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Abstract: Unmanned aerial vehicles (UAVs) and aerial photogrammetry have greatly contributed
to expanding research in scientific fields that employ geomatics techniques. Archaeology is one of
the sciences that has advanced most as a result of this technological innovation. The geographic
products obtained by UAV photogrammetric surveys can detect anomalies corresponding to ancient
settlements and aid in designing future archaeological interventions. These acquisitions also offer
attractive scientific dissemination products. We present five archaeological sites from different ages
located in the Guadiato Valley of Cérdoba, Spain, where a series of photogrammetric images were
acquired for purposes of both research and dissemination. Acquisitions were designed based on the
accessibility of the sites and on the end-user experience. The results present several photogrammetric
products for use in research, and the mandatory dissemination of the results of a publicly-funded
research project.

Keywords: UAV; photogrammetry; archaeology; point cloud; digital elevation model

1. Introduction

In the last decade, the graphic documentation of archaeological heritage has advanced rapidly
owing to the development of consumer unmanned aerial vehicles (UAVs) and user-friendly and
high-performance photogrammetric software. In Spain [1-6], and many other European countries [7-16],
several archaeological sites have been documented using UAV photogrammetric aerial surveys.

The geographic products resulting from the photogrammetric elaboration provide accurate and
detailed spatial information that serves to improve the research of the site itself. The visualization and
overlapping of these products in a geographical information system (GIS) enable the anomalies of
buried archaeological remains to be individualized, thus permitting non-invasive, preliminary analyses
and hypotheses of ancient settlements. Moreover, the acquisition and analysis of these geographic
products facilitate the cost-effective planning of possible future archaeological interventions on the
detected settlements with a high accuracy and certainty of ancient remains.

We present several photogrammetric surveys of difficult-to-access archaeological settlements
made in recent years in the framework of the Ager Mellariensis Spanish National Research Project
HAR 2016 77136-R [17]. Each of the UAV photogrammetric surveys was carried out with a different
goal (research, planning of future activities and dissemination). All the analyzed archaeological sites
are characterized by a series of problems:

e  The sites were totally or partially unknown;

Drones 2020, 4, 47; d0i:10.3390/drones4030047 www.mdpi.com/journal/drones


http://www.mdpi.com/journal/drones
http://www.mdpi.com
https://orcid.org/0000-0001-6550-0514
https://orcid.org/0000-0002-8529-8971
https://orcid.org/0000-0002-3039-7745
http://dx.doi.org/10.3390/drones4030047
http://www.mdpi.com/journal/drones
https://www.mdpi.com/2504-446X/4/3/47?type=check_update&version=2

Drones 2020, 4, 47 2 of 20

e  They are very difficult to access due to their geographic and geomorphological position (e.g., on
the top of mountain chains or submerged in reservoirs);
o  They are partially hidden by thick forest canopies.

Taking into account the original purpose of each survey, we designed each photogrammetric
survey in a different way with the scope to acquire the best final quality of the products.

In a final step, we evaluated the absolute and relative accuracy of each photogrammetric
aerial survey. There is an extensive state-of-the-art literature on the various methods used to
validate the accuracy of the UAV photogrammetric data [18-23] applied specifically to archaeological
settlements [24-29].

Due to the difficult access of our case studies, we compared the digital elevation models (DEMs)
from the photogrammetric point clouds to accurate topographic surveys on the ground or to the LIDAR
data of the National Aerial Orthophotography Plan (PNOA) [30] of the Spanish National Geographic
Institute (IGN) [31].

The main aim of these comparisons is to explain that the use of aerial photogrammetry in
archaeology cannot focus only on the extreme geometric accuracy: the mandatory goal is the best
achievable quality of the photogrammetric products that are most used in archaeology (DEMs and
ortophotomosaics). In archaeology, the sharpness and the high definition of the final images are more
important than the extreme topographic and geometric accuracy of the photogrammetric model.

The case studies demonstrate that the accuracy of a photogrammetric survey can be adjusted to
different final archaeological scopes without an excessive decrease in the final overall quality.

2. Materials and Methods

2.1. Case Studies

We present five archaeological sites representative of different historical ages located in the
Guadiato Valley that were documented by means of UAV photogrammetric aerial surveys (Figure 1).
Each of these sites presents particular features and difficulties that had to be addressed when planning
and carrying out the UAV photogrammetric acquisitions.

A Study Sites
~—— National Route N-432
[ Modern Towns
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Figure 1. Geographical location of the five archaeological case studies. © “Ager Mellariensis”/AEI
FEDER HAR 77136-R. Orthoimage from © IGN ORTO-PNOA 2016.
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The main goal guiding each photogrammetric acquisition survey was to ensure the best visual
definition of the DEMs and ortophotomosaics. We need graphic products that have to be characterized
by high-resolution and high sharpness in order to proceed with the remote sensing of the anomalies of
buried archaeological remains. Therefore, for our studies, it is important to plan the photogrammetric
survey with a high Ground Sample Distance (GSD), and it is also important to fly with the best
environmental conditions (cloudy days with scattered sunlight). We try to obtain the best quality
acquisitions with the fewest number of flights in one field work day, because the archaeological sites
are almost always located in remote areas that are many kilometers away from the nearest modern
settlement; these circumstances do not allow us to recharge the battery easily to realize further flights,
and the displacements involve an excessive waste of time.

The five case studies are as follows:

e  Tartessian settlement of the Sierra Boyera Reservoir (Belmez): photogrammetric survey for the
final graphic documentation of the archaeological campaign.

e  Minadela Loba (Fuente Obejuna): photogrammetric survey to generate a graphic base for designing
a future geophysical survey.

e (aliphal fortress and settlement of Tolote (Los Blazquez): photogrammetric survey to detect
anomalies on the ground belonging to archaeological remains.

e Pefion de Peiiarroya (Pefiarroya-Pueblonuevo): photogrammetric survey to obtain a
three-dimensional model for integration into a virtual reality application.

o  Venta de la Estrella (Espiel): photogrammetric survey to rapidly document an endangered
archaeological site of difficult accessibility located in a reservoir.

The five surveys were performed with the following software and instrumentation:

e  DJI Phantom 4 Pro UAV platform for acquiring photos. The integrated RGB sensor is a 1”7 CMOS
with 20 Mpx (image resolution 5472 px X 3648 px) and a focal length of 8.8 mm (24 mm at 35 mm
format equivalent).

e  ARDUPILOT Mission Planner for flight planning.

e  Litchi mobile app for managing and controlling the UAV in the field.

e  Agisoft Metashape Pro for the photogrammetric processing. The main settings used for all the
case studies were: (1) “accuracy: high” for the alignment (tie points); (2) “quality: high” for the
dense clouds. All the sets of photos are self-calibrated by the software.

2.2. Tartessian Settlement of the Sierra Boyera Reservoir (Belmez)

In 2017, a severe drought in the Guadiato Valley led to a sharp drop in the water level of the
Sierra Boyera Reservoir. As a result, a small peninsula emerged close to the reservoir dam, where the
ruins of a Tartessian settlement became clearly visible (Figure 2). Members of the Ager Mellariensis
project quickly performed an excavation to subsequently study and document the site before it was
submerged again under the water of the reservoir.

When the archaeological excavation was finalized, a UAV photogrammetric survey was carried
out to obtain an accurate and high-quality point cloud and its related by-products, including an
orthophoto mosaic and a DEM. Because this may be the only geographical and graphic data that will
be available for several years and there may not be another opportunity to document the site, the
primary goal of the survey was to ensure that the product was of an overall high quality.

To collect the data, we first placed seven ground control points (GCPs) on the site. The GCPs
were materialized in the field as squared targets printed in high-contrast with a size of 50 cm X 50 cm
and anchored to the ground with pins at the corners. The GCPs were arranged uniformly throughout
the study area (Figure 3). The geographic coordinates of each GCP were acquired with a Leica GNSS
(Global Navigation Satellite System) system, and a real-time relative static survey of 60 measurements
was performed for each GCP. The acquired data were post-processed using Leica GEO Office software.
The Projected Coordinate Reference System is ETRS89 UTM Zone 30N.
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Figure 2. Tartessian settlement of Sierra Boyera. On the left, the area on 21 July 2016. On the right,
the same area on 28 October 2017, showing the emerged site. ©Images from Google Earth.

Figure 3. Orthophoto mosaic created by the photogrammetric workflow using photos acquired by
Unmanned Aerial Vehicle (UAV) at a height of 20 m (area outlined in white) and the Ground Control
Points (GCPs) used for the topographic survey (red). © “Ager Mellariensis”/AEI FEDER HAR 77136-R.

The flight plan (Table 1) was set with the goal to obtain the best visual quality and a clear analysis
of all the elements of the site.
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Table 1. Flight plan settings for the photogrammetric survey of the Tartessian settlement of the Sierra
Boyera Reservoir.

Survey Area 0.21 ha
Flight level [m] 20
Flight airspeed [m/s] 1.5
Interval shooting [s] 2
GSD [em] 0.5
Overlap [%] 80
Sidelap [%] 75
No. of photos used 137

Once the UAV flight was completed and georeferenced with the GNSS system, we proceeded
with a second topographic survey with a Topcon OS 101 total station (TS) to improve the accuracy of
the photogrammetric point cloud. We collected the coordinates of 138 well-characterized points of the
archaeological structures.

As indicated by the total mean square error (MSE) of the GCPs in the XYZ coordinates of
1.37 cm and 0.5 px, the orthophoto mosaic and the DEM are of an excellent visual quality and a good
topographic accuracy.

2.3. Mina de la Loba (Fuente Obejuna)

The second case study is the Mina de la Loba (Figure 4A), a late republic Roman mine (1st century
BC) located in the municipality of Fuente Obejuna (Cérdoba) [32]. The aim of the photogrammetric
survey was to obtain an orthophoto mosaic and DEM that could be used as a highly reliable document
for planning a future geophysical survey (Figure 4B). To cover the whole study area, it was necessary
to prepare two different flight plans: one for the northern area and another for the southern area,
with several meters of overlap between them (Table 2).

Table 2. Flight plan settings for the Mina de la Loba photogrammetric survey.

Flight Plan 1 (N) Flight Plan 2 (S)
Survey area 11.5ha 12.7 ha
Flight level [m] 120 120
Flight airspeed [m/s] 3 3
Interval shooting [s] 2 2
GSD [em] 3.51 3.51
Overlap [%] >80 >80
Sidelap [%] 75 74
No. of photos used 942

The photos were georeferenced using seven GCPs distributed throughout the entire study area,
paying specific attention to emphasizing the most relevant differences in altitude (Figure 4B). The GCP
coordinates were acquired using a TOPCON HiperSR dual frequency RTK (Real Time Kinematic)
GNSS system connected to the Andalusian Positioning Network (RAP). This procedure allows for the

real-time differential correction of the positioning error. The Projected Coordinate Reference System is
ETRS89 UTM Zone 30N.
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(B)

Figure 4. (A) Mina de la Loba. Extraction galleries and settlement. © “Ager Mellariensis”/AEI
FEDER HAR 77136-R. (B) Orthophoto mosaic (left) and Digital Elevation Model (DEM) (right) of the
final products of the Mina de la Loba photogrammetric survey. GCPs are marked in red. © “Ager
Mellariensis”/AEI FEDER HAR 77136-R.
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The orthophoto mosaic (Figure 4B) has a high-quality visibility and a spatial accuracy with a
total MSE of the GCP coordinates of 2.83 cm and 0.225 px. This is due to the perfect environmental
conditions during the data acquisition (solar light was scattered on the ground due to a completely
cloudy sky and there were no steep differences in altitude), and due to the resulting absence of shadows
on the terrain.

2.4. Caliphal Fortress and Village of Tolote (Los Bldzquez)

The third case study is the photogrammetric acquisition of the caliphal fortress and settlement of
Tolote located in the Sierra del Castillo in the municipality of Los Blazquez [33].

The main goal of this survey was to obtain a fairly reliable and good-quality graphic base to
conduct a remote-sensing analysis of the Islamic structures and orographic anomalies and confirm a
possible anthropic origin (Figure 5).

[ Castle
[ Fortress

Figure 5. Orthophoto mosaic obtained by the photogrammetric survey of the caliphal fortress and
Tolote settlement with the detected archaeological structures. © “Ager Mellariensis”/AEI FEDER
HAR 77136-R.

The area of influence of the ancient fortress and settlement covers approximately 14 ha. Due to
its large size and the inaccessibility to various sectors of the castle (abrupt and thick Mediterranean
forest), we were forced to reach an acceptable compromise between the feasibility of the work and the

overall quality of the final product. To cover all possible visual angles, we designed two perpendicular
flight plans (Table 3).
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Table 3. Flight plan settings for the photogrammetric survey of the caliphal fortress and village of

Tolote (Los Blazquez).
Flight Plan 1 (N-S) Flight Plan 2 (E-W)
Survey area 139 ha 139 ha
Flight level [m] 120 120
Flight airspeed [m/s] 3 3
Interval shooting [s] 2 2
GSD [em] 3.51 3.51
Overlap [%] >80 >80
Sidelap [%] 75 75
No. of photos used 1109

Although the resulting orthophoto mosaic is of a good visual quality, the physical inaccessibility
to some areas affected the general quality of the topographic survey. We placed only six GCPs on the
ground in the north-western and central sectors of the study area (Figure 6).

Figure 6. Orthophoto mosaic obtained by the photogrammetric survey of the caliphal fortress and
village of Tolote. GCPs are marked in red. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.

Due to the numerous cliffs and dense tree canopy of the study area, the GCPs in the north and
east sectors were not clearly visible from the air. Therefore, the only reliable topographic point in these
sectors is represented by the trig point n. 85,734 of the Lower Order Network (ROI-Red de Orden
Inferior) of the Spanish geodetic control network. We carried out the acquisition of the georeferenced
coordinates of the GCPs using the TOPCON HiperSR dual frequency RTK GNSS system connected to
the Andalusian Positioning Network (RAP). The Projected Coordinate Reference System is ETRS89
UTM Zone 30N. In this case, the total MSE of the GCPs in the photogrammetric point cloud was
5.06 cm and 0.98 px.
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2.5. Pefion de Pefiarroya (Pefiarroya—Pueblonuevo)

As one of the highest points of the Upper Guadiato Valley, the Pefion de Pefiarroya is a rocky
outcropping where a Chalcolithic settlement has been documented [34,35].

In this case study, a 3D model was generated from a UAV photogrammetric survey to insert this
cultural and natural heritage environment in a virtual reality application called AeroGlobeGuadiatvr.
Therefore, we only acquired the necessary photos by UAV for the photogrammetric elaboration, but did
not conduct an accurate topographic survey on the ground of the area since the UAV’s GPS embedded
system was sufficient for the purposes of the project. Given that this wide survey area spanned a
surface of 42 ha, we decided to divide the area into three different flight plans, each one covering a
specific sector (Table 4).

Table 4. Flight plan settings for the Pefion de Pefarroya photogrammetric survey (Pefiarroya—

Pueblonuevo).
Flight Plan 1 (NW-SE) Flight Plan 2 (NW-SE) Flight Plan 3 (NW-SE)
Survey area 14.6 ha 142 ha 13.2ha

Flight level [m] 120 120 120

Flight airspeed [m/s] 3 3 3

Interval shooting [s] 2 2 2
GSD [cm] 3.51 3.51 3.51
Overlap [%] 80 80 80
Sidelap [%] 70 70 70

No. of photos used 1442

The orthophoto mosaic obtained by the photogrammetric process was of an adequate visual
quality (Figure 7). The most obvious problem, clearly due to the lack of an accurate topographic survey
on the ground, was the average positioning error of the photos combined with the UAV’s embedded
GPS system, which was 1.99 m for the XYZ coordinates.

Figure 7. Pefion de Pefiarroya: (A) orthophoto mosaic by UAV photogrammetric survey; (B) orthophoto
mosaic of the year 2013 of the PNOA; (C) Digital Terrain Model (DTM) generated from the LiDAR files
of the PNOA. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.

2.6. Venta de la Estrella (Espiel)

As in Section 2.2 (the Tartessian settlement of the Sierra Boyera Reservoir), the same drought
that affected the Guadiato Valley in 2017 caused a small historical settlement (probably of Iberian and



Drones 2020, 4, 47 10 of 20

Roman origin) to emerge from the depths of another reservoir; in this case, the Puente Nuevo Reservoir
in a site known as the Venta de la Estrella. Given the fortuitous discovery of this settlement—and its
difficult accessibility—we decided to conduct a simple UAV photogrammetric survey (Table 5) without
an accurate topographic survey on the ground. This choice was due to the need to map the site as
quickly as possible before it was submerged again. We considered that the photogrammetric survey
would provide sufficient data to carry out a provisional interpretation of the visible structures, without
the need for a centimeter geometric accuracy.

Table 5. Flight plan settings for the Venta de la Estrella photogrammetric survey (Espiel).

Flight Plan 1 (N-S) Flight Plan 2 (NW-SE)
Survey area 8 ha 7 ha
Flight level [m] 60 60
Flight airspeed [m/s] 1.5 1.5
Interval shooting [s] 2 2
GSD [cm] 14 1.4
Overlap [%] 80 80
Sidelap [%] 70 70
No. of photos used 1151

The orthophoto mosaic obtained by the photogrammetric process is of a very good visual quality
(Figure 8). However, like case study 2.5 of the Pefion de Pefiarroya, the average positioning error of the
photos, combined with the UAV’s embedded GPS system, was very large (2.5 m in the XYZ coordinates).

Figure 8. Venta de la Estrella (Espiel): (A) ©PNOA orthophoto mosaic of 2005; (B) orthophoto mosaic
by UAV photogrammetric survey without an accurate topographic survey on the ground; (C) DEM by
UAV photogrammetric survey. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.
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3. Results and Discussion

Appropriate geometric accuracy has reached different goals for each context.

For Section 2.2, the Tartessian settlement of the Sierra Boyera Reservoir in Belmez, an accuracy
test was carried out based on an error check between the photogrammetric model and the topographic
survey conducted with TS.

In the rest of the case studies, an accuracy test was also performed to check the error between our
photogrammetric models and the open-access LIDAR data of the IGN.

The IGN acquired the LiDAR data of Andalucia in Spring of 2014 (March-May) and it published
them in the 2016.

All the IGN LiDAR data of Andalucia are based on the ETRS89 geodetic datum. A Leica ALS60
sensor was used, and the point density of the point clouds is 0.5 pt/m?. The RMSExy is 0.3 m and the
RMSEz is 0.2 m.

The downloadable LiDAR data are classified. Regarding our check-error tests, we have considered
only the points of the Class 2 “Ground,” which is the most important point class to detect archaeological
anomalies; the point density decreases to 0.3 pt/m?.

3.1. Accuracy Test of Tartessian Settlement of Sierra Boyera Reservoir (Belmez)

As explained in Section 2.2, we assessed the accuracy of this photogrammetric survey using
an error check between the DEM of the area and the integrated GNSS and TS topographic survey
(Figure 9). The coordinates obtained by the TS topographic survey were considered the most reliable
and accurate.

Figure 9. Tartessian settlement of Sierra Boyera Reservoir: topographic survey with TS (red) overlapped
on the hillshade map by DEM. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.
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The discrepancy (A) between the height (h) of each point of the topographic survey and the (h) of
the corresponding pixels on the DEM generated from the photogrammetric survey data (Figure 10)
was also calculated.

Ah Total Station - Photogrammetric Model [m]

0.2
0.15

0.1

‘II Nl
‘c

’L > A B N X VO D VN NS \ \’ ”)
O’@/@ 0“3%"“ “”% @C”@“’/@“’/ (&\@6\@ \@ > x“’/x“”x"\;% Q;o“'\;@”o;o”’@/0’;&&&0’%&/@@@@ ?”@“’0"/@‘1/@&"/ o‘“&’ o x\%
SORSIAIAIYA = & RN v N
0.05 OO DR F D & go
L LS AN AR AS o VIV 7

-0.15

Figure 10. Graph of the height discrepancies (Ah) between the points of the topographic survey with
TS and the corresponding pixels extrapolated from the DEM.

The root mean square error (RMSE) was then estimated based on the sum of the discrepancies
(Figure 11), which is 0.055 m.

n

2
RMSE = Z (hTotal Station; — hPhotogrammetric Modeli)

i=1

ST

Figure 11. Formula used to calculate the root mean square error (RMSE) between the TS topographic
survey and the photogrammetric DEM: 7 is the number of points (138), Iyt station [m] is the height
obtained by the TS and hpyotogrammetric Model [m] is the height obtained by the DEM.

3.2. Accuracy Test of Mina de la Loba (Fuente Obejuna)

For the Mina de la Loba case study in Section 2.3, the data quality check was performed by
comparing our DEM with the DTM processed of the LiDAR point cloud of the PNOA project.

The visible values in the discrepancies map are correct (Figure 12). If we do not consider the
canopies of the trees, most of the values are in the orange range (-0.1 m to —0.4 m). Furthermore,
it should be noted that the greatest distortions appear at the edges of the surveyed area (larger than
—0.6 m in the northern area; larger than 0.7 m in the southern area). These are peripheral zones that are
outside the area of intervention, and the errors can therefore be considered acceptable. Large distortions
occurred in these peripheral areas due to the limited number of photos used for the photogrammetric
processing and the absence of GCPs that would have surely limited the errors.
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Figure 12. Mina de la Loba: map of discrepancies between the heights of the DEMs generated from the
photogrammetric and LiDAR data. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.

3.3. Results of Caliphal Fortress and Settlement of Tolote (Los Bldzquez)

As explained in Section 2.4, the presence of a thick forest in the area of the fortress and village
of Tolote negatively conditioned this acquisition. Before generating the DEM, we removed as many
points related to the trees as possible without affecting the general quality of the model to reduce
height errors due to the forest canopy.

When analyzing the discrepancies map (Figure 13) between the two DEMs, our acquisition and
the IGN LiDAR data, it is interesting to observe that the western zone, the only area without forest
cover, shows the largest discrepancies. Therefore, we assumed that the errors were not due to the
presence of thick vegetation, but rather to the absence of GCPs on the ground in this area.
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Figure 13. Caliphal fortress and settlement of Tolote: map of discrepancies between the heights of the

DEMSs generated by the elaboration of photogrammetric data and the PNOA LiDAR data. © “Ager
Mellariensis”/AEI FEDER HAR 77136-R.

The analysis of the central sector of the surveyed area (Figure 14) where the castle and settlement
are located shows that the largest discrepancies (color value: from red to yellow) correspond to the tree
canopies that were impossible to remove (red) and to the background noise generated by the canopies

(orange and yellow).

Figure 14. Caliphal fortress and village of Tolote: detail of the discrepancies map corresponding to the
area where the historical structures are located. © “Ager Mellariensis”/AEI FEDER HAR 77136-R.
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The most interesting values correspond to the green and aquamarine shades of the area where
the structures of the castle and the village are located. These values are close to 30 cm (a tolerable
discrepancy due to the RMSEz of the LiDAR data of 0.2 m).

The eastern area, which contains cliffs and a thick forest, presents high discrepancies (blue color
value). These natural conditions impeded us from placing some GCPs to better compute the heights.

As result, the principal goal of furnishing good-quality graphic documentation to detect the
structures of the castle and village from this photogrammetric survey was achieved considering the
extension and the problematic terrain of the surveyed area.

3.4. Results of Pefion de Pefiarroya (Pefiarroya—Pueblonuevo) and Venta de la Estrella (Espiel)

Regarding Sections 2.5 and 2.6, as explained in the previous sections, the UAV photogrammetric
survey was not combined with an accurate topographic survey on the ground. As a result, the XYZ
coordinates of the photogrammetric models have a low absolute accuracy.

However, the relative accuracy can be checked considering the homogeneity of the absolute errors
of the photogrammetric model. An acceptable relative accuracy allows us to obtain different internal
measurements of the model such as distances, areas and relative heights with a tolerable precision.
Calculation errors can be easily identifiable by checking points in the photogrammetric model and in
the geographic data of the PNOA (orthophotos and LiDAR data).

The selected sampling points were the same in both data sources (Figures 15 and 16). The point
sampling process was as follows:

e  The points were collected according to a uniform spatial distribution (whenever possible) and at
different heights.

e  The sampling points, such as stones, crossroads and other features, were easily identifiable.

e  The position of the points was as close as possible to the bare ground or on flat spaces of more
than 2 m?. Rocks or edges of buildings were avoided.

Figure 15. Section 2.5 Pefion de Pefiarroya (Pefiarroya—Pueblonuevo): (A) Comparison of the spatial
distribution of the sampling points used to evaluate the absolute errors between the orthophoto mosaic
obtained by the photogrammetric survey and (B) the Spanish PNOA orthophoto mosaic of 2016. A. ©
“Ager Mellariensis”/AEI FEDER HAR 77136-R. B. © IGN ORTO-PNOA 2016.
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Figure 16. Section 2.6 Venta de la Estrella (Espiel): comparison of the spatial distribution of the
sampling points used to evaluate the absolute errors between (A) the orthophoto mosaic obtained
by the photogrammetric survey and (B) the Spanish PNOA orthophoto mosaic of 2016. A. © “Ager
Mellariensis”/AEI FEDER HAR 77136-R. B. © IGN ORTO-PNOA 2016.

Homogeneity of the errors was evaluated using the coefficient of variation (CV), also known as the
relative standard deviation (RSD) (Figure 17). This test could be indicative of the internal structure of
the photogrammetric model. Although the absolute accuracy of the model presents large metric errors,
it is interesting to determine if each part of the photogrammetric model presents the same general error.

AX = XpNoa-Lipar — XPhotogrammetric Model
AY = Ypnoa-Linar — YPhotogrammetric Model

AZ = Hpnoa-Lipar — hPhotogrammetric Model

52=Z(Xi_)?)
n—1
s =452
CV=i-100
|X|

Figure 17. Coefficient of variation or relative standard deviation: X is the arithmetic mean of the errors,
X; is the error of each sampling point, S? is the variance, S is the standard deviation and CV is the
coefficient of variation expressed in %.

The photogrammetric model of Section 2.5 Pefién de Pefiarroya shows very high CV values
above 100% (Table 6). If values above 50% are assumed to be indicative of high dispersion [36],
the photogrammetric model can be considered null and void in terms of both its absolute and
relative accuracy.
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Table 6. Results of the coefficient of variation for the 11 sampling points of Section 2.5 Pefion de

Penarroya.
Section 2.5 Pefidn de Pefiarroya
PNOA-LiDAR Photogrammetric Model Discrepancies
ID X [m] Y [m] H [m] X [m] Y [m] h [m] AX [m] AY [m] AZ [m]
1 299,616.631  4,243,949.724  713.802 299,614.541 4,243,949.990 702.86133 2.090 -0.266 10.941
2 299,765.333  4,244,121.761  671.937 299,764.475 4,244,122.033 663.74713 0.858 -0.272 8.190
3 299,637.708  4,243,784.115  728.181 299,636.869 4,243,784.750 717.70593 0.839 —-0.635 10.475
4 299,808.813  4,243,865.292  751.312 299,807.903 4,243,866.102 739.38873 0.910 -0.810 11.923
5 300,040.827  4,244,072.587  678.150 300,040.528 4,244,073.300 668.81262 0.299 -0.713 9.337
6 299,881.750  4,243,576.557  689.382 299,881.727 4,243,576.998 678.82715 0.023 —0.441 10.555
7 299,938.088  4,243,727.442  745.590 299,936.486 4,243,728.995 735.17694 1.602 -1.553 10.413
8 300,146.978  4,243,803.410  659.138 300,147.137 4,243,802.425 649.09106 —-0.159 0.985 10.047
9 300,020.231  4,243,465.479  657.916 300,019.602 4,243,465.947 647.19226 0.629 —0.468 10.724
10 300,089.282  4,243,593.039  661.015 300,088.825 4,243,592.640 651.50317 0.457 0.399 9.512
11 300,492.183  4,243,686.371  625.294 300,491.164 4,243,684.860 613.41095 1.019 1511 11.883
X [m] 0.779 -0.206 10.364
S? [m] 0.429 0.748 1.186
S [m] 0.65487523  0.86514358  1.08901314
CV [%] 84.0857652  420.52936  10.5080206

The photogrammetric model of Section 2.6 Venta de la Estrella presents an additional problem.
When the PNOA LiDAR data were obtained in 2014, most of the surveyed area was flooded by the
waters of the Puente Nuevo Reservoir (Figure 16B). Consequently, the PNOA LiDAR data for the site
lacked information on absolute heights. Due to this problem, we were able to sample only four points
in the northern sector of the surveyed area.

In this case, the CV values are very close to 0 and tolerable (Table 7). The most important problem
is that the sampling points were not distributed uniformly in the surveyed area, and the data are
insufficient to determine if the relative accuracy is acceptable.

Table 7. Results of the coefficient of variation for the four sampling points of case study 2.6 Venta de

la Estrella.
Section 2.6 Venta de la Estrella
PNOA-LiDAR Photogrammetric Model Discrepancies
ID X [m] Y [m] H [m] X [m] Y [m] h [m] AX [m] AY [m] AZ [m]
1 323,329.922  4,224524.940  443.529 323,331.093 4,224,526.652  508.82272 -1.171 -1.712 —65.294
2 323,371.264  4,224,552.508 444987 323,372.46 4,224 ,554.039 510.1181 -1.196 -1.531 —65.131
3 323,533.788  4,224,525.563  444.658 323,534.817 4,224,526.753  509.28793 -1.029 -1.190 —64.630
4 323,423.451  4,224,506.473 443.624 323,424.532 4,224,508.301 505.87317 —1.081 -1.828 —62.249
X [m] -1.119 ~1.565 ~64.326
$? [m] 0.006 0.078 1.997
S [m] 0.07783904  0.27842339 1.41306383
CV [%] —6.95457166 —17.7877904 —2.19672414

4. Conclusions

Although some of the acquisitions presented here may have too many errors to be considered a
high-quality geomatic product, it is important to take into account that the surveyed area presented
several limitations. Itis an extremely large wooded, rocky and irregular historical landscape conditioned
by two reservoirs. Moreover, most of the land is private and it is difficult to access. However,
photogrammetric acquisitions partially allow us to overcome these barriers. These “low cost” products
have helped to preserve a substantial part of this threatened heritage. Without these acquisitions,
we would not have been able to carry out the programmed socialization heritage activities. Acquisition
and dissemination have served to increase the patrimonial interest of a site where no patrimonial
documentation project has ever been carried out before.

In Section 2.2, an archaeological excavation was designed and carried out based on the acquired
documentation. The surface ceramic contexts identified in the survey we conducted in 2018 were
correctly georeferenced. In a few days, after our quick work, the reservoir flooded again, and this
documentation is all that remains of the archaeological site until we are able return to it again.
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The future prospects for the Mina de la Loba are more promising. A geophysical survey and an
excavation based on a strong geomatic approach could be conducted in the framework of the Ager
Mellariensis project. The documentation we obtained allowed us to detect anomalies and reconsider
the extension of this archaeological site as well as optimize future geophysical prospections and
excavation resources.

Similar conclusions can be drawn from the rest of the cases, especially cases 2.4 and 2.6. A plan for
future interventions has already been designed for the caliphal fortress of Tolote. Moreover, like case
2.1, an archaeological site threatened by a reservoir has been recovered.

However, these acquisitions have an even more important application. They permit obtaining
products for the socialization and dissemination of archaeological content. From a topographical point
of view, although case 2.4 may not be very profitable nor too useful, the photogrammetric acquisition
allowed us to develop a very interesting informative program: AeroGlobeGuadiatvr. This virtual tour
using 3D glasses allows visitors to “fly” above the Pefion de Pefiarroya (and other monuments of Alto
Guadjiato) in a hot air balloon while they listen to an account of the history of the site. The aim of the
program is to raise awareness about the site among the local community and has attracted the interest
of several institutions (Figure 18).

Figure 18. AeroGlobeGuadiatvr. Virtual tour of the Pefion de Pefiarroya (and the medieval castle of

Belmez) developed by Ramon Gonzélez of Cetemet Inc. for the Ager Mellariensis research project.

The strategy behind this remote sensing applications was to adapt photographic flights, taking
into account their possibilities and limitations, to the objectives of the Ager Mellariensis archaeological
research and social awareness project. The use of drones has allowed us to achieve these goals.
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