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ABSTRACT:

This study describes the methodology carried out and the main results achieved when using photogrammetry and Terrestrial Laser
Scanning (TLS) to obtain 3D models of the evolution of archaeological works in Egyptian tombs. More concretely, the study was
performed in the exterior zone of the QH34 set of tombs located in the necropolis of Qubbet el-Hawa (Aswan, Egypt). The
necropolis is composed of tens of rock-cut tombs located in a medium-size hill situated on a bank of the Nile River. The QH34 zone
concentrates a great quantity of tombs from several periods of ancient Egypt. The area of study is situated on a horizontal platform
of the terrain of about 300 m?. Thanks to the particular geology of this zone, with a fracture that caused the collapse of part of the
rocks, much of these tombs have remained intact because the remains of the collapsed terrain hid their entrances. The archaeological
works were carried out during two periods (2018 and 2019 campaigns). The main goal of this study was to model the evolution of
these works using several geomatic techniques and obtaining several 3D models of the terrain and burial elements to document the
previous, intermediate and final status and to analyse the archaeological works undertaken. In addition, a reduced time was
demanded for the acquisition of data. The methodology developed has demonstrated its viability for performing multi-temporal

studies in order to document the evolution of the excavation, providing a wide and reliable set of geomatic products.

1. INTRODUCTION

The development of geomatic techniques during the last
decades has allowed the improvement of the graphical
documentation of archaeological sites. This evolution has eased
both the acquisition and the processing of data, allowing the
application of these techniques even by non-professional users
in simple circumstances. In this context, several techniques
based on Close Range Photogrammetry (CRP), for example
using low-cost cameras (Ogleby et al., 1999; Celikoyan, 2003;
Cardenal et al., 2004; Chandler et al., 2005; Fangi, 2007; Covas
et al., 2015; Fiorillo et al., 2016; Barazzetti et al., 2017a), and
Terrestrial Laser Scanning (TLS) (Beraldin et al., 2000), have
been widely applied. Among other products, CRP allows us to
obtain point clouds from images, which can be used to obtain
3D models, while TLS allows us to capture this information
directly from scanning stations.

The use of CRP to document archaeological sites supposes an
option to consider in cases where a low-cost technique must be
used or a high-quality realistic texture of the structure is
demanded. However, the difficulties involved with the
acquisition of photographs in complex structures conditioned
the use of this technique because of the necessity to cover the
entire object from several points of view, guaranteeing
homogeneous illumination conditions. In addition, the presence
of narrow spaces or occlusions could increase the quantity of
photographs needed to cover the structure using normal focal
lenses mounted in non-metric cameras. So some alternative
procedures, such as the use of wide angle lens (Gémez-Lahoz,
Gonzalez-Aguilera, 2009; Mozas et al., 2012; Martinez et al.,
2013; Fiorillo et al., 2016), fisheye lens (Boulianne et al., 1997;
Kedzierski, Waczykowski, 2007; Georgantas et al., 2012;
Covas et al., 2015; Perfetti et al. 2017; Barazzetti et al., 2017b)

and 360 degrees cameras (Pérez-Ramos, Robleda-Prieto, 2016;
Kossieris et al., 2017; Mandelli et al., 2017; Barazzetti et al.,
2017a; Fangi et al., 2018; Cantatore et al. 2020; Bertellini et al.,
2019) were implemented in order to reduce the quantity of
images needed to cover the object. The use of Remotely Piloted
Aircraft Systems (RPAS) (Colomina, Molina, 2014; Nex,
Remondino, 2014; Campana, 2017) and masts (Georgopoulos,
1999; Mozas-Calvache et al., 2012; Martinez et al. 2013; Ortiz
et al., 2013; Blockley, Morandi, 2015; Martinez et al., 2015;
Pérez et al., 2019; Mozas-Calvache et al., 2019) to lift cameras
supposes a useful alternative to photographs acquired from the
ground because of the improvement of the coverage of the
object (usually on the terrain) and the reduction of the
occlusions (e.g. those caused by the presence of vertical walls).
The development of these platforms for elevating sensors has
also been expanded, allowing the obtaining of 3D models and
cartography of archaeological sites easily. In addition to the
improvements in sensors and hardware, the development of
current processing algorithms, such as Structure from Motion
(Ullman, 1979; Koenderink, Van Doorn, 1991; Lowe, 2004,
Szeliski, 2011) and MultiView Stereo (MVS) (Scharstein,
Szeliski, 2002; Seitz et al., 2006; Szeliski, 2011; Furukawa,
Hernandez, 2015), which are implemented in several
commercial applications (Agisoft Metashape, Colmap,
VisualSFM, Bentley ContextCapture, Sure) (Brutto, Meli,
2012; Rothermel et al., 2012; McCarthy, 2014; Green et al.,
2014), have also contributed to the general use of CRP in these
types of studies. In this sense, Westoby et al. (2012) indicated
that these aspects have contributed to the ‘democratization’ of
photogrammetry.

The use of TLS to obtain 3D models of archaeological sites
supposes a viable option to consider when this type of
instrument is available (although scanners have been reduced in
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price during the latest years, they are still too expensive to be
considered in any project yet). In the case of complex sites,
TLS supposes an excellent and powerful method of collecting
3D data and creating accurate surface models (Remondino et
al., 2011). The operation of several scanning stations allows us
to tackle the difficulties caused by complex structures.
Furthermore, the acquisition time is relatively low at each
station and more effective if the capture does not consider the
acquisition of HDR images. In these cases, the illumination
conditions are not important. TLS has shown promising results,
even in complex spaces and structures, as demonstrated by
Fernandez-Palacios et al. (2013), Nabil et al, (2013), Lima and
Vergauwen (2018), Echeverria et al (2019) and Mozas et al.
2020 in several Egyptian tombs. The presence of narrow spaces
or occlusions will suggest the addition of more scanning
stations to cover the structure completely in contrast to the low
increment of time required by each scan.
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Figure 1. Location of the necropolis of Qubbet el-Hawa
(Aswan, Egypt) and the QH34 zone.

A more detailed analysis of the advantages and problems of
CRP and TLS in cultural heritage applications was conducted
by Hassani et al. (2015). Several studies have shown that the
integration of both techniques can improve results
(Kadobayashi et al., 2004; Ahmon, 2004; Alshawabkeh, Haala,
2004; Guarnieri et al., 2006; Grussenmeyer et al., 2008; Lerma
et al., 2010; Fernandez-Palacios et al., 2013; Nabil et al., 2013;
Lima, Vergauwen, 2018). In general, the integration of CRP
and TLS has shown good results because it takes advantage of
the particular characteristics of each technique. However, the
selection of the technique to be used (or both), will depend on
the object to be studied, the availability of instruments and
other environmental circumstances. The selection should
consider other variables of the project such as budget, location
constraints, time needed for acquisition, final goal of the model,
objectives, etc. (Lambers, Remondino, 2007). As an example,
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TLS allows the fast acquisition of dense point clouds and
photogrammetry provides more realistic textures and usually
supposes the best option to generate other products (e.g.
orthoimages). So a combination of the two methods could be
interesting in various cases (Georgantas et al., 2012). In the
case of the archaeological sites of Egypt we must consider other
aspects, such as the availability of instruments, permits and
other logistical issues, when selecting the geomatic technique to
be applied.

Multi-temporal 3D modelling of archaeological sites allows the
obtaining of 3D documentation for all stages of the
excavation/intervention process instead of the usual
documentation based on the final status of a site. However, the
progress of excavation is especially interesting because in many
cases the architecture of the site has been modified several
times in the past and some of these phases have to be removed
during the excavation work or can disappear due to unexpected
events (e.g. collapses) (Koistinen, 2004). In addition, the 3D
documentation of the archaeological process is especially
important when archaeological works are discontinuous, as
usually happens in the case of missions in Egypt. Using this
documentation, different researchers can access easily (and
remotely) to a reliable media to contrast the evolution of the
archaeological works during the years. The obtaining of
geomatic products, such as the 3D models, allows us to perform
volumetric comparisons between times (e.g. between the initial
and final status of an excavation). Other derived products, such
as sections, digital models, orthoimages, etc., are also important
to support the work of other researches. The combination of
digital models and direct observations of the excavations results
must operate with the aim of improving the comprehension and
preservation of information for the documentation purposes
(Chiabrando et al.,, 2017). Independently of the geomatic
technique used at each stage, the products obtained must be
comparable. Therefore, the use of a common reference system
is fundamental in these types of studies.

In this study we describe a multi-temporal modelling of an
archaeological excavation. More specifically, we have applied
several geomatic techniques in order to obtain the 3D
documentation of the QH34 zone in the Necropolis of Qubbet el
Hawa in Aswan (Egypt) (Figure 1). The main goal has been to
model the evolution of the archaeological works, mainly carried
out during two periods (2018 and 2019), obtaining several 3D
models of the terrain and burial elements. This documentation
can be used to describe the previous, intermediate and final
stages of the archaeological works carried out in this zone.

1.1 Description of the QH34 funerary zone

The original use of Qubbet el-Hawa as a necropolis dates back
to the mid-6th Dynasty, around the reign of Pepy I (Edel,
2008). From that moment to the end of the Late 12th Dynasty
the governors, the members of their households and their
officials were buried in rock-hewn tombs in Qubbet el-Hawa.
The monumentality of these tombs depends on the social and
political position of the people buried in them. Thus, the largest
tombs were constructed for the governors and their closest
circle, while lower officials show smaller tombs.

Concerning the location of the tombs, we have observed
(Jiménez-Serrano, 2021) that the governors’ tombs were
situated coinciding with the best rock strata, which was situated
at a height of 130 meters above sea level. Moreover, these
tombs were situated on the Northern-east side of the hill, while
the secondary officials constructed their tombs on the South-
eastern slope of Qubbet el-Hawa. However, since the reign of
Amenmehat II (1878-1843"3) (Hornung et al., 2006), the
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Northern-east side of the hill lacked the space for grand new
funerary complexes with an orientation towards the East, as all
the tombs had. But there remained an area at the same altitude
of the hill of nearly 75 meters long between QH30b and
QH34a, which was probably intentionally left unoccupied to
differentiate the cemetery of the governors from the burial
ground of their highest officials, which extended from the
QH30b to the South.
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Flgure 2. Vlews of the QH34 zone in 2017 and 2019

The Governor Khema, who was governor under Amenmehat II,
was responsible for the construction of the earliest monumental
tomb (QH32) in this area (Martinez-Hermoso et al., 2018). The
succeeding governors constructed their funerary complexes
around Khema’s tomb (QH31, Sarenput II, Khema’s son, and
QH33, Heqaib-Ankh (?) and Heqaib III, Khema’s grandson’s)
or in its vicinity (QH30, Heqaib II). Immediately to the North
of the funerary complex of this group, QH33, four smaller
tombs were constructed. The chronology of these tombs
coincides with the construction of the grand funerary complexes
QH31 and QH33, dated between the reigns of Senwosret II
(1845-1837) and Amenembhat III (1818-1773) (Hornung et al.,
2006). These tombs were catalogued as QH34 and QH34aa,
QH34bb and QH34ee (Jiménez-Serrano, Sanchez-Leon, 2019).
The funerary equipment found in the interior of these tombs
have permitted us to identify some of the occupants, who were

members of the elite of Elephantine. Thus, it is possible to
conclude that in the grand funerary complexes (QH30, QH31,
QH32 and QH33) were buried the governors of Elephantine and
their closest circle under the reigns of Amenemhat II to
Amenemhat III, while the smaller tombs were occupied by
“secondary members” of the ruling household of Elephantine.
Therefore, the QH34 zone concentrates a great quantity of
tombs from several periods of ancient Egypt.

Nowadays, the QH34 zone is characterized by a cut in the slope
caused by a collapse of part of the hill. The zone is situated on a
horizontal platform of the terrain of about 300 m2 (Figure 2),
which contrasts with the slopes of the hill. Probably this
collapse, caused in the past, had as a consequence the
discovering of several intact tombs because the material
provided by the landslide had hidden those funerary sites for
centuries. Currently, the area of the QH34 zone is featured by a
great natural wall caused by the rock collapse, which generates
a horizontal platform where several tombs of different periods
of ancient Egypt were distributed (Figure 2).

The QH34 zone (Figure 2) has been excavated during recent
years by the team of the Qubbet el-Hawa Project of the
University of Jaén (Spain). During the archaeological works a
geomatic study of the structures was performed based on CRP
and TLS from the original status, with a certain layer of sand
covering the terrain and the interior of the tombs, to the final
excavation when the rock basis was achieved and several intact
tombs were discovered (Figure 2).

2. METHODOLOGY AND APPLICATION

The methodology developed in this study was based on the
characteristics of the zone and the objectives of the project.
Firstly, a medium-size zone that included a rock wall up to 7
metres high that appeared after the collapse of part of the slope.
Secondly, the 3D documentation demanded had to include real
textures of the terrain. Thirdly, the availability of instruments
and platforms at each time, which highly conditioned the
selection of the technique to use. Finally, in this site we must
highlight the coincidence of other works, which limited the time
available for data acquisition (several hours) and other
difficulties due to the presence of workers and tourists. There
was no possibility of repeating acquisition works, so the data
capture had to guarantee the completeness of the information.
We decided to use several techniques when it was possible.

These circumstances justified the decision of using
photogrammetry (CRP), supported in some stages with TLS
(Figure 3). Considering the presence of a rock wall and several
vertical walls (Figure 2), we decided to lift a camera to avoid
occlusions and to reduce the number of photographs taken to
cover the scene. However, the authorities did not allow us to
use RPAS. The exclusive use of photographs taken from the
ground would generate a large quantity of photographs covering
the object and the possible appearance of multiple occlusions
caused by the morphology of the terrain. This problem was
solved by using a light mast with a length up to 6 metres to lift
the camera (several one-metre poles composed this mast). At
the extreme of the mast, we mounted a conventional non-metric
camera (Sony alfa 5000) with tilts of 0°-45° and remotely
controlled. The system was supported and easily moved by two
operators. Using this system, we developed the methodology
described by Pérez-Garcia et al. (2018) to capture images based
on several stations of the mast. At each station eight
photographs were acquired by turning the system (mast and
camera) 45° to take each photograph. However, this approach
caused divergent images. The recommendations of the
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International Committee of Architectural Photogrammetry
(CIPA) for planning architectural photogrammetric projects
using non-metric cameras (known as the 3x3 rules) include
multiple photographic all-around coverage which involves
taking a ring of images all around the object, overlapping each
other by more than 50%. This supposes the obtaining of
convergent photographs which cover the entire object
(Waldhéusl, Ogleby, 1994). In order to resolve this issue
(divergence), we used images obtained from several stations of
the mast. So the stations were distributed over the zone
considering the coverage of the photographs and the necessity
of capturing the object with several convergent and normal-case
images.

Surveying works

(total station) s

Photogrammetry (CRP)

‘ Capture of photographs ‘ | Surveying network ‘ | Scans |
Edition & masking Point clouds
‘ Orientation Targets A W| Registering |
XYZ Transformation
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Texture

v
TLS-CRP
3D model
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Figure 3. Methodology.

The coverage of each photograph depends on several
parameters, such as the terrain topography, the presence of
occlusions, the camera parameters, the height of the mast, the
inclination of the camera, etc. So a theoretical distance value
between stations was calculated using these parameters and we
added a wide security margin. In the field we also used a
remote viewer controlled by an operator to guarantee full
coverage of the photographs and avoid occlusions. In addition
to the photographs obtained using the mast, we also took other
photographs from the ground to complete the coverage of the
object under study (e.g. Figure 4a). After the capture of
photographs, an edition and masking stage was undertaken in
order to avoid images or some parts of them which were not
desirable to process. The Agisoft Metashape software was used
to process all photogrammetric projects (including orientation,
the obtaining of point clouds, meshes and textures, and
obtaining final products). The accuracy achieved during the
orientation procedure was at centimetre level.

In addition to the CRP survey, the methodology (Figure 3) also
includes the obtaining of point clouds from TLS. Unfortunately,
this survey was only able to be implemented when the
instruments were available (intermediate and final stages). The
goal was to support the 3D model obtained using CRP,
checking its geometrical aspect. Therefore, we used a TLS
(Faro Focus X130) (Figure 4b). The location of the scan
stations supposes a critical step in the implementation of TLS
surveys in archaeological sites. The main aspects to be
considered are the necessity of obtaining a complete coverage
of the object and the existence of common overlapped zones
between adjacent stations in order to ease registering
procedures of the scans. The registration of the point clouds
acquired using TLS was carried out using Faro Scene software.
After that, an XYZ transformation was carried out to refer the

final point cloud to the project reference system. This point
cloud was edited, removing points from non-desirable objects
and filtered with a certain distance between points in order to
obtain a homogeneous point cloud. The final point cloud was
used to obtain a 3D mesh using the Poisson Mesh
Reconstruction described by Kazhdan et al. (2006).

The general application of the methodology was developed
twice. First, previously to the archaeological works and second,
after these works. In addition, several additional
photogrammetric studies were applied to particular zones
during the archaeological works in order to model the status of
these stages. As an example, the QH34ff and QH34ll tombs
were studied previously to their discovery, after the cleaning
process (several human skeletons and crocodile mummies were
modelled) (Figure 4b) and after the extraction of these elements
(final status). This supposes a complete study of the

archaeological works developed in these tombs.

Figure 4. Application: a) Location of photographs (2019); b)
Scanning of the QH34ll tomb including crocodile mummies.

All photogrammetric and TLS studies were referred to the same
reference system in order to ease the comparison and
integration of their products. This stage included the
distribution of several Ground Control Points (GCPs) with
known coordinates in order to orient photographs and point
clouds from TLS within a defined reference system. The
coordinates were obtained from a surveying network
(previously measured using GNSS) using a total station. This
process, which is very important in any geomatic study for
obtaining a graphical documentation referred to a defined
system, is fundamental when we are performing multi-temporal
studies because of the necessity of comparing models from data
captured at different times. The selection and location of targets
to implement the GCPs must guarantee several aspects, such as
the selection of a large enough quantity and good distribution of
targets over the scene, the determination of targets of an
appropriate size in order to obtain a correct identification of the
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GCP in several photographs (taken from variable distances),
etc. Alternative targets were also used to check the orientations
of photographs and transformations of point clouds. In the case
of the last campaign, the number of targets obtained with the
total station was reduced in order to minimize the acquisition
time (working area). Therefore, we used additional targets
obtained from the TLS point cloud after it had been transformed
to a global reference system. We must highlight the advantage
of using this combined methodology to reduce the volume of
GCPs acquired using total station, with a great reduction of
acquisition time.

Figure 5. 3D models obtained: a) 2017 from CRP; b) 2019
from CRP; ¢) 2019 from TLS.

3. RESULTS

The results included 3D models both from photogrammetry and
from TLS of several excavation stages and zones. In addition,
other derived products were obtained, such as Digital Elevation
Models (DEM), ground orthoimages, etc. Considering the
complete zone, we obtained a 3D model with real texture of the
initial status (from CRP) (Figure 5a), a 3D model with real
texture of the final status (from CRP) (Figure 5b) and another
3D mesh without real texture (from TLS) (Figure 5c). This 3D
mesh has been used to contrast the photogrammetric final
model (Figure 6b) but can also be used as a final 3D model by
adding texture obtained from CRP. A comparison of the models
has been carried out using the Maptek Point Studio and
CloudCompare software. Firstly, the comparison between the
initial and final status of the excavation has revealed a terrain
movement (sand) of about 114m? (Figure 6a). At some points
there were more than 2.5 metres of excavation.

Figure 6. Comparison between 3D models: a) CRP (2017) vs
CRP (2019); b) CRP (2019) vs TLS (2019).

Secondly, the comparison between the model obtained in 2019
based on CRP and that obtained using TLS has shown low
discrepancies (Figure 6b), with an average value of about 0.003
m and an RMSE value of 0.011 metres. We used a sample of
more than 142000 points to compare both models. The
discrepancies are mainly based on the interpolation performed
in small zones without data, the different software used for
triangulation and the usual smoothness of the models obtained
using CRP with respect to TLS. However the results obtained
demonstrate that both meshes are quite similar (even the mean
value of the differences is lower than data resolution).

o R aran |[0 [T owear |
Figure 7. 3D models: a) & b) previously to the excavation; c)
& d) after the excavation; e) & f) Comparison between both

periods.
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In addition to the study of the complete zone, we also obtained
several 3D models (Figure 7a and Figure 7b) and orthoimages
of two burial structures (QH34ff and QH341l), whose
archaeological process was subsequently modelled (including
the study previous to and after the extraction of the burial
elements). The 3D models including the burial elements (Figure
7a and Figure 7b) and the final status (cleaned) (Figure 7c¢ and
Figure 7d) were also compared (Figure 7¢ and Figure 7f),
showing elevations caused by the objects of up to 0.39 metres
with respect to the model of the final status. The special
importance of the remains discovered in these burial sites (some
skeletons, ritual objects and crocodile mummies) demanded an
additional documentation based on orthoimages in order to
obtain a realistic plan view of these spaces. These orthoimages
were created using a spatial resolution of 5 millimetres in order
to display these objects with a great level of detail. Other
products, such as DEMs, were also included in the graphical
documentation of these tombs.

4. CONCLUSIONS

The image acquisition procedure developed in this study has
demonstrated its efficiency in medium-sized archaeological
areas when the RPAS are not allowed. The photogrammetric
products obtained in this study are accurate enough to
document the evolution of the archaeological works (all stages).
In this sense, the use of a common reference system is
fundamental when the archaeological works are undertaken
during various campaigns distributed over several years in order
to integrate and compare all results. Despite the interruption of
the archaeological works after each step of excavation, the
acquisition procedures did not affect these works much (1-2
hours). In contrast, archaeologists have obtained reliable 3D
documentation to aid in analysing their works including
excavation areas, the volume of material removed (Figure 6a),
the archaeological evolution, etc. The extraction process of
several burial elements discovered in several tombs was also
modelled (Figure 7). In these cases, the 3D models obtained
have allowed the documentation of all stages with a great level
of detail. We must consider that those burial elements were
moved from the original location, therefore this documentation
supposes the only geometrical documentation of these elements
in their original environment.

Considering the necessity of a fast acquisition of data, the
methodology developed has demonstrated its efficiency. The
use of TLS to support data obtained using photogrammetry is
important to contrast the geometry obtained with CRP and to
fill those gaps produced by occlusions in images, but also to
reduce the number of targets measured with total station. This
aspect is important in reducing the time spent on field works
and as consequence, the effect on other works.

The 3D models obtained have demonstrated their viability as a
reliable product for documenting graphically an archaeological
site. This product can be easily consulted by other researchers
such as architects and geologists, allowing them to access a
model of reality everywhere and at every time. In this sense,
these professionals have used 3D models to helping them to
analyse the construction procedures and the morphology of this
zone from the past, etc.

The multi-temporal 3D documentation of the archaeological
works developed in this study has been the first analysis of this
type implemented in this project. In future, the methodology
proposed in this study will be implemented in other zones,
modelling all archaeological works to be realized.
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