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ABSTRACT

Legacy data in the form of historical aerial imagery can be used to investigate geomorphological change over time. This data can be used
to improve research about the preservation and visibility of the archaeological record, and it can also aid heritage management. This
paper presents a composite Image-Based Modelling workflow to generate 3D models, historical orthophotos, and historical digital
elevation models from images from the 1970s. This was done to improve the interpretation of survey data from the early Roman colony
of Aesernia. The main challenge was the lack of high-resolution recent digital elevation models and ground control points, and a general
lack of metadata. Therefore, spatial data from various sources had to be combined. To assess the accuracy of the final 3D model, the
Root Mean Square Error (RMSE) was calculated. While the workflow appears effective, the low accuracy of the initial data limits the
usefulness of the model for the study of geomorphological change. However, it can be implemented to aid sample area selection when
preparing archaeological fieldwork. Additionally, when working with existing survey datasets, areas with a high bias risk resulting from

post-depositional processes can be indicated.
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1. INTRODUCTION

Pedestrian  field survey currently faces paradoxical
developments. In the rapidly deteriorating archaeological
landscapes of the Mediterranean as well as elsewhere,
archacologists are becoming ever more reliant on field survey
data, especially those collected in earlier times with relatively
good quality surface finds (so-called legacy datasets). At the same
time, over the past decades there has been increasing attention
for the various biases that may occur when sampling the
archaeological record by pedestrian survey. Initially, much
research has targeted methodological biases, amongst others to
correct for the varying visibility of archaeological surface material
during the surveys. This has led to a well-developed rigour in
field survey practices documenting the present field conditions
as systematic and well as possible [1]-[12]. The research
presented in this paper focuses on one particular factor: the
geomorphological change over time. Erosion and depositional

processes, as well as incisive anthropic actions such as mining, all
influence the location and preservation of the archaeological
record. Understanding geomorphological change can help to
better assess the value of surface distributions of archaeological
finds retrieved during field work, and at least in theory also to
assess the reliability of legacy survey datasets.

Historical aerial images have since long been used to aid in the
identification of archaeological features that in the meantime
have been obscured or obliterated by more recent anthropic
manipulations and/or natural events. Mote specifically, historical
aerial photographs now also allow us to generate historical digital
elevation models (hDEMs), historical orthophotos and 3D
models of areas that have often been subjected to significant
landscape change over the years. This can be done by using
Image-Based  Modelling ~ (IBM) techniques such as
photogrammetry, often using the principle of Structure from
Motion (SfM).

When a recent digital elevation model (DEM) is subtracted
from an eatlier one, a map of the occurred geomorphological
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change can be extracted, thereby generating useful new data. The
generation of hDEMs from historical aerial images is not always
straightforward. Common problems with the generation of
hDEMs consist of poor or lacking metadata, low image
resolutions, and the absence of contemporary GPS ground
control points (GCPs). These factors can complicate generating
new data from historical photographs. Additionally, the
comparison of data with different coverages, resolutions, and
levels of precision can cause problems, which makes estimating
the difference between two DEMs to investigate
geomorphological change challenging.

Issues concerning hDEM generation are often resolved by
using GPS GCPs on locations that are visible in both historical
and recent remote sensing data, or by creating new GCPs from
accurate (and often more recent) maps in a Geographic
Information System (GIS) and using those in the IBM software.
An alternative is to co-register the created DEMs to ones that are
currently available, as demonstrated by Sevara et al. [13].
Common workflows use ground control points that were
recorded in the field with a GPS, therefore establishing
deviations of less than 10 cm [14]-[18] or use highly accurate
recent DEMs for co-registration [19]-[22]. These resources were
not available in the region under investigation, therefore the
objective of this study was to assess the feasibility of a composite
workflow using legacy data that was lacking any physical GCPs.
One potential source of error is the manual placement of the
control points, in both GIS and IBM software, since this mostly
relies on the resolution of the images and the competency of the
user. Furthermore, the quality of the final result largely depends
on the quality of the initial data. As previously mentioned, in the
case of this research no GCPs or high-resolution DEM were
available, which significantly complicated the IBM procedure.
Therefore, the usefulness of this procedure for further research
and analysis was investigated by assessing its accuracy after
several improvements.

The landscape of Italy has changed significantly over the past
century [23], which has a big impact on the archaeological
remains. This makes it a good location to investigate the various
factors influencing the surface data obtained through pedestrian
surveys. The Landscapes of Early Roman Colonization (LERC)
project operates in this changing landscape. The research
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Figure 1. LERC research area around Aesernia [3], [26].

presented in this paper was carried out using data provided by
the Aesernia Colonial Landscape Project, which was started in
2011 by Dr. T. D. Stek as an EU Marie Curie Fellowship at
Glasgow University, and subsequently, in 2013, continued in the
larger framework of the LERC project, a collaboration between
Leiden University and the Royal Netherlands Institute in Rome
(KNIR), funded by the Netherlands Organisation for Scientific
Research (NWO) [24]. The LERC project investigates the early
Roman colonisation process in Italy, mainly by pedestrian
surveys and remote sensing [24]. This paper focuses on the
landscape surrounding the Latin colony of Aesernia (263 BCE),
around the modern town of Isernia, situated in the Molise region
in south-central Italy (Figure 1).

In section 2 the study area and the various data sources
utilised in this research will be discussed, and some of the issues
mentioned. The next two sections describe the methods and the
results, followed by a discussion highlighting some issues and
limitations. Finally, in the concluding section the main
applications and limitations are stated.

2. STUDY AREA AND DATA

The colony of Aesernia was established in 263 BCE, and the
territory was previously known as a relatively undocumented area
within the Molise, except for the landscape research carried out
in the 1980s [25]. In the past decade, extensive research has been
done in this area by means of field survey, various types of aerial
photography and remote sensing, and geophysics.

Significant issues in the region include the modern
urbanisation and changes in land use, which are happening at a
fast pace around the town of Isernia. Therefore, the initial stages
of the LERC project focused on the area around the town.
Although the current trend in Mediterranean pedestrian survey
focuses on the collection of off-site data in a smaller sample area,
where fields are selected for their good visibility, the LERC
project covered the majority of fields, including those with low
visibility [26]. This variation in visibility can be attributed to
factors such as differences in land use (e.g. freshly ploughed vs.
overgrown) and geomorphological change. Both are thought to
have impacts on the collection and interpretation of pedestrian
survey data, which is why they have been subject to further
investigation.

Figure 2. Aerial image coverage for 1970-71 around Isernia.
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Figure 3. Composite IBM workflow.

For the present analysis, several data sources were used,
including legacy data consisting of 53 aerial photographs from
the Isernia area (Figure 2). These were produced in 1970-71 for
cartographic purposes by the Societa per Azioni Rilevamenti
Aerofotogrammetrici  (SARA) [27]. The images had been
digitised with a resolution of 300 dpi (1970 set) and 600 dpi (1971
set). The type of scanner and its parameters were unknown at the
time of writing, therefore possible errors related to factors such
as resolution, distortion, and glare were unknown. The average
flight height was not exactly known either, and neither were yaw,
pitch, and roll, which meant that camera properties, including
focal length, could not be used. These are typical issues related
to the use of legacy data, since this data is usually not created for
modern research purposes.

Additionally, a regional orthophoto of the Isernia area from
2007 was provided by the geoportal of the regione Molise (using
the AutoGR tool developed by Dr. Gianluca Cantoro). The
TINITALY/01 DEM released by the Istituto Nazionale di
Geofisica e Vulcanologia INGV) in 2007 was used as control
DEM. This is a composite DEM that is commonly used in recent
archaeological research [28]. In Molise, the root mean square
error (RMSE) of the TINITALY DEM (modern DEM or
mDEM) is 3.76 m in the non-urban areas, and 4.51 m in the
urban areas [29], [30]. A hillshade visualisation of this DEM was
used as base map for several figures (1, 2, 6, 9, 10) in this paper.

Agisoft Metashape Professional 1.5.2 build 7838 was used to
create the various models using SfM, CloudCompare 2.10.2 was
used for modifying and co-registering the point clouds. ArcMap
10.4.0.5524 was used to run the GIS procedure, and ArcScene
10.4.0.5524 to visualise the data in 3D. All data was processed in
the EPSG:32633, WGS84 / UTM 33N cootdinate system.

3. METHODS

To accommodate the limitations of the original data, a
composite wotkflow involving SfM, point cloud processing
software, and GIS was designed (Figure 3). First, a preliminary
model using 53 images from 1970-71 was built using SfM.
Although all images were of sufficient quality, they had borders
that could leave traces during the creation of the 3D model and
the DEM, and therefore needed to be removed. This was done
by manually going over every picture and creating a mask by
selecting the area that had to be removed. Areas that were of low
quality because of glare were also removed in this way.

Once the preliminary model was created, GCPs were placed
in a GIS environment on the resulting orthophoto. This was
done by using features that appeared unchanged and were easily
recognisable on the 1970-71 and 2007 orthophotos, such as
corners of buildings and intersections of roads. The XY
coordinates were obtained based on the 2007 orthophoto, and
the elevation values were extracted from the mDEM. This data
was then imported into the SfM software, where the GCP
locations had to be modified manually by keeping the SfM and
GIS software side by side (Figure 4). The coordinates were given
for each GCP in Easting (m), Northing (m), Altitude (m). An
accuracy of 3 meters was set, considering the resolution of the
images when visually placing the markers in horizontal space for
the XY coordinates, and the vertical accuracy of the DEMO7,
which generated the elevation value.

When all GCPs and their coordinates were added, the process
to generate the model was initiated again, starting with the
alignment of the photos, this time using high accuracy, with a key
point limit of 120000, and no tie point limit. This resulted in a
sparse point cloud consisting of 387692 points. Then, the camera
alignment was optimised, in order to achieve a higher accuracy
and to correct for possible distortions, using the focal length
radial distortion coefficients k1, k2, k3, and k4; tangential
distortion coefficients p1, p2, p3, and p4; and affinity and skew
(non-orthogonality) transformation coefficients b1 and b2 [20].
Additionally, the point cloud variance was calculated. Then, by
using gradual selection, points with high reprojection error
(above 0.25m) were removed, as well as points with a
reconstruction uncertainty above 10 m and with a projection
accuracy below 2.5 m. The filtering steps resulted in a removal of

Figure 4. Placing GCPs in Metashape (left) by comparing them to the image
in ArcMap (right).
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Figure 5. hDEM after cleaning, including GCP locations.

195061 points from the point cloud, with a final number of
192631 tie points. This filtering removed points that could result
in later outliers in the DEM. Next, the bounding box was set to
select the area that would be used in further processing. No
clipping of the area was done at this stage however, since the
hDEM would later be clipped by the research area in ArcMap.

After this, the dense cloud was built, using high quality and
moderate depth filtering, to avoid removing more complex
landscape features, and pixel colour was calculated. The mesh
was built using the height field surface type, and the dense cloud
as source data. The polygon count was set to high, in order not
to lose any detail. Interpolation was enabled, so that holes
generated in the previous filtering steps could be filled.

The next step was to build the texture. While this is not
necessary to create an orthophoto or DEM, it does provide a
better 3D visualisation of the area. The mapping mode was
orthophoto, blending mode mosaic. In workflows containing
black and white images, colour correction is often disabled, since
this is generally only useful for data sets with extreme brightness
variation. In this case however, the orthophoto would be used
for the classification of the forested areas. This was primarily
done based on pixel colour, which therefore had to be as accurate
as possible.

The hDEM (Figure 5) was built using the dense cloud, since
this generally produces more accurate results, and has a shorter
processing time. Although the DEM that was obtained had a
resolution of 2 m, it was decided to exportit ata 10 m resolution,
in order to be comparable with the mDEM. The orthomosaic
was generated in the same reference system, using the Mosaic
blending mode, colour correction was not used. The orthophoto
and hDEM could then be exported as geotiff files. The no-data
value was set at 255.

Ground points were classified using a 15 degrees maximum
angle, 2 m maximum distance, and 25 m cell size. The ground
point cloud (hDEM) then further modified in

was

Figure 6. Geomorphological change (erosion and sedimentation).

CloudCompare. An additional filtering step was carried out using
Statistical Outlier Removal, using 10 points for the mean distance
estimation and 1.00 as the standard deviation multiplier
threshold. Duplicate points were removed as well, and the point
cloud was downsampled to a 2.5 m resolution to speed up
processing. Then, the hDEM was co-registered to the mDEM
using an iterative closest point (ICP) algorithm. This co-
registration procedure corrected the hDEM, decreasing the tilt
and modifying the scale to better fit the mDEM. This resulted in
a decrease in RMSE on the whole hDEM area from 13.95 m to
7.49 m.

The hDEM was then rasterised to a grid size of 10 metres to
be comparable with the mDEM. An additional compensation
was carried out by measuring the deviation of the hDEM in 101
new GCPs in supposedly stable areas, interpolating these values
with the application of Kriging. In this case, ordinary Kriging was
used with a linear semivariogram, since this model fitted the
GCPs best. The Kriging window was set at 12 points, with a
maximum distance of 7000 m. The resulting raster showed the
deviation of the hDEM across the research area, which was most
significant near the edges of the model (as can be expected with
this type of model), especially on the north and south sides. The
deviation map was then subtracted from the hDEM, and the
mDEM was subtracted from the compensated hDEM, showing
the geomorphological change in the area. In order to exclude
areas with vegetation or buildings from the geomorphological
change model, these were masked by a combination of
automated classification based on the grey values of the historical
orthophoto and manual adjustments of the mask. The resulting
model shows both the positive (presumably sedimentation) and
negative (presumably erosion) change in the landscape (Figure

6).
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Figure 7. Detail of 1970-71 3D model. Orange line representing 5 km.

4. RESULTS

The 3D model generated by the SIM procedure was sufficient
for a visual study of the landscape surrounding Isernia (Figure 7).
In order to determine its suitability for the determination of
geomorphological change, an accuracy assessment was carried
out. The north-south and east-west profiles of the various DEMs
were compared (Figure 8), showing that the co-registration
resolved a significant amount of tilt both in the north-south and
east-west  planes  (DEM70-71_coreg). The  additional
compensation using the deviation surface obtained with Kriging
resulted in another improvement (DEM70-71_final).

The RMSE of the hDEM relative to the mDEM was
calculated, and the total RMSE was calculated using the relative
and the mDEM RMSE (Formulas (1), (2); Table 1). The final
hDEM had an RMSE of 5.87 m. Although this is a significant
possible error when dealing with landscape change, this is mostly
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Table 1. RMSE values.

Relative RMSE Total RMSE
Before compensation 6.48 m 7.49m
After compensation 451m 5.78 m

due to the original data quality. Considering the fact that the
original 2007 DEM has an RMSE between 3.76 m and 4.51 m in
the Molise region, and a resolution of 10 m, the 5.87 m RMSE
of the final hDEM was deemed an acceptable result
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Even though there are limits due to the RMSE of the final
hDEM, the resulting geomorphological change map obtained by
subtracting the mDEM from the hDEM serves as a useful
indication of the changes around Isernia. The resolution is not
high enough to allow detection of more subtle changes; however,
especially since in this procedure no physical GCPs are necessary,
it may be used to better select the sample areas during the
planning of archaeological fieldwork. Additionally, its results can
assist the interpretation of the data collected by the pedestrian
surveys. As such, it can help improve existing archaeological
models, for example about site distribution, in a way not
dissimilar to the soil map analysis by Casarotto et al. [31]. A good
example of the changing landscape in the area can be found
south of the town of Isernia, where a quarry has expanded
dramatically in a few decades, leaving a lasting effect on the
landscape (Figure 9).

The mask that was created to exclude forested areas from the
geomorphological change map, can also provide a visual
indication of the rapidly changing land use in the area. Plots of
land are no longer being used for agriculture and have been
abandoned and subsequently reforested, which can clearly be
seen when comparing the situation in 1970-71 with the situation
in 2007 (Figure 10).

5. DISCUSSION

An important challenge with the presented research was the
need to use input from different sources to create the hDEM,
and the deviations related to this approach. In order to create a
georeferenced model, GCPs with X, Y, and Z values are
required. The historical aerial photos were not georeferenced,
which is normally solved by using either GPS GCPs with XYZ
values and error below 10,0 cm, or by utilising LiDAR data to
co-register the hDEM. This kind of data was not available for
the current research, which heavily influenced the IBM
workflow.

Due to data limitations, there are possible errors originating
from the use of the 2007 orthophoto to extract XY values and
the 2007 DEM to extract z values, and combining these into
GCPs, rather than collecting GPS coordinates in the field and
importing these as markers. Creating and placing GCPs manually
like this increases the chance of user error. Since the procedure
is based on a visual comparison of the recent and historical
images with varying resolutions, it is possible to have an error of
several metres in XY value. The current research focuses mostly
on changes in Z value, but the aforementioned bias should not
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Figure 9. Geomorphological change due to mining activities.

be neglected, since a change in the horizontal plane can result in
significant changes in elevation, especially in irregular terrain.

The accuracy of the final model depended on the resolution
and accuracy of the 2007 orthophoto, the 2007 TINITALY
DEM, the 1970-71 historical aerial photographs, and the user
error when placing the various GCPs. While the resolution and
accuracy of the 2007 DEM was known, this was not the case for
the 2007 orthophoto and the 1970-71 aerial images. Further
limitations were imposed because the properties of the scanner
used to digitise the original images were unknown. Therefore,
scanner deformities may have been introduced, contributing to
possible errors in the final model. This research made an attempt
at correcting some of these errors by applying filtering, co-
registration, and compensation, leading to significant
improvements.

6. CONCLUSIONS

The main goal of this research was the creation of a composite
IBM workflow to build historical landscape models from
historical aerial photographs using SfM, and extracting
information about geomorphological change. By applying data
from other sources such as a more recent orthophoto and DEM
to obtain ground control points in GIS that could then be
entered in the SfM software, it was possible to create historical
orthophotos and hDEMs. The hDEM for 1970-71 was further
filtered and co-registered to the mDEM from 2007.
Subsequently, it was corrected by applying interpolation to create
a vertical deviation surface from other GCPs. This resulted in a
compensated hDEM that was then subtracted from a modern
DEM in order to observe geomorphological change, while areas
with buildings or vegetation were masked.

Although there are severe limitations resulting from the
quality of the initial data in this case study, the proposed
composite workflow appears effective for the creation of more
accurate historical 3D models and geomorphological change
maps of rapidly evolving landscapes. Geomorphological change
has an inherent duality, both positively (uncovering) and
negatively (displacing/coverting/destroying) influencing the
visibility of the archaeological record. Despite this,
geomorphological change maps can be used to provide feedback
for planning pedestrian surveys and to interpret their data
critically, possibly assisting in the assessment of its accuracy and
the improvement of archaeological models.

Figure 10. Masked forest (right), reforestation since 1970-71 (left).
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