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Preface

This book belongs to a series, which aims at emphasizing the impact of the mul-
tidisciplinary approach practised by ABC Department scientists to face timely
challenges in the industry of the built environment. Following the concept that
innovation happens as different researches stimulate each other, skills and inte-
grated disciplines are brought together within the department, generating a diversity
of theoretical and applied studies.

Therefore, the books present a structured vision of themany possible approaches—
within the field of architecture and civil engineering—to the development of resear-
ches dealing with the processes of planning, design, construction, management and
transformation of the built environment. Each book contains a selection of essays
reporting researches and projects, developed during the last six years within the ABC
Department (Architecture, Built environment and Construction engineering) of
Politecnico di Milano, concerning a cutting-edge field in the international scenario
of the construction sector.

Undoubtedly, the African continent will see the most interesting trends in the
near future for the construction sector, as well as the most serious risks in terms of
sustainability of the development models. These countries face two parallel chal-
lenges: fighting the lack of resources and channelling their development along a
sustainable path. In both cases, innovative methods and technologies can offer a
significant contribution: affordable housing set within the social context should
develop in parallel with a wise exploitation of the energetic resources; the sus-
tainability of the entire system partly depends on how waste is handled and how to
set up a virtuous recycling system; emergency situations must be addressed rapidly
and efficiently, and the introduction of low-cost technologies may allow to turn
study and preservation of the cultural heritage into an opportunity for development,
without subtracting resources from humanitarian assistance. In general, connecting
past and present will help to shape the future of countries, where carefully chosen
innovative instruments can really make the difference and can allow giant leaps
towards a sustainable social, cultural and environmental balance.
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The book presents a selection of innovative projects carried out in African
countries, aiming at tackling two main areas: offering practical solutions to specific
necessities and experimenting cost-effective methods and technologies, which
could be easily applied in order to achieve high-quality results. The papers have
been chosen on the basis of their capability to describe the outputs and the
potentialities of carried-out researches, giving a report on experiences rooted in the
reality and at the same time introducing the perspectives for the future.

Stefano Della Torre
Head of the Department Architecture

Built Environment and Construction Engineering
Politecnico di Milano

Milan, Italy
e-mail: stefano.dellatorre@polimi.it
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Introduction to Volume

Estimating population, urban and economic growth for Asian and African countries
(United Nations 2014) highlights the need to draw up new design approaches that
promote the development of original architectural languages appropriate to the local
identity and to the new development models. These models support the consoli-
dation and growth of local cultures and economies and at the same time aim at
reducing energy consumption, minimizing environmental pollution, increasing the
use of renewable sources and effectively responding to water demand.

Therefore, a change of paradigm is required, together with a novel approach to
urban (and peri-urban and rural) planning and usage of territories. In this per-
spective, a holistic view should influence the entire built environment, i.e. the
configuration of goods, the structure and use of land and the way in which basic
services—such as energy, water, food and waste treatment—are handled. It is about
working to move away from the current model of linear urban metabolism—based
on the ‘take-make-dispose’ approach—to a circular one, where the consumption of
resources and the waste production are minimized.

Combining these changes into practice requires working in two main directions.
It means, first of all, focusing on the relationship between the architectural, urban
and physical aspects of new developments, climate and energy demand. Secondly,
it requires identifying and integrating the necessary strategies and infrastructures to
close off the energy–water–food–waste circle, searching for a high level of effi-
ciency and self-sufficiency.

The present book revolves around these issues and describes the contribution
of the ABC Department of Politecnico di Milano regarding the multidisciplinary
research and development (R&D) activities, carried (and being carried) out on these
multifaceted issues. It presents a selection of innovative projects carried out in
African countries, aiming at tackling two main areas: offering practical solutions to
specific necessities and experimenting cost-effective methods and technologies that
can be easily applied in order to achieve high-quality results.

Emerging countries face two parallel challenges: channelling their development
along a sustainable path and fighting the lack of resources. In both cases, innovative
methods and technologies can offer significant contributions, presented in this book:
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affordable housing set within the social context should develop in parallel with a
sustainable exploitation of the energetic resources (Part I); the sustainability of the
entire system partly depends on how waste is handled and how to install a virtuous
recycling system (Part III); emergency situations must be addressed rapidly and
efficiently, and the introduction of low-cost technologies may allow to carry out
study and preservation of the cultural heritage without subtracting resources from
humanitarian assistance (Parts II and IV). In general, connecting past and present
(Part V) will help to shape the future of countries where carefully chosen innovative
instruments can really make the difference and can allow significant leaps towards a
sustainable social and environmental balance.

Cinzia Talamo
Niccolò Aste
Corinna Rossi

Rajendra Singh Adhikari

viii Introduction to Volume
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Low-Cost Digital Tools for Archaeology

Luca Perfetti, Francesco Fassi and Corinna Rossi

Abstract Modern technology offers elaborated and efficient instruments capable of
performing extremely accurate surveys of architectural and archaeological remains.
However, not all of them can be used everywhere: archaeological missions might be
constrained by logistics, environmental and, especially, financial restrictions. This
issue is especially felt by archaeological missions currently operating in the Middle
East and Africa. The research team of the ERC project LIFE (CoGrant 681673) has
been successfully experimenting with the use of low-cost instruments to achieve
equally accurate results.

Keywords Photogrammetry · Low-cost 3D · Fisheye · Action camera

1 Introduction

Modern 3D scanner technology is widely used throughout archaeology. Accessing
the latest technological tools is often directly related to the availability of substantial
funding and to the actual possibility of being able to use them on the field. For these
reasons, operators not endowed with sufficient economic resources and/or who are
engaged in difficult logistic and environmental situations run the risk of encountering
a number of difficulties.

However, nowadays, a new generation of ‘image-based survey techniques’ can be
used to achieve equally satisfactory results in terms of accuracy and completeness
of the results: those relying on low-cost instruments and procedures, based on the
concepts of flexibility, portability and ease of use. For archaeological projects and
for complex conditions of acquisition, as well as, in general, for the vast field of
cultural heritage, this type of technique is rapidly becoming the main solution for
documenting excavations, findings and archaeological remains.

L. Perfetti (B) · F. Fassi · C. Rossi
Architecture, Built Environment and Construction Engineering—ABC Department, Politecnico di
Milano, Milan, Italy
e-mail: luca.perfetti@polimi.it

© The Author(s) 2020
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2 Photogrammetry: The Low-Cost Digital Solution

In the last century, photogrammetry was mainly used to survey the territory and
produce cartography. Following the first decades of development of photogram-
metry, mainly in the aerial field, close-range photogrammetry for archaeology or
architecture could not fully assert itself, since similar technologies and the manual
procedures of orientation and stereoplotting were perceived as time-consuming, and
consequently very expensive.

Seemingly, the richness of detail and the complexity of artistic free-forms require
a high number of high-resolution images and complex 3D modelling procedures in
order to be able to adequately describe the shape of the object. For these reasons,
until recently, the use of manual or semi-manual photogrammetric methods have
prevented or severely limited complete three-dimensional surveys. This was obvi-
ously true in the period of analogue photogrammetry (before 2000), but remained
so with the advent of digital photography (2000–2010), since photogrammetric pro-
cessing operations, in one way or the other, remained a manual operation (Fassi and
Campanella 2017).

In recent years (from 2010 onwards), there have been important developments
in close-range photogrammetry thanks to the application of Computer Vision algo-
rithms, able to automatize the processes of tie-point identification, camera calibration,
image orientation and dense DSM reconstruction (image matching), thus allowing
for accurate 3D reconstructions.

These methods are called ‘image-based techniques’: they integrate photogram-
metric concepts of image orientation and camera calibration with CV algorithms for
key point identification and dense image matching (Fassi et al. 2013). Today, both
in literature and in practice, these methods are also called ‘image scanning tech-
niques’, or ‘photoscanning’. We find this terminology misleading, but the nomen-
clature underlines the main important tasks that they propose: the 3D dense recon-
struction of the object as a 3D point cloud, comparable to laser scanner data in terms
of achievable resolution and accuracy in surface description.

Furthermore, image-based methods have additional positive aspects:

• Flexibility: with the same camera, it is possible to survey both large objects (such
as a building or entire archaeological sites) and small objects. The point cloud
density depends solely on the image’s resolution and the capture geometry.

• Accuracy knowledge point by point. The 3D position of each reconstructed point
is a mathematical operation; for this reason, it is possible to know the accuracy of
each point.

• Metric chromatic mapping in the 3D model.
• Self-calibration of the camera systemwhich allows the use of normal photographic
systems, as well as alternative image systems such as fisheye lenses, panorama
cameras, multi-camera systems, low-cost action cameras or even micro cameras
(including mobile phone cameras).

In this way, the photographic acquisition is freed from the photogrammetric con-
straints of the past: the great flexibility and ‘easy acquisition’, typical of photography
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allow for freedom of movement around the object and a multiscale acquisition while
also offering the possibility to survey both very complex and large object as well as
tiny decorations.

Another important advantage is that all these characteristics also allow for low-cost
surveys in cases of emergency, where one can use common tools and obtain a metric
result nonetheless. The final accuracy of the process can always be calculated (and
this is the photogrammetric meaning of the word ‘metric’!); it will be numerically
similar to the resolution of the images with some pejorative variations that are strictly
dependent on photographic quality.

3 Case Studies

The 3D survey group, as part of the ERC Project LIFE, is currently testing low-cost
digital tools on two archaeological sites, characterized by different environmental
and logistic conditions.

Umm al-Dabadib is located on the outskirts of the Kharga Oasis, one of the five
largest oases in Egypt’s Western Desert. It consists of a vast and well-preserved
Roman installation including an inhabited area served by an extensive agricultural
system, certainly active in the Third and Fourth Centuries AD. The site was probably
abandoned at the beginning of the Fifth Century and, apart from a short-lived occu-
pation dating back to the early Twentieth Century, it survived up to today relatively
intact and virtually unknown.

Briefly described in the early Twentieth Century (Beadnell 1909), its real extent
was only revealed in 1998 (Rossi 2000); it was then studied for the first time in some
detail between 2001 and 2007 by the North Kharga Oasis Survey (NKOS, Rossi and
Ikram 2018). Between 2012 and 2014, its agricultural system was the object of a
specific study by the Old Agricultural Sites and Irrigation Systems (OASIS) project
of the MUSA Centre of the Federico II University of Naples (Fassi et al. 2015; Rossi
2016; Rossi forthcoming-a); it is now the object of the multi-disciplinary project
Living In a Fringe Environment (LIFE), jointly carried out by the Politecnico di
Milano and the MUSA Centre and funded by the ERC CoGrant 681673 (Rossi
2017; Rossi forthcoming-b; Rossi and Fiorillo 2018; Rossi and Magli forthcoming).

This remote site is located at a distance of over 50 km from the nearest inhabited
centre, and therefore, any activity must be planned in the absence of water, electricity
and Internet. The strong winds that periodically batter the area heavily affect the
integrity of any electronic device that is carried on site. Drones are not an option, as
they are prohibited in Egypt; moreover, Umm al-Dabadib lies within a military area,
where further restrictions apply.

In this case, the survey of the entire Fortified Settlement covering a densely built-
up surface of ca. 100 × 100 m, and reaching peaks of over 10 m with the central
Fort, was carried out entirely by photogrammetry (Fassi et al. 2015).

The survey work was divided into two phases—the survey of the exteriors and
the survey of the interiors. To complete the survey of the external part, over 5100
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photographs were necessary. The area was divided into sub-areas corresponding to
different housing units. The target was to survey the remains paying special attention
to the architectural structures, with the future aim of understanding the original
dimension and form of the settlement. For this goal, it was necessary to survey not
only all the external parts but also the part just below the surface such as vaults,
niches and holes.

The survey of open and close spaces together, thus required amultiscale approach,
implemented thanks to a Canon 5DMark III with a fixed 35 mm F2 lens and a Canon
G1X. The professional reflex camera was mainly used for the main buildings and the
largest areas, due to the high resolution (22.3 Mp), the high-quality lenses and the
major configurationpossibilities. The compact onewasused for the smaller buildings,
for narrow spaces and when it was necessary to climb over some structures.

All the survey block was elaborated separately using Agisoft Photoscan in order
to produce a high-resolution point cloud capable of representing in 3D the entire set-
tlement. All the different sub-areas were registered together using markers, with the
foresight to detect parts of neighbouring buildings during the survey of each subarea.
The use of markers can be avoided in case of an emergency, but it is mandatory to
compute the correct camera auto-calibration, to scale the final model correctly and
to check the final metric results (Fassi et al. 2015).

The final results of this survey consisted of a complete and very dense point cloud
of the settlement, consisting of about 650 million points, with a spatial resolution of
circa 5 mm. It is a kind of very high-density LIDAR point cloud, significantly higher
than the classical resolution suitable for architectural/archaeological representation
which is typical in these cases.

The second phasewas to survey the internal spaces of the castle, consisting of little
rooms and passages entirely or partially buried under the sand. For this reason, these
spaces are dark, difficult to reach from the outside and impose strong limitations to
the operator moving in them.

The survey of narrow spaces is an important topic nowadays, andmany approaches
are being tested in different environments in order to check the capability of 3D
reconstruction, reliability of the methods and quality of the final results (Covas et al.
2015; Barazzetti et al. 2017a, b; Mandelli et al. 2017; Pepe et al. 2018). One of the
proposed methods is fisheye photogrammetry, and right here, (2014) this was tested
for the first time by the research group. The wide angle of the lenses allows users to
survey this type of spaces based on a lower number of photos (Perfetti et al. 2017).

To overcome the lighting problem, we used speedlight when the spaces were
small enough to avoid the problem of image vignetting. In this case, a light painting
technique was used to uniformly illuminate the scenes. Fisheye photogrammetry was
used to survey the staircase of the tower and the little rooms at the ground level of the
castle. The use of the consumer camera Canon EOS350D coupled with a fixed 8 mm
focal length and no ideal illumination devices was enough to get the geometry of the
spaces with an accuracy suitable for a 1:50 scale representation even if the quality
of the texture is insufficient for a qualitative description of the spaces. In order to
register external and internal spaces, it was necessary to have a good overlapping
zone between the two areas; it was a difficult task due to the narrow passages that



Low-Cost Digital Tools for Archaeology 141

Fig. 1 Survey of the interiors of the castle in Umm el Dabadib. Fisheye photogrammetry was
necessary to model the narrow and dark spaces, not easily accessible because of their reduced
dimensions, as well as because sand and debris from the upper parts of the building, that collapsed
in the past, flowed in and occupied accesses and corridors. Francesco Fassi andAlessandroMandelli
on the field in 2014 and 2015, surveying thewindowless ground level of the castle. The samemethod
was used to survey the building’s staircase, which served all five floors, and revolved around a central
pillar

connect the two areas. The use of reference markers was also in this case mandatory
in order to guarantee the success of the operation (Fig. 1).

In the survey of the Fortified Settlement of Umm al-Dabadib, using a laser scanner
was impossible due to the extremely complex logistic and environmental constrains
(the electricity supply on site is guaranteed only by a generator, and the frequent
sand-laden wind would damage the fragile components of expensive machines).

Even if using a scanner had been possible, the layout of the spaces, the wealth
of details and the presence of narrow spaces would have made that type of survey
longer and more difficult, as the acquisition would have implied a high number of
scans, the need to continuously re-position the laser, together with all the ensuing
registration problems.

For all these reasons, photogrammetry was the winning choice for this type of
application, allowing complete and high-quality results in the open spaces. The
‘almost impossible’ challenge to perform the 3D survey of narrow spaces became
possible thanks to the use of low-cost consumer sensors.

The double-phased survey was necessary to complete the 3D reconstruction of a
very complex environment allowing for a full comprehension of the spaces (Fig. 2).
The ensuing results allowed the team to start ametrological research into the planning
and buildingmethods used by the ancient builders, which otherwise would have been
impossible (Rossi and Fiorillo 2018).

Another application of digital imaging for archaeology has been tested on the
field at Saqqara (Egypt), on the joint Dutch-Italian excavation of the New Kingdom
necropolis conducted by the Museo Egizio, Turin and the Rijksmuseum van Oud-
heden, Leiden. The area host a number of tombs of high officials who served the
pharaohs of the Eighteenth and Nineteenth Dynasties, surrounded by minor burials
and covered by later layers of occupation; they were progressively discovered and
excavated from the ‘80s onwards (Martin 1989, 1991, 1997, 2001; Raven 1991, 2005;
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Fig. 2 A ‘radiography’ of the castle showing the relationship between internal and external spaces
of the castle (elaboration by Fiorillo 2018)

Raven and van Walsem 2014). The area currently under excavation stretches north
of the Eighteenth Dynasty Tomb of Maya and appears to include a slightly later
middle-sized tomb and several Ramesside burials that reused older underground
structures.

The proximity to the Nile Valley and the presence, at a short distance, of a fully
equipped dig house allows the team to benefit from regular access to electricity, as
well as Internet connection. Other environmental and legal restrictions apply here
as well: drones are banned, and the sandy wind tends to damage fragile equipment.
Photogrammetry was also chosen in this case as the main working tool.

Specific to this project is the need to record in 3D every single context that is
excavated, to construct a virtual digging diary of the activities, to be later examined,
to visualize the layers that have been removed and double-check meaningful details.
Surveying contextsmeans surveying the same area several times in a row as it evolves
and measuring relatively small flat surfaces combined with structures and small
remains. In this case, therefore, the main goals are as follows:

• Global georeferencing all the surveys together, in order to visualize all the excava-
tion phases in the correct position. This operation must be very accurate because
the positioning of the different contexts in the Z-axis is crucial. Most of the time,
the contexts consist of very thin layers, and millimetric accuracy is necessary
in order to place them in their correct position and avoid false intersections or
misalignments.

• Very high-resolution survey, in order to distinguish different contexts, a very large
representation scale is necessary. The different layers can be distinguished only
by different granulometry of the materials or small colour differences that should
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be shown as to allow for the future visualization, study and interpretation of the
data.

• Near real-time elaboration, in order to facilitate the digital cataloguing of all the
information, the survey team should produce the 3Dmodels of the context quickly,
ideally in parallel to the excavation.

Close-range photogrammetry is the only possible method that allows the team to
satisfy all of these requirements, both individually and as a group. Themost important
aspects of this method, in fact, correspond closely to the necessities listed above. Its
main characteristics are as follows:

• great flexibility in terms of achievable resolution, thus able to cover all the various
needs of an archaeological excavation, ranging from relatively vast areas, to groups
of finds (cf. Figs. 3, 4 and 6);

• the possibility of placing thin and tiny contexts in their correct absolute and relative
position (Figs. 4 and 5);

• the possibility of using exactly the same instruments to perform the survey of
objects of significantly different shapes and dimensions (cf. Fig. 6, showing the
extremely detailed survey of a nearly vanished graffito on a limestone block which
was crucial for the interpretation of the later use of that tomb);

• the possibility to achieve very large representation scales, up to 1:1 (see Figs. 4
and 6);

Fig. 3 Alessandro Mandelli and Luca Perfetti using a photographic crane to survey the area just
excavated by the Dutch-Italian Mission to Saqqara, April 2019
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Fig. 4 The textured model of a context. It can be visualized up to a representation scale of 1:1
thanks to a texture resolution of 0.5 mm. This represents a useful tool for archaeologists, who can
virtually revisit the site and double-check details weeks or months after the excavation, in a very
realistic way

• being a fast procedure, the possibility of repeating the survey many times through-
out the same day, following the excavation phases step by step. The same find,
for instance, can be surveyed several times as it slowly emerges from the sur-
roundings, thus recording with precision its original context. This is extremely
important, since an archaeological excavation is a destructive process, that phys-
ically removes what is found and separates the finds from one another and from
their original context. What is not recorded on the spot is lost, both in terms of
information and in terms of precision.

The described approach is what we use during the survey activity to support
the excavation in Saqqara. A topographic network around the excavation area was
measured to geo-reference all the micro-surveys together—a Canon 5D Mark III
with 35 mm or 20 mm lenses was the camera used for photographic acquisition.
For the smaller contexts, the resolution of 0.1 mm was ensured. A minimum of four
targets were positioned around the scene using four long nails to anchor them into
the sand for the short survey time (cf. Fig. 4). The markers were measured with a
total station (Topcon ES62) and removed after every single survey operation.

For larger areas, the camera was mounted on a transportable photographic crane
reaching a height of 3 m to capture the scene from a high vertical point of view with
a GSD of less than 1 mm (Fig. 3). It was necessary to adopt this system due to the
impossibility of using UAVs.



Low-Cost Digital Tools for Archaeology 145

Fig. 5 A temporal sequence of excavated contexts from the 2018 excavation of the Dutch-Italian
archaeological mission to Saqqara, of theMuseo Egizio, Turin and the Rijksmuseum vanOudheden,
Leiden: a number of ‘embalming caches’ are found and recorded around a burial shaft. Embalming
caches contained the remains of the materials used during the mummification process and were
buried near the tomb
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Fig. 6 A very high-resolution model of a graffito from the tomb of Horemheb at Saqqara. The
original images were taken with 0.03 mm. The matched model is in full resolution and allows us to
read 3D details hardly visible to the naked eye

4 Conclusions

The presented case studies aim to demonstrate how nowadays it is possible to sur-
vey complex environments using low-cost tools and yet fully exploit the potential
of image-based techniques. Moreover, not only can photogrammetry replace other
survey methods (e.g. laser scanning) and give similar results, but in some cases, such
as those described here, photogrammetry actually becomes the best and only viable
solution.

The possibility of using the same camera to survey both architecture and small
objects and offer the adequate resolution for each case, the flexibility in their use, and
their low-cost characteristics represent the key factors for preferring this method to
the classical ones of a range-based 3D survey. Different rules and procedures must be
carefully followed in order to obtainmetric and accurate results. Topographic support
is highly recommended to geo-reference all the data together, to scale the different
surveys, and to assess the final result. The use ofmarkers or ‘natural constraint points’
is mandatory for the global correctness of the photogrammetric process (Fassi and
Campanella 2017).
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