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A B S T R A C T

A stretch of the Roman road between Corduba and Emerita runs through the modern region of Alto Guadiato in
the province of Córdoba (Spain). The structure of this Roman road is well known in the most mountainous part of
this territory. However, there are four reservoirs along the course of this road in the flattest part of the region.
Therefore, usually the Roman road is submerged and becomes hard to study it. In December 2017 we have been
taken advantage of a drought period in order to document the road using remote sensing, photogrammetry and
ground investigations. The first step of this research was the identification of this Roman road from several aerial
imagery datasets of Spain available in the CNIG. Later, diverse DTM processed from the PNOA LiDAR point
clouds were used to obtain the maximum of information in order to design our own photogrammetric acqui-
sitions. Then, we have compared the performance of both photogrammetric DEMs. Finally, this dataset was
checked with a ground survey along the Roman road.

In this paper we present the earth observation, remote sensing and ground prospection methods that can be
used to study a Roman road in an overall way. Moreover, these resources are very useful when agility is required
to get high-quality documentation, as is the case of this submerged stretch of Roman road. Finally, these methods
are also helpful to preserve the memory of threated archaeological sites.

1. Introduction

1.1. Historical significance

The via Corduba-Emerita was the only Spanish Roman road that was
directly connecting two provincial capital cities: for its situation, it was
one of the most important roads at all Hispania (Roman Spain). Its
Cordovan stretch passes entirely through the modern region of Valle del
Alto Guadiato, one of the richest Ancient Spain valleys due to its
abundant gold, silver, copper and lead, whose fame even reached
Rome. At a certain length along this road, 25 km from its beginning in
Córdoba, another significant road begins in a Northeastern direction
through Valle de los Pedroches: This second road was connecting
Córdoba with Sisapo. It was the road that brought the precious minium
and mercury extracted in the surroundings of La Bienvenida-Almaden,
emperor's property, on its long journey from the port of Córdoba to
Rome.

Despite its significance, most of the physic way of this Roman road
is not known. We need search it still, because we need understanding
better the importance of it structure, considering that armies of Rome,

and the merchandise for Rome, passed along this road in ancient times.
Here we can show only a stretch of this rich “road of metals”.

To find evidences of this important ancient road, in a wide and
relatively unpopulated territory, it is fundamental to take advantage of
the huge open-access geographical data made available by the Spanish
central administration. It is also important to consider that the area of
the Northern province of Córdoba consists in a mountainous zone of
very hard accessibility, due to the high slopes, the several agricultural
and grazing lands and the presence of wide modern artificial reservoirs
that hide territories strongly anthropized in ancient time and that ac-
tually can be study only in specific climatic conditions that pass for only
short periods and not annually. Once, the evidences are identified, it is
necessary to recognize and quickly document these with high detail to
preserve the historical and economical information in a territory af-
fected by sudden geomorphological changes, as it is the case study of
this paper.

This methodology can be easily repeat in the Spanish territory with
a cost-effective result due to, above all, the free geographic data
available and it can be also integrated with cheap photogrammetric
UAV (Unmanned Aerial Vehicle) platform for more high-detailed
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surveys. This workflow is useful not only to identify the route of ancient
roads but also to discover archaeological sites (Monterroso Checa,
2017) of different ages and to analyze the evolution of the historical
landscape.

1.2. Topographical Roman sources. The Iter Cordubam ab Emerita in the
Itinerarium Provinciarum Antonini Augusti

The Antonine Itinerary is a collection of most of 220 routes along
the roads of the Roman Empire, which dates to the 3rd and 4th cen-
turies B.C. In each case, the beginning and the ending of the route are
cited, as well as the route's complete distance in Roman miles. There is
also a list of the stops - civitates and mansiones - along the route while
stating the number of miles between each one.

The Antonine Itinerary (as well as another similar road guide from
the Roman era: the Ravenna Cosmography) clearly reflects the ad-
ministrative reality of the Roman Empire, compiling the main routes of
each territory and their connection with the main cities. It was used for
the orientation of the user while travelling, but it mainly shows the
official internal network of the entire empire (Rivet and Jackson, 1970).

In the case of Hispania, 34 roads are listed (Roldán Hervás, 2014)
with numerous cities along its itinerary. Route 11 corresponds to the
Corduba-Emerita road (Monterroso Checa and Gasparini, 2016). Ac-
cording to the Itinerary, the distance between Córdoba and Mérida was
about CXLIV m.p. (144miles) and that the cities of Mellaria, Artigis and
Metellinum were located between Córdoba and Mérida.

The distance between Córdoba and Mellaria is listed as LII m.p.
(52miles), which is roughly equivalent to 77 km. Nowadays, the dis-
tance between Córdoba and Mellaria is of 85 km by highway. The
straight-line distance between Córdoba and Mellaria is of 67 km. We
have looked for the unknown sections of this Roman road along this
distance and we could identify some of them at various locations. The
most important is located at the Puente Nuevo reservoir (Fig. 1).

1.3. Archaeological background: the via Corduba-Emerita in the Ager
Cordubensis by previous investigations

Thanks to the ancient literary and epigraphic sources, as explained
in the previous paragraph, it's possible to outline the general path of the
road; on the other hand, nowadays minimum stretches of this ancient
way are physically known and geographically located in the area of the
Ager Cordubensis.

The most well-preserved stretch of this way is placed in the so-called
“Loma de los Escalones”, 14 km northern of Córdoba, close to the
hamlet Cerro Muriano (Melchor Gil, 1995, 116; Monterroso Checa and
Gasparini, 2016): here the Roman way is structured as a rock-cut road
and it's preserved for approximately 400m. Another stretch of 30m of
the way is preserved close to the intersection between the country road
Espiel – Villaviciosa de Córdoba and the national road 432 at the km
218 (Melchor Gil, 1995, 116). These ones are the most considerable
stretches of the Roman way known till today and they sum<500m
length along a path of 77 km between Córdoba and Mellaria.

2. Materials and methods

2.1. Study area: the Puente Nuevo reservoir in the aerial imagery from
PNOA-IGN

Here are compiled by the CNIG all spatial data of Spain acquired by
IGN (Instituto Geográfico Nacional – Spanish National Geographic
Institute” - https://www.cnig.es/), among others, we can analyze all
photogrammetric flights: from the first, the American flight of 1950
(AMS (B) 1956–1957) to recent photogrammetric flights acquired by
the PNOA (Plan Nacional de Ortografía Aérea – “National Aerial
Orthography Plan”) in 2017 (https://fototeca.cnig.es/). IGN-PNOA is a
collection of databases of a major interest to identify and analyses ar-
chaeological sites in Spain (Berrocal-Rangel et al., 2017; Blanco-Rotea
et al., 2016; Carrero-Pazos et al., 2015; Cerrillo Cuenca, 2017; Cordero

Fig. 1. Puente Nuevo reservoir. Situation of the Roman road from Corduba to Emerita. © OrtoPNOA 2009 CC-BY 4.0 ign.es.
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Ruiz et al., 2017; Costa-García and Casal García, 2015; Monterroso
Checa, 2017; Pérez Álvarez et al., 2013; Vidal Encinas et al., 2018).

The downloaded data regarding to the area of the Puente Nuevo
reservoir corresponds to Sheet 0901 of the MTN50 (National
Topographic Map 1:50.000).1

It was possible to conduct a multitemporal analysis of the evolution

of the landscape along this section of the Roman road from Córdoba to
Mérida occupied by the Puente Nuevo reservoir with the spatial data-
bases analyzed from 1956 to 2016. We have payed special attention to
the years with lower rainfall, as it is the case of 2005, 2007 and 2009.

In the first orthophoto analyzed, the “AMS (B) 1956–1957” (Fig. 2),
acquired when the Puente Nuevo reservoir did not exist yet, the road
may be discerned clearly. Later, we can recognize and measure with
high precision the Córdoba-Mérida Roman road in the photogram-
metric flights of 1980 (Fig. 3), 2005, 2007 and 2009 (Fig. 4) due to the
low level of the reservoir.

The most interesting file of these aerial imagery collections are
belonging to the flight of the PNOA developed in the year 2005. The
strong drought occurred in the period of the acquisition of this image

Fig. 2. Puente Nuevo Area without the reservoir. Roman road is marked with arrows in the “American flight” AMS (B) 1956–1957 Orthoimage. ©OrtoPNOA-H1956-
57 CC-BY 4.0 ign.es.

Fig. 3. Puente Nuevo reservoir. Roman road is marked with arrows in the “National Flight” of 1980. © FotoN 1980–1986 ign.es CC-BY 4.0 ign.es

1 Depending on the selected flight, it consists on orthophotographies in ECW
format - with a pixel size between 0.5 and 1m. with 3 RGB bands – and pan-
chromatic images. The Geodesic Reference system is ETRS89 with UTM pro-
jection in Zone 30 with Orthometric height. Each file is accompanied with a
Metadata file, with the technical specifications of each photogrammetric flight
(López-López and Cerrillo Cuenca, 2016).
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make it the best one to distinguish the road. It is an orthophoto with
RGB bands with a pixel size of 0.5 m. Two parallel lines that run from
NW to SE mark clearly the itinerary of the Roman road.

The measurements of this section of the road are 1 km in length and
8m in width with the coordinates of:

• X: 326460.460 m; Y: 4222639.300m

• X: 327195.700 m; Y: 4222010.300m

2.2. Photogrammetric acquisitions. Methodology framework, data
processing and results

The optical and photogrammetric flights showed before served us to
plan the second methodological step of this work: the acquisition of
high detailed photogrammetric survey. The aim of these acquisitions
are getting a precise geographical information for the research and
planning the future development of excavations.

Using low cost platforms for photogrammetric acquisitions is cur-
rently today in many archaeological research projects (Remondino and
Nex, 2014), also in Spain (Hernández-Hernandez et al., 2014;
Hernández-López et al., 2013; Ortiz et al., 2013; Ruiz Sabina et al.,
2015). Normally, the methodologies are very similar, or standardized,
when acquisitions are developed along visible archaeological remains.

Fig. 4. A, B, C. Puente Nuevo reservoir. From the left to the right, from up to bottom, the image shows the localization of the Roman Road in the PNOA Orthoimage of
2007, 2009 and 2005. © PNOA 2005/07/09 ign.es CC-BY 4.0 ign.es.

Table 1
Features of Phantom 4 Pro camera used in the acquisitions.

Sensor size 1″
Focal distance 9mm
Image size 5472×3648 pix
ISO speed ISO-100
Exposure time 1/200 s
Maximum shooting speed 2 s
Capturing system Image in RGB real colour
Image format JPG

Table 2
Parameters of the first photogrammetric acquisition.

Flight height 20m
Flight speed 2m/s
Longitudinal overlap 80%
Distance among images (basis) 4 m
Shooting time 2.13 s
Horizontal field of vision 28.4 m
Vertical field of vision 21.3 m
Flight distance 1240 km
Flight time 11min
Number of photographs 310
GSD 0.58 cm
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However, we want to explain right now our difficulties and goals with
the use of these common resources in a very special medium as is an
ancient Roman road partially submerged in a reservoir. This is the main
goal of this article.

The image-based modelling used was stereoscopic photogrammetry
acquired from UAV (Unmanned aerial vehicle) with Structure from
Motion post processing (Snavely et al., 2008; Verhoeven et al., 2012)
covering the entire road using a DJI PHANTOM 4 PRO drone. The
photogrammetric models obtained have been geo-referenced using

control points (Targets) and support points (typical stone slabs of the
road) whose coordinates have been acquired using GNSS (Global Na-
vigation Satellite System) of dual frequency RTK (Real Time Kinematic)
with centimetric precision TOPCON HiPer SR.

The photogrammetric and georeferencing workflow has been car-
ried out through the software Agisoft Photoscan (http://www.agisoft.
com).

The shooting settings of the photograms acquired using the drone
are the following (Table 1).

Fig. 5. Elaboration of LiDAR and photogrammetric data in CloudCompare (https://www.cloudcompare.org). From the left to the right, from up to the bottom: LiDAR
points cloud with RGB data; LiDAR points cloud classified automatically by the IGN; LiDAR points cloud with visible only Class 2 (bare soil) points. It is noted how
some points of the swamp water sheet have been recognized as Class 2 points and, therefore, have been used in the interpolation for the creation of the DEM.
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The drone flight was programmed to get the best detail available of
the characteristics of the road infrastructure. Adapting it to the char-
acteristics of the camera, the flight was planned with the following
parameters (Table 2).

After the first acquisition, we must face the problem that in the
photogrammetric processing of the data captured, the DEM (Digital
Elevation Model) and orthophotos are obtained with a great distortion.
The geometry of the only lineal transect acquired is not very strong.
Also the photogrammetric point cloud generated is only based on the
longitudinal overlap.

The reason is due to the shooting time and the flight height. It is
known, that in this drone model, the flight height refers to the point of
take-off. As such, if there are increases in the height level of the ground
area the flight height shall be< 20m. With the height between the
drone and the ground being lower, the shooting time required among
photographs for 80% longitudinal overlap shall be< 2 s, which is not
possible with the drone used, due to the minimum time required for
taking continuous photographs being 2 s.

To contrast these mistakes, we have compared the DEM obtained
with the LiDAR data of the IGN that cover the reference area.2

A number of processing methods are available in literature. We have
work with QGIS 2.18.19 “Las Palmas” (http://www.qgis.org) and
LASTools (https://rapidlasso.com/). The first step has been to process
the point-cloud LiDAR files downloaded from de CNIG website through
the LASTools tool “blast2dem” (https://rapidlasso.com/blast/
blast2dem/). Through the interpolation of the points, this tool allows
the creation of a temporary TIN mesh (Triangulated Irregular Network).
DEM raster is automatically generated.

Due to the particular conditions in which the section of Roman road
is investigated, the most useful product is a DTM (Digital Terrain
Model) that has been achieved by interpolating and rasterizing ex-
clusively the points of the LiDAR data classified according to the Class
2, corresponding to the points of the bare soil without vegetation
(Fig. 5).

The three images below show the same information acquired from
the LiDAR data integrated with the photogrammetric point cloud from
UAV. It is very useful to take care of the small area of overlap between
the two products available to obtain an accurate comparison of the
altimetric data.

Therefore, a series of DTM have been developed from LiDAR data
with different spatial resolutions, in order to make a set of altimetric
comparisons between these products and the DEMs generated with the
same resolution from the points cloud of our photogrammetric acqui-
sitions.

The comparison between both models is focused only in a part of
PNOA-LiDAR data from 2014, because this year the reservoir was al-
most completely full. Only a small, unflooded area, of the 1643m2 of
the northernmost part of the entire study area was able to be compared.
The comparison made is the following (Fig. 6).

The left image on Fig. 6 shows the DEM processed after our pho-
togrammetric flight. The red coloured area may reach a height of
494.3 m. However, the model to the right of the Fig. 6 generated with
the PNOA-LiDAR data, where in roughly the same area – also coloured

Fig. 6. Comparation between DEM processed from the first fotogrammetric acquisitions (on the left) and DEM processed from the LiDAR files of IGN (on the right).

Table 3
Parameters of the second photogrammetric acquisition.

Flight height 40m
Flight speed 3m/s
Longitudinal overlap 80%
Distance among images (basis) 9 m
Shooting time 2.84 s
Horizontal field of vision 56.9 m
Vertical field of vision 42.7 m
Flight distance 1240 km
Flight time 7min
Number of photographs 148
GSD 1.17 cm

Table 4
Features of the point clouds acquired.

Average flying altitude 26.2m
Coverage area 0.125 km2

Tie point 340.917
Tie point reprojection 2.904.821
Root mean square reprojection error averaged over all tie points

on all images.
0,65 px

Dense cloud 210.934.016
GSD (Ground Sample Distance) of orthomosaic 1.05 cm/px
GSD (Ground Sample Distance) of DEM (Digital Elevation Model) 2.10 cm/px

2 The average point density value of the datasets of PNOA-LiDAR is 0.5 point/
m2 in the first coverage (1,4 m between each point) with an altimetric un-
certainty of RMSE (Root Main Square Error) ≤20 cm. The Geodesic Reference
system is the ETRS89 and the projection used is the UTM in Zone 30. The
heights are orthometric. The classification of terrain and off terrain targets from
LiDAR acquisition has been made by Instituto Geografico Nacional.
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red – reaches a height of 444.5 m. We have a discrepancy of around
49m. We should also highlight that a large part of the model obtained
in our acquisitions has heights higher than those of the LiDAR data, in
which the area flooded by the water (a blue-green coloured area) cor-
responds to almost all the model. Its height elevation is about 443.8 m;
however, the model generated by the flight must be for height values
of< 443.8 m.

The adopted solution to obtain exacts photogrammetric products
has been develop a second lineal flight, with the same alignment, but at
a different height. The parameters for the second flight are (Table 3).

The photographs captured were processed with the photographs
taken on the first flight. The goal is to assure that an appropriate
longitudinal overlap among images with photograph redundancy is
achieved. On the other hand, it gives more geometric strength to the
photogrammetric flight to get trustworthy results.

The points clouds generated from the union of the photo dataset of
the two different flights, georeferenced through the insertion of the GCP
taken in the field, offer the following features (Table 4).

The same comparison (Fig. 7) is developed as before (between the

LiDAR data of the IGN and the DEM obtained after processing the two
flights together). The comparison completed is:

Focusing only on the non-flooded area (red-coloured area) of the
model generated with PNOA-LiDAR data, we can assure that the height
values are very close to those generated by the UAV acquisitions
(Fig. 8).

To make a comparison as close as possible we have generated both
DEM with the same parameters (although both the pixel size and the
type of interpolation used to rasterize the dense cloud of points affect
the altitude values of each of the cells of the DEM).

We have established that the pixel size is the minimum possible (in
this case 1m, since the LiDAR data does not allow a smaller size). The
interpolation method used is the irregular triangular network TIN,
which uses the algorithms when generating the DEM raster. The algo-
rithm used for the LiDAR data is blast2dem from LAStools for QGIS. The
construction of the DEM for the data acquired by aerial photo-
grammetry has been processed with Agisoft Photoscan (Fig. 9).

Calculating the discrepancies between the altitude values (Fig. 10)
there are red and orange pixels with values between −57 and− 78 cm.

Fig. 7. On the left, full DEM as result of the union between the first and the second photogrammetric acquisitions. On the right, DEM processed from the LiDAR files
of IGN.

Fig. 8. Comparison between our full DEM (on the left) and DEM processed from the LiDAR files of IGN (on the right) in non-cover section of the Roman road.
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Fig. 9. Detail of the comparison between our full DEM and DEM processed from the LiDAR files of IGN (on the right) in non-cover section of the Roman road.

Fig. 10. Discrepancy between LiDAR IGN files and our full DEM.

Fig. 11. Roman road in the final hillshade of our full DEM.
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Although they are high values, they are really few pixels distributed by
the terrain, which generally corresponds (above all, the colour orange)
with areas where there are trees. The colours shown in most of the
terrain correspond to green and yellow, whose values are between −14
and − 36 cm. Finally, in the areas in blue the minimum discrepancies
values are of 6 cm.

These discrepancies are considered tolerable because the LiDAR
data has an uncertainty of ≤20 cm. Although the maximum dis-
crepancies values are close to 78 cm, the fact that this area only occupy
few pixels allow us consider them as residual values from some noisy
points or residual values of vegetation in the area. The values that we
can consider tolerable, between 6 and −36 cm, cover> 90% of the
area. The combination of both flights is considered finally correct as
well as the photogrammetric products generated (Figs. 11, 12).

2.3. Ground research

We have prospected the entire stretch of the Roman road analyzed
in the photogrammetric flights. The structure of this stretch has all the
characteristics that a Roman road should have (Mateazzi, 2009),
showing the same construction techniques of other well-known Roman
roads located in nearby places of Córdoba (Melchor Gil, 1993), Spain
and Europe (Moreno Gallo, 2013) (Figs. 13, 14).

In the case of the Roman road of Puente Nuevo reservoir the in-
frastructure was built excavating different stretches of a large plot of
land that was> 12m wide and 1.5 m deep. Later, also in stretches, two
containment walls were inserted on each side on both margins of the
road, as is regular for Roman roads.

In this case, a third wall has been built right in the longitudinal
center of the road, which divides it into two sections. This was deemed
necessary due to the extraordinary width of this road, which has> 8m
of road surface and 12 in total, including the evacuation ditches for
water on both sides. Thus, we have two sides that perfectly limit the
containment walls.

Once these three longitudinal walls were built in stretches, the
surface of the way was filled with different layers of mud and stone. All
this makes up the agger, or embankment, which is used to build the
Roman roads.

Due to this characteristic, the Roman road is recognizable in aerial
photographs as well as in our photogrammetric acquisitions.

Fig. 12. Final Orthoimage with detail of the Roman Road.

Fig. 13. Conserved sector of the Roman road from Corduba to Emerita. The
photogrammetric acquisitions developed have captured the original semi-
circular mound of mud, small stones and clay of the surface.

Fig. 14. The infrastructure under the pavement, shows two lateral walls and
one axial wall, captured in the photogrammetric acquisitions.
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3. Conclusions

We have acquired and compiled a very useful remote sensing da-
taset may be used in three different ways in the future.

Firstly, we have discovered the location of these sections of the
Roman road, which were previously unknown. The high quality geo-
referenced information acquired allows us to know where the route
goes, what its incline is and the orographic difficulties which the
Romans faced during its construction.

Also, the photogrammetric documentation allows us to preserve this
cultural asset in digital resources “forever”. Effectively, these methods
of remote sensing allow us to digitally safeguard an endangered heri-
tage, as in this case. It also allows for its scientific dissemination, even
though it shall be covered in water again.

Finally, this documentation allows us to plan archaeological ex-
cavations with precision when the reservoir's water levels lower again.
We already have all the previous documentation required to undertake
archaeological surveys in the structure of the road and, therefore, cross-
check the information.

Earth Observation, Remote Sensing and Geoscientific Ground
Investigations have rescued the memory of an ancient monument from
the depths of a reservoir. Now, it is a scientific resource that may be
used to recognize the rich heritage of this region along one of the most
important roads of the Western Roman Empire.
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