ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume X-M-1-2023
29th CIPA Symposium “Documenting, Understanding, Preserving Cultural Heritage:
Humanities and Digital Technologies for Shaping the Future”, 25-30 June 2023, Florence, Italy

3D SURVEY AND MONITORING OF ONGOING ARCHAEOLOGICAL EXCAVATIONS
VIA TERRESTRIAL AND DRONE LIDAR

E. Adamopoulos ', E. E. Papadopoulou 2, M. Mpia !, E. O. Deligianni '3, G. Papadopoulou !, D. Athanasoulis ', M. Konioti ', M.
Koutsoumpou !, C. N. Anagnostopoulos

! Ephorate of Antiquities of Cyclades, Ministry of Culture and Sports, Greece - efstathios.adamopoul @edu.unito.it,
mmpia@culture.gr, geo2605@gmail.com, dathanasoulis@culture.gr, mkonioti@culture.gr, mkoutsoumpou@culture.gr
2 Department of Geography, University of the Aegean, Greece - epapa@geo.aegean.gr
3 School of Architecture, National Technical University of Athens, Greece — eodeligianni@mail.ntua.gr
4 Department of Cultural Technology and Communication, University of the Aegean, Greece - canag@aegean.gr

KEY WORDS: 3D documentation, monitoring, laser scanning, archaeological excavation, aerial and terrestrial survey, drones

ABSTRACT:

In recent years, LiDAR has seen an increased application in the field of archaeological documentation, as it allows for rapid
acquisition of spatially dense and accurate point clouds. The three-dimensional survey and monitoring of ongoing excavations is a
topic of particular interest for archaeological documentation, due to the importance of recording stratigraphy during the destructive
and irreversible process of the excavation, and the challenges of obtaining complete photorealistic digital representations of the
archaeological terrain. In this paper, we investigate the feasibility of obtaining in real time high-quality digital models and maps of
the stratigraphy via laser scanning, aiming to establish a replicable methodology for archaeological practice. Optimal acquisition and
processing scenarios are explored for both terrestrial and drone-mounted LiDAR. The application concerns two different case studies
of archaeological interest with different topography. The presented research is part of the project ARCHAEORAMA—“Advanced

system for multimodal Recording, Documentation and Promotion of Archaeological Work”.

1. INTRODUCTION

1.1 LiDAR and Archaeology

LiDAR (Light Detection And Ranging)—implementing ToF
(Time of Flight) active laser sensors—is a contemporary
geomatics technology adopted in the field of wvirtual
archaeology, which can significantly reduce digital recording
times, without sacrificing the quality and spatial resolution of
the recorded data (Haddad, 2011). Therefore, LiDAR-based
scanners find wide application in digital three-dimensional (3D)
recording of excavation sites and archaeological remains
(Moser et al., 2010; Usami et al.,, 2017), where density and
accuracy of the collected data is of high significance. The
recording of archaeological stratigraphy, as one of the most
important documentation products of the excavation process of
historic sites, is significantly assisted by the use of laser
scanners which in effect gives new possibilities to the
visualization and management of the generated archaeological
information (Croix et al., 2019; Previtali and Valente, 2019).

1.2 Terrestrial Digital Recording

The surveying of excavations and, in general, archaeological
sites with terrestrial LIDAR, is characterized by flexible and fast
data acquisition, but is nonetheless accompanied by restrictions
caused by the geometric arrangement of the recording procedure
(Doneus and Neubauer, 2005). A common problem regarding
terrestrial laser scanning is the occlusion of areas out of the
instrument’s field of view, which can be observed on the
collected point clouds, a result of either the archacological site’s
topography, the excavated architectural remains, or other
natural and artificial obstacles. Tackling these occlusions often
requires the execution and subsequent merging of multiple
overlapping scans (Ebolese et al., 2018; Torres et al., 2014).
The optimal design of the network of scans requires careful

planning of the individual laser scanner positions in order to
acquire a complete and homogeneous point cloud (Stamnas et
al., 2021). Usually, the integration of terrestrial laser scanning
with structure-from-motion multi-image digital photogrammetry
is preferred over performing a very large number of scans, not
only because of the greater ease of covering the occlusions, but
also for the reason that this combination produces better quality
of texture attributed to the resulting point clouds and
photorealistic models (Galeazzi, 2016; Siebke et al., 2018).

Digital recording of ongoing archaeological excavations via
laser scanning is a current topic, seldom addressed with state-of-
the-art LIDAR technologies and scarcely found in literature, not
only due to the difficulty of fully scaning an excavation, but
also due to legal and time-related restrictions often involved
when publishing information from excavations in progress. The
multi-temporal scanning of an ongoing excavation process helps
monitor changes in the pit topography, making it possible to
generate reliable geospatial information independent of the
work platform (e.g., geographical information systems, 3D
modeling or analysis programs) (Martinez-Fernandez et al.,
2020). Real-time excavation laser scanning offers the possibility
of digitally reconstructing the excavation process, mapping the
state of excavated surfaces, documenting the level of
preservation and stability of surfaces such as stratigraphic walls,
even when immediate and irreversible interventions are
imposed to secure them (Schreiber et al., 2012).

1.3 Low-Altitude Digital Recording

The continuous miniaturization of sensors and electronic
components has enabled the integration of LiDAR into
unmanned aerial platforms, allowing low-altitude laser scanning
for digital mapping of sites of archaeological interest. The
availability of compact LiDAR sensors for drones is growing
rapidly, as the latest technological developments have allowed a
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progressive increase on the quality of the collected point clouds,
and the precision of their georeferencing. This situation creates
fertile ground for the replacement of high-altitude LiDAR data
collection (by manned aircrafts), with LiDAR-equipped drones,
as point cloud acquisition becomes gradually more flexible and
therefore more comprehensive (Adamopoulos and Rinaudo,
2020). The performance limitations of LiDAR instruments for
drones regarding measurement density—occurring due to
reduced sensor sizes and lower intended costs—can be
compensated by collecting data from lower flight altitudes, i.e.,
with a shorter distance between the laser sensor and the ground.

Contemporary applications of drone LiDAR for archaeology are
mainly focused on digitization and visualization of the terrain
morphology for large archaeological sites, land surveys to
investigate the possible existence of buried archaeological
remains, and landscape archaeology (Casana et al., 2021;
Kadhim and Abed, 2021; Murtha et al., 2019; Risbel and
Gustavsen, 2018; Saunaluoma et al., 2019; Zhou et al., 2020).
Multitemporal digitization of excavations by means of drones
has successfully been addressed with low-altitude aerial
photogrammetry (Papadopoulou et al., 2020; Waagen, 2019).
Therefore, drone LiDAR also presents an exciting prospect as a
means for documenting ongoing excavations, considering that
the production of 3D models from LiDAR scans is, generally,
less time-consuming comparing to structure-from-motion multi-
image photogrammetry.

1.4 Scope and Aims

The main scope of this research is to investigate multitemporal
documentation of ongoing archaeological excavations via
terrestrial and low-altitude aerial LIDAR. We aim to propose a
well-defined mapping approach for 3D survey and monitoring,
highlighting strengths and weaknesses of this technique for
archaeological use. We also intend to address special challenges
occurring from the ongoing excavation process.

2. METHODOLOGY
2.1 Data Collection

The purpose of surveying and monitoring an archaeological
excavation site with geomatic tools is obtaining digital records
of the ongoing excavation process at different stages, while
minimizing the manual work required to generate drawings,
maps, and photorealistic representations. Personnel allocation
and time consumption are critical parameters for the excavation,
which requires careful management of available resources and,
at the same time, thorough recording of the stratigraphy that can
be irreversibly altered through the destructive excavation work.
A workflow for multitemporal documentation of excavation
sites, not only has to consider the management of available
resources, but also has to take into account the specific
circumstances that arise from the ongoing excavation procedure,
delivering the required accuracy and quality of results. Due to
the prevailing time restrictions and topographical constraints of
the excavation, a digital recording strategy needs to be flexible
and adjustable for varying terrains. The scanning configuration
as well as scanner specifications are key attributes for defining
an efficient approach for excavation monitoring via LIiDAR.

2.1.1 Excavation Surveying with Terrestrial LIDAR: The
ToF operating principle of a terrestrial LiDAR means that
obstacles along the laser sensor’s line-of-sight create occlusions
on individual scans, leading to lack of data on the acquired 3D
point cloud. Therefore, the optimization of the laser scanning

configuration—which is formed by a network of terrestrial
LiDAR positions spread throughout the archaeological
excavation site—during acquisition is essential to ensure the
point cloud’s completeness. In particular, planning the layout of
the scanning process is required to avoid holes occurring on the
point cloud due to the geometry of the pits, unearthed
immoveable finds, and natural obstacles, simultancously
minimizing the number of required scans. As the occlusions are
directly related to the excavation pit’s depth, the progression of
the excavation directly affects the occlusions and subsequently
the number of scans necessary to acquire a complete point cloud
(Figure 1; o=d*r/h where o: occlusion, d: excavation pit depth,
r: horizontal distance from the pit, and h instrument height). The
pattern of occlusions is also affected by the terrestrial LIDAR’s
relative location to the excavation pit (Figure 2). A large-scale
systematic archaeological excavation, consisting of a grid of
square pits with unexcavated balks between them, has
significant occlusions (due to the existence of the balks), which
progress as the pits deepen (Figure 3). Consequently, while the
excavation advances the number of required scans increases. It
should be highlighted that the network of the terrestrial LIDAR
positions has to be even denser after architectural remains are
unearthed, in order to tackle additional occlusions. The number
of scans also increases depending on the topography of the site
as it may not allow placing the scanner in certain positions.
Considering the above, the laser scanning configuration is
optimized to collect a complete and homogeneous point cloud.

i1m
Figure 1. Relation between LiDAR instrument position and
excavation pit occlusion for a single scan.

Figure 2. Occlusion diaéram for one station of the 3D laser
scanner (nadiral view) for a pit depth of 0.75 m—the occlusions
due to the line-of-site of the instrument are highlighted in grey.
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Figure 3. Occlusion diagram for one station of the 3D laser
scanner (nadiral view) for pit depths of (a) 0.25 m, (b) 0.50 m,
(¢) 0.75 m, and (d) 1.00 m— the occlusions due to the line-of-
site of the instrument and the excavation balks are highlighted

in grey.

LiDAR technical specifications and scan parameters are
important for optimizing the scanning process while reducing
acquisition time. Scan density (the distance between individual
3D point measurements) affects the quality of the results, and
should always be higher than the required resolution, however
higher density values mean longer scanning duration. At the
same time, the resolution should not be lower than the ranging
accuracy (or the ranging noise value), as the collected point
cloud may contain a significant amount of noise which cannot
be filtered out at a later processing stage. Hence, the density
value should be selected so that it does not produce
unnecessarily dense, sparse or noisy 3D point clouds. Limiting
scanning angles to only capture the area of interest within the
excavation site also reduces recording times significantly.

Image capturing with an integrated camera can produce true
color texture for point clouds and photorealistic models, but is
another factor increasing the scanning duration, depending on
the selected capturing features. When terrestrial LIiDAR is used
as a standalone solution for excavation surveying, the only
source of color texture is the integrated digital camera, and
therefore the imaging parameters required to obtain good
fidelity texture should be selected in accordance with the
lighting conditions of the excavation site. High dynamic range
(HDR) imaging and weighted color balancing are capturing
options that can allow better quality color to be captured. When
terrestrial LiDAR is used in combination with photogrammetry,
color capturing with the integrated camera can be avoided to
reduce the data capturing duration. Alternatively, low quality
color capturing can be selected if the texture is deemed essential
to identify artificial targets for the registration process.

The scan registration and georeferencing methods are other
important parameters that should be taken into consideration
while planning the scanning procedure. Registration targets
should be visible in multiple scans, which affects both the
geometry of the scanning layout and the placing of the targets.
Targets should be spread throughout the excavation. Each pair

of scans needs at least three common targets to perform the
registration. Having targets visible between multiple scan pairs
ensures more accurate registration. 2D targets can replace
sphere targets when weather or terrain conditions make their
placement difficult. An important consideration for good
coverage is to ensure that there is a significant amount of
overlap between scans, especially if the survey is heavily reliant
on cloud-to-cloud registration. Determining and measuring a
control network allows georeferencing to the national grid or a
site-wide system, and ensures successful merging when target-
to-target or cloud-to-cloud registration may fail.

2.1.2  Excavation Surveying with Drone LiDAR: Low-
altitude airborne LiDAR tackles a significant number of
problems occurring from data collection with terrestrial laser
scanning. Drone-mounted LiDAR, which operates with the
same line-of-sight principle as terrestrial LiIDAR, leads to less
occlusions on the scans, due to the incidence angles of the laser
beam and the continuous acquisition from the moving laser
sensor. Although longer distances from the target and flight
time restrictions usually lead to sparser 3D point clouds, this
can be compensated by multiple passings over the excavation
and planning the flight height accordingly.

Scans acquired from multiple flights can be registered following
the same methods as for terrestrial LIDAR. However, it should
be highlighted that georeferencing using data from an integrated
positioning system onboard the unmanned aerial platform
facilitates the registration procedure. Direct georeferencing to
the national grid using data from the onboard sensors may be
sufficient in terms of required accuracy (depending on the type
of archaeological application) meaning that measurements with
a terrestrial positioning sensor may not be necessary.

A drone-mounted LiDAR instrument can be often coupled with
a camera sensor, that being the case the flight path can be
planned as a photogrammetric flight, thus acquiring both dense
scans and a photogrammetric block of images, which is used to
apply true color texture on the point cloud.

2.1.3  Excavation-Parallel Monitoring: Monitoring an
ongoing excavation requires multitemporal 3D surveying and
can take place at set time intervals, every time a stratigraphic
layer has been excavated, or a group of archaeological findings
has been unearthed. For excavation-parallel monitoring to take
place, the control network should be unchanging, so that point
clouds, meshes and terrain models produced over time can be
comparable. This needs favors georeferencing to the national
grid with a GNSS sensor over a site-wide reference system, due
to the continuously changing terrain of an excavation site. Point
cloud acquisition intended for monitoring should be consistent
regarding density, accuracy, noise levels and color fidelity.

2.2 Data Processing

Unprocessed point clouds can be useful for undemanding
visualization purposes, providing a swift and useful perspective
of the archaeological excavation through cross sections and
static scenes, however, further analyses require in most
circumstances processing of the scan data. Processing steps
providing documentation deliverables include: registration,
denoising, subsampling, segmentation, classification, meshing,
texturing, vectorization, and visualization.
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3. APPLICATION AND RESULTS
3.1 Description of the Equipment

Terrestrial digital recording of the archaeological excavations
was performed with the FARO FocusM 70 laser scanner
(ranging error: 3 mm), while the coordinate measurement for
geo-referencing the collected 3D point clouds was performed
with the Leica GS07 antenna (XY error: 10 mm + 0.5 ppm, Z
error: 20 mm + 0.5 ppm using kinematic RTK positioning). The
low-altitude aerial digital surveys were carried out by means of
the DJI Zenmuse L1 LiDAR of the Matrice 300 drone (ranging
error: 3 cm at 100 m distance), while the precise control of the
position of the drone was done with the DJI D-RTK 2 sensor
(XY error: 10 mm + 1 ppm, Z error: 20 mm + 1 ppm with
kinematic RTK positioning). 2D targets were used instead of
sphere targets, as the weather conditions prevented their use.

3.2 Case Study at Paleokastro Hill (Mykonos)

The Paleokastro, or Gizi Castle, of Mykonos is built on the top
of the homonymous hill which rises about 150 m from the
surface of the sea, in the middle of the island near the current
settlement of Ano Mera, overseeing the surrounding fertile
lands and the bay of Ftelia. Today it is preserved in a
dilapidated state, while around the hill lay archaeological
remains of, probably, retaining walls and other constructions. It
is dated to the 7th century AD. and it was probably built atop of
a more ancient fortification, given that under the Byzantine
castle remains of the ancient fortification of the area can be
clearly seen. The strategic position of the hill of Paleokastro and
the relevant findings of surficial 1 investigations reveal the
uninterrupted habitation of the area from antiquity to the present
day and lead to the opinion that it is one of the most important
archaeological sites of the island (Figure 4). More specifically,
the use of the location already during the Prehistoric period is
confirmed by archaeological remains of settlements and burials
of the Geometric period, which have been identified on the
slopes of the hill.

j Figure 4.rkin of the excvatio grid at Paleokastro 11,
Mykonos.

3.2.1 Terrestrial LiDAR: Multitemporal recording via
terrestrial LIDAR at the Paleokastro hill excavation site was
carried out during five successive days of the excavation
process, recording clusters of overlapping scans, aiming to
collect complete point clouds, and subsequently to generate
photorealistic models of each phase of the excavation. The
surveying was performed following the approach described in
Section 2, adjusting the scanning layout depending on the
natural and artificial obstacles, the depth of the excavation, and
the geometry of excavated architectural remains. The required
scale of the final products was 1 cm and therefore a lower
resolution (point spacing of 6.1 mm at 10 m) was selected.
Furthermore, the placement of 2D targets for the control

network measurement was completed avoiding their collinearity
and coplanarity, in order to achieve precise registration between
scans and small georeferencing residuals.

A A - B bR WO x " %
Figure S. Photo of the excavation pit after the last day's

excavation work at Paleokastro hill, Mykonos.

The required number of scans to acquire a complete point cloud
was increasing each day, while the depth of the excavation pit
was also increasing to a final 0.8 m (Figure 5). Four scans were
required the first day when the pilot scanning application
started, and then five, five, six and seven the following days
successively, also increasing the recording time from fifteen
minutes to approximately an hour. The time required to plan the
scanning layout also increased day by day due to the complexity
of the acquisition. Figure 6 shows the scanning layout of the
excavation during the first and last day of the recording with
terrestrial LIDAR.

Figure 6. Scanning layout for the first and fifth scan clusters
collected at Paleokastro hill, Mykonos.

The workflow for producing 3D photorealistic models from the
clusters of scans followed specific and replicable steps. The
same processing parameters were applied for all clusters of
scans, from the initial phase of generating point clouds from the
scans until the final production of the textured mehes:

A. Point Cloud Generation from Scans (FARO Scene)
1. Point cloud creation
—  Create scan point clouds
2. Point cloud colorization
—  Colorize scans from photos
3. Point cloud registration and merging
—  Manual point-based registration
targets)
—  Cloud-to-cloud registration optimization
4. Production of final merged point clouds
—  Distance filter: Maximum distance 7.5 m

(artificial
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- Stray point filter: Grid size 3px, Distance
threshold 0.0061 m
- Edge artifact filter: No
—  Denoising: Medium denoising,
distance 6.1 mm
B. Point Cloud Post-Processing (Cloud Compare)
1. Noise removal
—  Clean\Noise filter
2. Subsampling
- Subsample: 6 mm
3. Georeferencing
—  Registration\Align (Point pairs picking)
4. Triangulation
—  Delaunay
C. Photorealistic 3D Model Generation (MeshLab)
1. Normals generation
—  Compute normals for point sets
2. Phototexture production
—  Parametrization: Trivial Per-Triangle
—  Transfer: Vertex Attributes to Texture

Resampling

Figure 7. 3D model from the fifth day of scanning at
Paleokastro hill, Mykonos.

Figure 8. Drawing of the unearthed architectural remains
at Paleokastro hill, Mykonos.

The point cloud registration residuals in each scan cluster were
approximately 2 mm, while the georeferencing residuals were in

all cases approximately 10 mm. There were no occlusions in the
final merged point clouds and thus no holes or discolorations
were observed on produced 3D meshes (Figure 7). The point
clouds were also used to produce 2D drawings of the
architectural remains (Figure 8).

3.2.2 Drone LiDAR: Recording at the Paleokastro hill
excavation site via drone LiDAR was carried out during three
successive days of the excavation process, performing each day
one flight obtaining a complete point cloud and one acquiring a
photogrammetric block (Figures 9 and 10). The scans had a
density of approximately 40,000 pts/m’> and the images a
resolution of 4 mm.
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Terrain Follow
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B ) Target Surface to Takeoff Point
Figure 9. Flight plan with the Zenmuse P1 camera, for the 3D
surveying of Paleokastro hill.
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Figure 10. Flight plan with the Zenmuse L1 LiDAR, for the 3D
surveying of Paleokastro hill.

Point cloud generation from the scans, and georeferencing were
performed in DJI Terra. The orientation of the photogrammetric
block of images and the dense point cloud reconstruction were
executed in Agisoft Metashape. Then the photogrammetric and
LiDAR point clouds were registered in Metashape so that the
mesh produced after triangulation could be textured with true
color. The georeferencing residuals were in all cases
approximately 17 mm. The point clouds (Figure 11) and 3D
models (Figure 12) had lower density but higher texture fidelity
than those produced by terrestrial LiDAR.
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Figure 11. 3D point cloud of the excavation site at Paleokastro
hill from LiDAR data in Cloud Compare.

Figure 12. 3D model of the excavation site at Paleokastro hill
from LiDAR data in Cloud Compare.

3.3 Case Study at the basilica of Agios Kirykos (Delos)

The archaeological remains of the Early Christian basilica of
Agios Kirykos, built in the 5th century AD., are located in the
northwestern part of Delos, close to the port. More specifically,
against the southeast corner of the Agora of Delion, 8§ m south
of the Tritopatorus Monument. It is a three-aisled basilica with a
narthex and a large prominent arch (Figure 13).

Figure 13. Basilica of Agios Kirykos, Delos: central and south
aisle.

Recording with LiDAR and photogrammetric 3D modeling
were carried out for three small scale excavations taking part at
the Basilica of Agios Kirykos, one at the south aisle, one at the
narthex and one at the bema, in order to acquire complete
phototextured 3D models on the initial and final phases of the
excavations. Figures 14 and 15 show examples of the scanning

layout and the registration process for the point cloud of the
narthex excavation.

v Figure 14. Layout of scan cluster for the excavation at
the narthex of the Basilica of Agios Kirykos, Delos.

i
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Figure 15. Registration of scans for the excavation at the

narthex of the Basilica of Agios Kirykos, Delos.

For these excavations the post processing of the LiDAR data
followed steps A and B of the process described in 3.2.1., while
the texturing took place in Metashape after blocks of
approximately 200 images for each excavation were aligned,
and densely reconstructed and registered to the LiDAR point
clouds. Registration errors were approximately 3 mm and
georeferencing errors ranges between 1 — 2 cm. Images 16 — 20
showcase orthophotomaps produces for the final excavation
stages and maps of the terrain change between the start and
finish of the excavations.

00.1 0.5 M

Figure 16. Orthomosaic - excavation at the south aisle of
the Basilica of Agios Kirykos, Delos.
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Figure 17. Change map - excavation at the south aisle of
the Basilica of Agios Kirykos, Delos.

00.1 0.5 1M
Figure 18. Orthomosaic - excavation at the altar of the
Basilica of Agios Kirykos, Delos.

Figure 19. Orthomosaic - excavation at the narthex of the
Basilica of Agios Kirykos, Delos.

Figure 20. Change map - excavation at the narthex of the
Basilica of Agios Kirykos, Delos.

4. CONCLUSIONS

Monitoring ongoing archaeological excavations with digital
tools is a challenging task that has to tackle problems regarding
resources, instrumentation and terrain topography. In this paper,
the feasibility of recording the excavation process via LiDAR as
a standalone solution was examined, explaining in detail the
parameters of data collection and the steps of processing
collected point clouds. Given the necessary equipment is
available, recording with terrestrial laser scanners can be
optimized to minimize acquisition times and produce accurate
3D models of the excavation process thus acquiring records of
each excavation phase and of the changes of the archeological
terrain without delaying the excavation. Usually, this method
does not produce good quality phototexture and as a result
terrestrial LiDAR has to be combined with photogrammetry to
collect the necessary true color information for producing
textured models and orthophotomosaics. However, such
combined solutions increase significantly the data recording and
data processing times and cost, suggesting that photogrammetry
may be a more appropriate solution when texture is more
important that the geometric accuracy of the models.
Optimizing the parameters of color capturing with the integrated
camera sensor of a terrestrial LIDAR instrument and collecting
very dense data can be a compromising solution, which avoids
the additional use of photogrammetric methods, but, however,
increases significantly recording times. In this acquisition
scenario the lighting conditions and color balancing methods
would have to be taken into consideration while scanning.
Finally, it should be mentioned that drone LiDAR increases
significantly the cost of surveying for archaeological purposes,
but decreases the recording times, tackling most of the problems
caused by the difficult terrain of excavation sites and thus
offering an exciting prospect for heritage documentation.

5. ACKNOWLEDGMENTS

The research of this paper was financially supported by the
General Secretariat for Research and Technology (GSRT),
within the research project “Advanced system for multimodal
Recording, Documentation and Promotion of Archaeological

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-X-M-1-2023-3-2023 | © Author(s) 2023. CC BY 4.0 License. 9



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume X-M-1-2023
29th CIPA Symposium “Documenting, Understanding, Preserving Cultural Heritage:
Humanities and Digital Technologies for Shaping the Future”, 25-30 June 2023, Florence, Italy

Work” (T6YBII-00439, MIS 5056317), Framework “Special
Actions in aquaculture, industrial materials and open innovation
in culture”, Operational Program  “Competitiveness
Entrepreneurship and Innovation”, 2014-2021 "Development of
Entrepreneurship with Sectoral Priorities", co-financed by the
European Regional Development Fund (ERDF) and from
National Resources. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation
of the manuscript.

REFERENCES

Adamopoulos, E., Rinaudo, F., 2020. UAS-based
archaeological remote sensing: Review, meta-analysis and state-
of-the-art. Drones, 4(3), 46. doi.org/10.3390/drones4030046

Casana, J., Laugier, E.J., Hill, A.C., Reese, K.M., Ferwerda, C.,
McCoy, M.D., Ladefoged, T., 2021. Exploring archaeological
landscapes using drone-acquired LiDAR: Case studies from
Hawai’i, Colorado, and New Hampshire, USA. J. Archaeol. Sci.
Rep., 39, 103133. doi.org/10.1016/j.jasrep.2021.103133

Croix, S., Deckers, P., Feveile, C., Knudsen, M., Qvistgaard,
S.S., Sindbak, S.M., Wouters, B., 2019. Single Context,
Metacontext, and High-Definition Archaeology: Integrating
New Standards of Stratigraphic Excavation and Recording. J.
Archaeol. Method Theory, 26, 1591-1631,
doi.org/10.1007/s10816-019-09417-x

Doneus, M., Neubauer, W., 2005. 3D Laser scanners on
archaeological excavations. In Proceedings of the XXth
International CIPA Symposium, Turin (pp. 226-231)

Ebolese, D., Dardanelli, G., Lo Brutto, M., Sciortino, R., 2018.
3D survey in complex archaeological environments: An
approach by terrestrial laser scanning. Int. Arch. Photogramm.
Remote  Sens.  Spatial Inf. Sci., XLII-2, 325-330.
doi.org/10.5194/isprs-archives-XLII-2-325-2018

Galeazzi, F., 2016. Towards the definition of best 3D practices
in archaeology: Assessing 3D documentation techniques for
intra-site data recording. J. Cult. Herit., 17, 159-1609.
doi.org/10.1016/j.culher.2015.07.005

Haddad, N.A., 2011. From ground surveying to 3D laser
scanner: A review of techniques used for spatial documentation
of historic sites. J. King Saud Univ. Eng. Sci., 23(2), 109-118.
doi.org/10.1016/j.jksues.2011.03.001

Kadhim, L., Abed, F., 2021. The potential of LiDAR and UAV-
photogrammetric data analysis to interpret archaeological sites:
A case study of Chun Castle in south-west England. ISPRS Int.
J. Geo-Inf., 10(1), 41. doi.org/10.3390/ijgi1001004 1

Martinez-Fernandez, A., Benito-Calvo, A., Campaia, I., Ortega,
A L, Karampaglidis, T., Bermudez de Castro, J.M., Carbonell,
E., 2020. 3D monitoring of Paleolithic archaeological
excavations using terrestrial laser scanner systems (Sierra de
Atapuerca, Railway Trench sites, Burgos, N Spain). Digit. Appl.
Archaeol. Cult. Herit., 19, e00156.
doi.org/10.1016/j.daach.2020.e00156

Moser, M., Hye, S., Goldenberg, G., Hanke, K., Kovacs, K.,
2010. Digital documentation and visualization of archaeological
excavations and finds using 3D scanning technology. Virtual
Archaeol. Rev., 1(2), 143-147. doi.org/10.4995/var.2010.4717

Murtha, T.M., Broadbent, EN., Golden, C., Scherer, A.,
Schroder, W., Wilkinson, B., Zambrano, A.A., 2019. Drone-
mounted LiDAR survey of Maya settlement and landscape.
Latin Am. Antiq., 30(3), 630—636. doi.org/10.1017/1aq.2019.51

Papadopoulou, E.-E., Kasapakis, V., Vasilakos, C.,
Papakonstantinou, A., Zouros, N., Chroni, A., Soulakellis, N.,
2020. Geovisualization of the Excavation Process in the Lesvos
Petrified Forest, Greece Using Augmented Reality. ISPRS Int. J.
Geo-Inf., 9(6), 374. doi.org/10.3390/ijgi9060374

Previtali, M., Valente, R., 2019. Archaeological documentation
and data sharing: digital surveying and open data approach
applied to archaeological fieldworks. Virtual Archaeol. Rev.,
10(20), 17-27. doi.org/10.4995/var.2019.10377

Risbal, O., Gustavsen, L., 2018. LiDAR from drones employed
for mapping archaeology — Potential, benefits and challenges.
Archaeol. Prospect., 25(4), 329-338. doi.org/10.1002/arp.1712

Saunaluoma, S., Anttiroiko, N., Moat, J., 2019. UAV survey at
archaeological earthwork sites in the Brazilian state of Acre,
southwestern Amazonia. Archaeol. Prospect., 26(4), 325-331.
doi.org/10.1002/arp.1747

Schreiber, S., Hinzen, K.G., Fleischer, C., Schiitte, S., 2012.
Excavation-parallel laser scanning of a medieval cesspit in the

archaeological zone Cologne, Germany. J. Comput. Cult. Herit.,
5(3), 1-22. doi.org/10.1145/2362402.2362406

Siebke, I., Campana, L., Ramstein, M., Furtwéngler, A., Hafner,
A., Losch, S., 2018. The application of different 3D-scan-
systems and photogrammetry at an excavation — A Neolithic
dolmen from Switzerland. Digit. Appl. Archaeol. Cult. Herit.,
10, e00078. doi.org/10.1016/j.daach.2018.e00078

Stamnas, A., Kaimaris, D., Georgiadis, C., Patias, P., 2021.
Comparing 3D digital technologies for archaeological fieldwork
documentation. The case of Thessaloniki Toumba excavation,
Greece. Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci.,
XLVI-M-1-2021, 713-720. doi.org/10.5194/isprs-archives-
XLVI-M-1-2021-713-2021

Torres, J.A., Hernandez-Lopez, D., Gonzalez-Aguilera, D.,
Moreno Hidalgo, M.A., 2014. A hybrid measurement approach
for archaeological site modelling and monitoring: the case study
of Mas D’Is, Penaguila. J Archaeol. Sci., 50, 475-483.
doi.org/10.1016/j.jas.2014.08.012

Usami, T., Begmatov, A., Uno, T., 2017. Archaeological
excavation and documentation of Kafir Kala Fortress. Studies
Digit. Herit., 1(2), 785-796. doi.org/10.14434/sdh.v1i2.23267

Waagen, J., 2019. New technology and archaeological practice.
Improving the primary archaeological recording process in
excavation by means of UAS photogrammetry. J. Archaeol.
Sci., 101, 11-20. doi.org/10.1016/j.jas.2018.10.011

Zhou, W., Chen, F., Guo, H., Hu, M., Li, Q., Tang, P., Zheng,
W., Liu, J., Luo, R., Yan, K., Li, R., Shi, P, Nie, S., 2020. UAV
laser scanning technology: A potential cost-effective tool for
micro-topography  detection over wooded areas for
archaeological prospection. Int. J. Digit. Earth, 13(11), 1279—
1301. doi.org/10.1080/17538947.2019.1711209

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-X-M-1-2023-3-2023 | © Author(s) 2023. CC BY 4.0 License. 10



	3D Survey and monitoring of ongoing archaeological excavations via terrestrial and drone LiDAR
	1. iNTRODUCTION
	1.1 LiDAR and Archaeology
	1.2 Terrestrial Digital Recording
	1.3 Low-Altitude Digital Recording
	1.4 Scope and Aims

	2. METHODOLOGY
	2.1 Data Collection
	2.1.1 Excavation Surveying with Terrestrial LiDAR: The ToF operating principle of a terrestrial LiDAR means that obstacles along the laser sensor’s line-of-sight create occlusions on individual scans, leading to lack of data on the acquired 3D point c...
	2.1.2 Excavation Surveying with Drone LiDAR: Low-altitude airborne LiDAR tackles a significant number of problems occurring from data collection with terrestrial laser scanning. Drone-mounted LiDAR, which operates with the same line-of-sight principle...
	2.1.3 Excavation-Parallel Monitoring: Monitoring an ongoing excavation requires multitemporal 3D surveying and can take place at set time intervals, every time a stratigraphic layer has been excavated, or a group of archaeological findings has been un...

	2.2 Data Processing

	3. APPLICATION AND RESULTS
	3.1 Description of the Equipment
	3.2 Case Study at Paleokastro Hill (Mykonos)
	3.2.1 Terrestrial LiDAR: Multitemporal recording via terrestrial LiDAR at the Paleokastro hill excavation site was carried out during five successive days of the excavation process, recording clusters of overlapping scans, aiming to collect complete p...
	3.2.2 Drone LiDAR: Recording at the Paleokastro hill excavation site via drone LiDAR was carried out during three successive days of the excavation process, performing each day one flight obtaining a complete point cloud and one acquiring a photogramm...

	3.3 Case Study at the basilica of Agios Kirykos (Delos)

	4. CONCLUSIONS
	5. Acknowledgments
	References



