, this method is able to general a 3D product, in form of a point cloud, around
10 times faster than the static laser scanner, being also in line with what the studied previously
showed. Regarding the resolution, this method is able to provide a dense point cloud to perform
dimensional analysis on a product whose expected accuracy is near 1 cm. This value could be
considered enough for archaeological purposes.

o  Image-based modelling method: the geometrical characteristics of the shelter, with narrow spaces,
hindering the use of standard SfM protocols. In this situation the only feasible solution was the use
of the approaches proposed by Perfetti et al. [70,71], on which a 3D reconstruction is carried out by
means of the combination of a SfM approach with a fish-eye lens. In this situation, the proposed
approach would have a better performance due to the nature of the system (active sensor) not
requiring artificial illumination. Regarding the data acquisition, the proposed approach only
requires following a simple protocol, which could be considered simpler than the SfM one. With
respect to the data processing, the SfM requires external measurements, by means of a topographic
equipment or metric tapes, to scale the model. This issue is not necessary in the case of using
the WMLS.

On the other hand, data provided by geophysical techniques, including GPR and ERT, have
proven useful in characterizing the internal subfloor of the site, as well as a general characterization of
the nature of the rock shelter’s roof (Figure 14). This GPR was used to highlight possible alterations
and the internal stratigraphy of these different areas, while ERT was able to evaluate the sedimentary
potential of the site alongside a number of additional geological characteristics; since the sediment
of archaeological interest has a lower conductivity value than the filling materials, it was possible to
spatially characterize the site.

Combined usage of these different techniques allow for a more developed understanding of
the characteristics of a site (Figure 14), revealing data about the area’s formation, including geology,
sedimentary and dimensional data, as well as the ability to evaluate the historical evolution of the area
integrated with archaeological and environmental data. These contributions to the understanding of a
site are useful for planning archaeological interventions, optimizing the available resources, and can
save time and money as well as materials when preparing for the study and diffusion of a site.
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Figure 14. Integrated model result of the data provided by the photogrammetric, LIDAR and geophysical
approaches used.

5. Conclusions

The combination of geophysical and remote sensing techniques has been proven to be an excellent
approach for the archaeological documentation as shown in the whole manuscript and discussion
section. Multi- and inter-disciplinary studies are a fundamental component of any field of research.
Integrating different disciplines is an efficient means of enhancing each individual’s potential, while
providing a global and transversal vision of the object under study, while making the most of new
techniques and methods to develop the data attainable. In archaeology, this is especially important and
provides the most powerful means of interpreting a site, providing more and more data of higher quality.
The final interpretation of the site refers to the precise identification of the grout of archaeological
interest, allowing the detection of the site’s limits and optimizing the general resources required in the
subsequent excavation works. Additional advantages of implementing team members from different
disciplines is the difference in perspective that helps confront different problems and provides new
means of solving them. This boosts our decision-making capacities for archaeological interventions
and can aid in the overcoming of issues that arise on a daily basis. These multitude of advantages can
be considered an important means of developing disciplines, such as archaeology, through providing
faster, cost-worthy methods that could further our understanding of the archaeological register.

Moreover, WMLS has provided a greater resolution for the documented area of study, both from a
global and local position, providing a means of analysing spatial relations from both an inter- and
intra-site perspective. Alternatively, the data made available through studies of this type are also
of great use for heritage management and diffusion, providing possibilities for the 3D digitalization
of sites with the possibility of implicating these visual tools in web applications or museum digital
displays. If implemented with virtual reconstructions of possible activities that could have been
performed on the site, those interested could be provided with a more interactive, didactical and visual
experience. Virtual, augmented and mixed reality applications could be an important component for
future museums or educational applications.
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