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Detailed 3D information on vulnerable archaeological sites can document cultural heritage and contribute to its
preservation. The Late Bronze Age Mycenaean cemetery of Aidonia, Greece, is a representative case of a
vulnerable site. Tomb looting has occurred sporadically since the 1970s, when the Greek government was made
aware of the site. Anthropogenic activities and natural denudation may affect the loss of structural integrity of
tombs. In this contribution, terrestrial laser scanning and geosciences are combined to document the vulnerable
cemetery through the generation of a tomb catalogue. The emphasis is on techniques applied to point clouds to

extract architectural elements. The catalogue consists of 208 architectural and geological measurements, 112
qualitative observations, maps, and point clouds images displaying the architecture of 16 tombs. The tombs are
mainly orientated northeast-southwest and northwest-southeast, and their average total length is 13 m. The
average volume of chambers with preserved roofs is 46 m3.

1. Introduction

Mycenaean settlement remnants primarily exist in present-day
Greece and western Turkey, dating back to the Late Bronze Age (LBA;
ca. 1650-1065 BCE) (Cline, 2010). As of 2004, 378 Mycenaean settle-
ment sites were reported in the Peloponnese (Wright, 2004). Funerary
evidence collected through systematic excavations in tombs has
improved the understanding of funerary cultural practices and social
structure (Cavanagh and Mee, 1998; Shelton, 2020). LBA Mycenaean
tomb types include pits, cists, shafts, built graves, tholos and tholoids,
and chamber tombs (Cavanagh and Mee, 1998; Galanakis, 2018). The
chamber tomb is the most common architecture found in Greece and
western Turkey, where ca. 4000 specimens have been reported since the
1860s (Galanakis, 2018). Chamber tombs are cut into hillsides or soft
rock outcrops. A typical chamber tomb consists of three major archi-
tectural elements: i) an entrance passage (dromos, pl. dromoi) that is
dug from the ground surface at an angle towards the doorway of the
chamber, creating a wedge-like shape; the width of the passage widens
from surface to doorway; ii) a doorway (stomion, pl. stomia) to the
chamber; and iii) the underground burial chamber (thalamos, pl. tha-
lamoi) (Karkanas et al., 2012).

Cemetery surveying and tomb cataloguing play an essential role in
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funeral archaeology as tools for exploration and documentation, and
contribute to the protection of burial sites under threat of natural and
anthropogenic processes (Weeks, 2010). Regarding Mycenaean ceme-
teries, few catalogues and surveys have been published. In their
comprehensive catalogue, Cavanagh and Mee (1998) reported upon 179
LBA cemeteries in mainland Greece. The chamber tomb is the most
common type of architecture in these cemeteries. The catalogue is
organised chronologically and geographically. The sites are shown
methodically on maps. Analogue drawings depicting the architecture
and distribution of tombs within cemeteries are provided for some of the
sites. Galanakis (2018) provides an update on the LBA cemetery in-
ventory by including known sites and new discoveries reported in the
central and southern Aegean since 1993. According to the survey, ca.
1700 LBA tombs, which correspond to ca. 27% of the total LBA tombs
discovered since the 1860s, have been marked in 207 cemeteries since
the early 1990s. With 809 tombs reported in 124 cemeteries, the
chamber tomb is the dominant type of architecture. The survey only
provides maps showing the location of the sites.

With such extensive site inventories published, effort must focus on
generating digital catalogues to permanently document the architec-
tural features of reported tombs and cemeteries with high accuracy and
precision. The success of digital tomb cataloguing may depend on the
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broad implementation of methods and techniques that speed up the
collection and documentation of archaeological excavation data. Optical
mapping methods, notably photogrammetry and laser scanning, enable
a faster, high-resolution, and objective depiction of archaeological sites
through non-invasive collection of accurate and precise 3D data
(Remondino and El-Hakim, 2006; Bohler and Marbs, 2002; Lambers and
Remondino, 2008). These optical methods have proven to be efficient in
archaeological research at regional, local, and object scale (Lambers and
Remondino, 2008; Remondino, 2011).

There is a progression in tomb cataloguing, from analogue (Slane,
2017) to digital (Mozas-Calvache et al., 2023; Pérez-Garcia et al., 2019).
Turner (2020) combined photogrammetry and total station to generate
highly accurate models of 86 LBA Mycenaean tombs located in ceme-
teries in Menidi, Portes and Voudeni, in mainland Greece, where
chamber tomb structures are the most common type. The catalogue
includes orthophoto mosaics, maps showing the location of the tombs,
visualisations of the 3D photogrammetric models, and a table with 12
variables listing the architectural dimensions of the tombs, including
volume, height, width, and length. However, previous Mycenaean
cemetery catalogues do not incorporate terrestrial laser scanning (TLS).
TLS is a highly accurate and non-invasive method that is fairly rapid in
collection time (Vosselman and Maas, 2010). TLS allows capturing the
cemetery’s layout at local (architectural elements of the chamber tombs
and the terrain’s morphology above) and object scale (mesoscopic fea-
tures on the surface of the architectural elements). Unlike passive sen-
sors such as cameras, TLS is not light-dependent and is well suited for
collecting data inside chambers, where photogrammetry is not an
optimal solution in poor lighting conditions.

The LBA Mycenaean cemetery of Aidonia, Greece, is a representative
case of a vulnerable archaeological site. Any plans to preserve it must be
based on detailed studies of its present structural integrity. Digital
cataloguing using TLS assists archaeologists, curators, and authorities in
making informed decisions regarding long-term preservation strategies.
This contribution combines geomatic and structural geology to generate
a digital catalogue of the Aidonia cemetery using TLS technique. The
focus is on the methodology implemented to generate the catalogue.
This study aims to:

e Contribute to heritage protection of the LBA cemeteries in the region.

e Promote best practices for the preservation of the Aidonia cemetery;
provide education and outreach to scientific communities and gov-
ernment authorities; and promote tourism.

e Advocate for substituting paper-based archaeological cataloguing
with mapping optical techniques, such as TLS, integrated with other
geoscientific disciplines.

e Provide a better 3D understanding of the architecture and layout of
the LBA tombs in the Aidonia cemetery.

e Contribute to future studies focused on the exploration of undis-
covered tombs in the Aidonia Cemetery.

The general objective of this study is to generate a digital and graphic
catalogue to permanently document, on a local scale, the Mycenaean
cemetery of Aidonia. In order to accomplish the objective, this study
focused on answering the following research question: Can the TLS
technique combined with geosciences be applied to generate a digital
and graphic catalogue that documents in 3D and high detail the archi-
tectural aspects and topographic setting of the Aidonia cemetery?

After introducing the Aidonia cemetery (Sub-section 1.1), the
methodology (Section 2) describes in detail the used tomb segmentation
method. Subsequently, the resulting tomb catalogue is presented (Sec-
tion 3) together with a general description of the cemetery setting and
the tombs, whose location, layout, and structural integrity are used as
correlation and grouping criteria. The advantages and challenges of the
techniques used are discussed (Section 4), followed by conclusions and
recommendations (Section 5). Archaeological interpretations go beyond
the scope of this study.
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The complete graphic catalogue is available in the supplementary
material. The TLS raw point clouds are published at https://data.4tu.nl/
(doi: 10.4121/df349dfc-9668-4169-a7d6-9852d68b4adf.v1). Videos 1
nd 2 enclosed with the electronic version of this article show the external
and internal structure of tomb 9. The point cloud shown in the videos
was thinned to a 0.05 m point spacing.

1.1. The Mycenaean cemetery of Aidonia

In the northeastern Peloponnese, a Mycenaean cemetery is located in
present-day Aidonia, Greece, on a hillside on the western flank of the
Phlious basin (Fuchs et al., 2004; Casselmann et al., 2004) (Fig. 1).
Although Aidonia cemetery is reported among the mortuary sites in the
Peloponnese by Cavanagh and Mee (1998) and Galanakis (2018), very
little additional information is published. The chamber tombs of the
Mycenaean cemetery of Aidonia were dug within soft layers of marls of the
Member B of the Upper Pliocene Psari Formation (I.G.S.R, 1970; Para-
skevopoulos, 1990; Fuchs et al., 2004). The cemetery is currently divided
into three parts: lower, middle, and upper (Kvapil and Shelton, 2019).
Intensive looting in the middle cemetery was reported in 1977 before
official rescue excavations by the Greek Archaeological Service began in
1978 (Krystalli-Votsi, 1998; Krystalli-Votsi and Kaza-Papageorgiou,
2013).

Originally, the middle cemetery consisted of 20 tripartite (dromos,
stomion, and chamber) tombs and tomb-related features (Krystalli-Votsi
and Kaza-Papageorgiou, 2013): sixteen tombs with chambers (1-11,
15-17, 19, 20), one vertical shaft (12), two dromoi without chambers
(13 and 14), and one small chamber cist (18). The structures contain rich
Mycenaean burials comparable to those found at the Mycenae and
Dendra cemeteries in Argolid (Demakopoulou, 1998b). Some of the
burials are found in pits dug in the chamber floor; others are found
around the deceased on the chamber floor and niches dug in the dromoi
and chamber walls. In general, human and horse remains and pottery
date the tombs to the Late Helladic IITA2 and IIIB periods (ca. 1350 BCA)
(Kaza-Papageorgiou, 1998). Some burials contain weaponry, gold, and
jewellery (Touchais, 1987; Krystalli-Votsi, 1989; Demakopoulou,
1998a; Shelton, 2020). The archaeological richness and architecture of
the tombs in Aidonia suggest a high level of wealth in Mycenaean society
that inhabited the region (Shelton, 2020). Unfortunately, 13 tombs were
heavily looted while two were illegally excavated but not looted. Only
five tombs remained untouched after illicit digging activities in the
1970s and 1980s (Krystalli-Votsi and Kaza-Papageorgiou, 2013). Addi-
tionally, the tombs have undergone notable degradation. Some tombs
have roofs completely collapsed due to the loss of structural integrity of
the natural rock formation. We believe that natural denudation and
anthropogenic activities, including agriculture and looting, are the main
processes that have hampered the preservation of the tombs. Since 2014,
exploration campaigns and systematic excavations have been carried
out by the Korinthian Ephorate of Antiquities and the Nemea Center for
Classical Archaeology (TAPHOS-Tombs of Aidonia Preservation, Heri-
tage, exploration, Synergasia) in order to preserve the architecture of the
tombs and the remaining cultural artefacts in the Aidonia cemetery
(Shelton, 2020).

2. Material and methods

The implemented methodology comprises five main steps (Fig. 2): i)
Acquisition of TLS data (Section 2.1); ii) Pre-processing of point cloud
(Section 2.1); iii) Unwanted object removal (Section 2.2); iv) Tomb
segmentation (Section 2.3); and v) Tomb cataloguing (Section 2.4).

2.1. TLS data acquisition and pre-processing
Laser scanning, Fig. 2, was carried out in August 2019 with a Leica

ScanStation C10 (Leica Geosystems, 2021), scanning the sloped terrain
of the cemetery and 16 chamber tombs. 51 scan positions make up the
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Fig. 1. Location of the Aidonia cemetery ca. 385 m above sea level at the foothills of the Asopos river valley. ALOS PALSAR - radiometrically terrain corrected (RTC)
digital elevation model (DEM) (ASF DAAC, 2015; Logan and Coauthors, 2014). The location of the Aidonia village within Greece is shown on the inset map.

TLS campaign, of which 29 positions focus on the dromoi and chambers,
and 22 positions on the cemetery setting. All scan positions were
registered in a local coordinate system using targets, yielding an average
error of 0.005 m. With a laser beam footprint of 7 mm; the scanner
delivers a point spacing of ~3 mm at a distance of 10 m, while point
spacing decreases to ~0.7 mm at short scan distances employed inside
chambers and dromoi. The acquired point clouds contain ~ 5.9 billion
points. Features associated with individual points consist of three spatial
coordinates (x, y, z) and intensity. Fig. 3 displays the raw point clouds
for tomb 9 and the terrain above it. The characteristics of the terrain and
the tomb entrances can be seen together with other terrain objects (e.g.,
vegetation; Fig. 3b). The main architectural elements of the tombs
(chamber, stomion and dromos) and additional features such as mor-
tuary pits in the chamber were also captured (Fig. 3c, top).

Due to the size of the raw point clouds, data processing is compu-
tationally expensive. Noise and outliers were removed in the pre-
processing steps, which comprise outlier removal, 3D data thinning,
and georeferencing (Fig. 2). Points with less than ten neighbours within
a radius of 0.1 m were considered outliers and removed. 3D block
thinning was performed to preserve only those points nearest to the
centre of voxel units with an edge length of 0.05 m. Subsequently, a
georeferenced TLS dataset acquired in July 2017 as a pilot study in the
middle cemetery was used as reference for positioning the 2019 point
clouds in the WGS84 global coordinate system with projection UTM
Zone 34 North. To do so, the Iterative Closest Point algorithm (ICP; Besl
and McKay, 1992) was used to match corresponding stable planar sur-
faces extracted from dromoi walls scanned in both 2017 and 2019. The
2017 scan positions were collected with a differential GNSS of centi-
metre accuracy. Pre-processing steps, as well as the upcoming steps of
the workflow, were implemented in CloudCompare (Gir-
ardeau-Montaut, D., 2016) and in the proprietary add-on LIS Pro 3D

(Laserdata, 2017) that operates within the SAGA platform environment
(Conrad and Coauthors, 2015).

2.2. Unwanted object removal

Removal of unwanted objects consists of identifying and removing
points corresponding to vegetation and any other objects, such as scan
targets, tripods, and people (Fig. 3). As a result, only points representing
chamber tombs and terrain are kept. Separating vegetation and objects
from tombs and terrain is a challenge. The scanned scene is complex; it is
on a slope and combines the heterogeneities of the natural terrain on the
surface with simpler anthropogenic underground structures. In this case,
terrain extraction is a 3D problem that cannot be adequately solved with
traditional ground filtering techniques (e.g., Axelsson, 2000; Zhang
et al., 2016; Evans and Hudak, 2007) designed for airborne laser scan-
ning. The method proposed by Brodu and Lague (2012) was tailored to
the complex scene of Aidonia cemetery. The method uses multi-scale
dimensionality criteria to classify objects in complex environments. It
geometrically characterises 3D point clouds at different scales by
semi-supervised machine learning, where representative training sam-
ples were manually extracted to train a classifier. The samples were
grouped into two classes: tomb/terrain and unwanted object.

The sample classes exhibit a wide range of scales. The unwanted
object class includes vegetation such as short grass (=0.15 m), bushes
(=~0.4 m), and trees (=5 m-8 m). In contrast, the tomb/terrain class
includes dromoi that range from 2 m to ~10 m in length. The classifier
was generated using training samples on 150 scales between 0.1 and 15
m with a step of 0.1 m. The classifier separated the two training classes
with an accuracy of 98%. Subsequently, the classifier was applied to the
full dataset. Points classified as unwanted were removed. Fig. 4 illus-
trates the classification of unwanted points that correspond to grass on
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Fig. 2. Illustration of the implemented methodology. Steps depicted in the workflow are aligned with the sub-sections contained within this section, as denoted by

respective numerical labels.

top of tomb 9. After the removal of most unwanted objects, small groups
of misclassified points remained. The geometric point features (Wein-
mann et al., 2017) surface density and planarity were computed and
sufficient to remove unwanted remnant points.

2.3. Tomb segmentation

Tomb segmentation consists of subdividing the chamber tombs into
architectural elements such as doors, walls, roofs and floors. This en-
ables analysing geometrical characteristics of each tomb element. Tomb
segmentation was achieved using point features to group clusters of
points (i.e., segments) that share similar characteristics (Nguyen and Le,
2013; Vosselman, 2013). For example, points that fit into the same plane
are merged if they are spatially close and share local point features
(Vosselman and Maas, 2010).

Tomb surfaces hewn by Mycenaeans in the natural rock formation
can be thought of as joint planes exhibiting different orientations, which
are described by geological measurements such as dip direction and dip
angles. The dip direction indicates towards which direction a plane is
dipping. It is 90° off the azimuth, which corresponds to the horizontal
angle (measured clockwise from the north) of the intersection line of an
inclined plane and a horizontal plane (Ragan, 2009). The dip is the
steepest vertical angle (0° - 90°) of an inclined plane relative to a hor-
izontal plane. The method of Wichmann et al. (2019) intends to auto-
matically derive joint orientations and joint set clustering from TLS
point clouds, as well as to determine joint normal spacing and the dis-
tribution of in situ block sizes. The method suits well for tombs exhibiting
planar to fairly planar surfaces (tombs 2-4, 6-11, 15, and 19). To apply
this method, the chamber and dromos of each tomb were manually split
beforehand. The process for segmenting tomb 9 is illustrated in Fig. 5.
Three main steps were required (Fig. 2; 2.3):

1. Normal estimation: The RANdom SAmple Consensus algorithm
(RANSAC; Bolles and Fischler, 1981) is employed to estimate a
normal vector for each point from a best-fit plane containing at least
six points from its 25 nearest neighbours. The plane is used as a seed
for surface growing (Besl and Jain, 1988; Sapidis and Besl, 1995;
Vieira and Shimada, 2005), which groups spatially connected points
whenever the difference between the angles of the normals is not
above a predefined value. Since the planarity of tomb surfaces ranges
from planar, fairly planar to poorly planar, it is likely to obtain
normal vectors pointing in opposite directions within the same sur-
face. Therefore, lax parameters were set to better represent the
smoothness of the surfaces. However, lax parameterisation varies
from one tomb to another, as each tomb exhibits its own morpho-
logical heterogeneity.

2. The determination of segment sets is executed in two phases:

Generation of density pole plots: The objective is to visualise di-
rection domains representing the segments (e.g., the back wall of a
chamber). The orientations of poles are plotted in a stereonet (Groshong,
2006). The output is a density grid containing the number of poles per
pixel (Fig. 5a; top left). Quadratic kernel density estimation (KDE) is
performed to determine the clusters of poles with similar orientation
within a radius of 10° on the diagram. The highest density values are
depicted by the darkest pixels located in the centre of the faded circles
(clusters of largest segments). Seven principal poles representing the
orientation of the largest segments (i.e., back, front, and lateral walls,
floor, and roof pitches) of tomb chamber 9 are plotted in the stereonet of
Fig. 5a (top left).

Ranking and grouping of segments: The segments are ranked from
highest to lowest based on their KDE values and grouped into five sets
representing the five main orientations. Subsequently, an identifier (ID,
from 1 to 5) is assigned to each set (Fig. 5a). The segment sets are
grouped if the acute angle between their poles is less than the minimum
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derground. c) side and top-down views of chamber tomb 9 illustrating the three major elements (chamber, stomion, and dromos). Raw point cloud with point spacing
of ca. 0.7 mm displayed using intensity attribute.

required between two different sets. This is the case for those sets that 3. Spatial clustering separation: Finally, the segment sets representing
are almost parallel to each other. Segment set IDs are assigned to each the five principal orientations are partitioned into individual seg-
point if the acute angle between the point normal and the normal of a ments. This is achieved by employing the region-growing algorithm
pole’s set does not exceed a preset angle threshold. constrained by the segment set IDs to separate surfaces with the same

orientation but with no spatial connection. As a result, the point
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cloud of the chamber of tomb 9 is partitioned into 13 different seg-
ments representing the tomb’s main architectural elements (Fig. 5b).

For tombs (1, 5, 16, 17, and 20) exhibiting rounded or poorly planar
geometries, the segmentation process was performed manually. Fig. 6
illustrates the process for tomb 1. First, after deriving normal vectors,
the dip angle attribute is estimated for each point using a local best-fit
plane constructed from neighbouring points within a radius of 10 cm
(Fig. 6a). Second, the chamber is manually separated from the dromos.
Third, sub-horizontal surfaces of the chamber are extracted from the
cloud. Finally, the remaining points representing chamber walls are
segmented by manually clipping the point cloud at high curvature areas
(Fig. 6b).

2.4. Chamber tombs measurements and qualitative criteria

Once the chamber tombs were segmented, the orientations and di-
mensions of the main architectural elements were obtained. Architec-
tural and geological measurements of the segmented point clouds
(Table 1) were taken in the dromos, the stomion, and the chamber.
Surface orientations were obtained by measuring dip-direction and dip
angles of their best-fit plane representation. The length, width, and
height of the chamber were measured directly on the clouds passing
through the chamber centroid. The chamber area was measured at the
base polygon that contains most of the chamber floor points. The
polygon belongs to a set of polygons that envelope horizontal slices of
points obtained by vertically dissecting the clouds every 10 cm. The
local dip angle of the terrain above the tombs was computed directly on

the terrain point cloud. Subsequently, the acute angle between the floor
of the dromos and the terrain was measured using a script in MatLab
(Cardozo in Allmendinger et al., 2011).

A triangle mesh representation was used to estimate the volume of
each chamber. The Poisson surface reconstruction algorithm (Kazhdan
et al., 2006) is well suited to reconstruct meshes representing closed 3D
shapes. Except for those missing the roof, chambers are mostly closed 3D
shapes. Therefore, the reconstruction delivers feasible meshes that
honour the point clouds in most of the tombs. Note that due to the
absence of points, there is a high degree of extrapolation in the area of
the stomion (Fig. 7).

Qualitative criteria (Fig. 2; 2.4) help describe the geometry and the
current structural condition of chambers and dromoi from visual ob-
servations made in the point clouds. The following criteria were used:

Overburden integrity: This criterion describes the degree of pres-
ervation of the tombs based on visual assessment of the structural
integrity of the chamber overburden. In this study, the overburden of a
chamber is defined as the thickness of the rock formation from the
ceiling of the chamber to the surface of the terrain (Fig. 8 a). The
structural integrity of the chamber’s overburden is described in three
categories (Fig. 8a): i) continuous: even if pieces of the overburden have
fallen and fractures are present, the overburden is still continuous above
the whole chamber; ii) partially-collapsed: pieces of the overburden
have fallen to the point that the roof is not continuous (presence of
holes), although it still covers most of the chamber; and iii) collapsed: no
overburden at all.

Dromos’ walls integrity: Three categories are defined to describe
the degree of preservation of the dromoi based on the degree of
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b

Fig. 6. Manual segmentation of tomb 1. a) Top-down and side views of the point cloud coloured by dip angle. b) Perspective view illustrating the manual seg-
mentation of the chamber walls after extracting the chamber roof and floor using the dip angle attribute.

Table 1

Types of measurements of major architectural elements. Dip direction and dip
angles are given in degrees; length, width, and height in meters; and area and
volume in square meters and cubic meters, respectively.

Structure Architectural Element Measurement
Dromos Lateral walls Dip-direction and dip
Floor Dip-direction and dip; Length
Stomion Facade Height
Chamber Lateral walls Dip-direction and dip
Floor Area
Chamber Length; Width; Height; Volume

Perspective view of tomb 3 from the south

irregularity observed in the walls and the walls’ lateral and vertical
continuity: i) well-preserved; ii) fairly-preserved; and iii) poorly-
preserved.

Ceiling type: Qualitative criterion aimed to describe the type of
chamber ceiling observed in the point clouds. Four categories are
defined (Fig. 8b): i) domed; ii) gabled; iii) vaulted (gabled with a hori-
zontal beam between the two pitches); and iv) flat. Note that due to the
integrity of the present-day overburden, the assigned ceiling type might
not correspond to the original one.

Shape: Qualitative criterion to define the shape of the chamber
depicted by a horizontal slice of a point cloud. The horizontal slice
outlines the chamber at the height of the sensor. Chambers can be
classified as: i) circular; ii) semi-circular; iii) polygonal; and iv) semi-

West side chamber,

Door

3m

Fig. 7. 3D reconstruction of triangle mesh to estimate the volume of the chamber of tomb 3. The point spacing is ca. 5 cm.
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Terrain

Fractures

Overburden

Chamber
Continous Partially-collapsed Collapsed
Domed Gabled Vaulted Flat

Fig. 8. Illustration of categories followed to describe the degree of preservation of chamber overburden (a) and the observed type of ceiling (b). When an observed
geometry does not match with one of the defined categories in (b), the ceiling type is declared as "Not Defined (N)".

polygonal.

Accessory elements: Number of architectural accessories such as
side chambers, pits, and niches identified in the tombs.

The georeferenced point clouds were plotted on maps to measure and
analyse the elevation and the aspect of the terrain as well as trends
observed in the tombs’ distribution and orientation. This involved
importing the point clouds into a Geographic Information System (GIS)
database within ArcGIS Desktop (ESRI, 2020).

3. Results

The resulting Mycenaean tomb catalogue has been conceptually
conceived to digitally characterise the present-day architecture and, in
general, the state of preservation of the chamber tombs at the Aidonia
cemetery. The catalogue has a graphical component consisting of the-
matic maps of the cemetery (Figs. 9 and 10b,c) and illustrations that
showcase raw and processed point clouds depicting in detail the internal
structure of each tomb (e.g., Fig. 11). A compendium encompassing all
the illustrations is included in the supplementary material provided with
this article. The other component consists of two tables that contain
information on the geometry and the state of preservation of the
chambers (Table 2) and the dromoi (Table 3). The information in the
tables is arranged in ascending order following the pre-existing tomb
numbering. Column headers correspond to quantitative and qualitative
criteria derived from direct measurements and observations, respec-
tively made on the TLS point clouds (see Section 2.4).

The terrain topography, the distribution of the tombs across the
cemetery, and the layout of dromoi and chambers are shown in Fig. 9.
Footprints of tombs occur between ca. 380 and 396 m.a.s.1 (Fig. 9 a) and
occupy an area of ca. 0.19 ha. In general, the tombs are uniformly
distributed, though a small group (19, 2, and 3) is slightly isolated from
the rest. Two tendencies are observed considering the average azimuth
of the dromoi walls (Fig. 9 a; Table 3): The majority (11 tombs) are

oriented northeast-southwest with an average azimuth of 16°, whereas
the rest (5 tombs) are oriented northwest-southeast with an average
azimuth of 345°. Given the aspect of the hillside, the terrain dips ca. 12°
on average towards the south (Fig. 9 b). In general, the chamber tombs
are opened to the south since they were dug in the opposite direction to
the slope of the terrain. Floors of dromoi dip 12° on average towards the
north, exhibiting a negative slope relative to the terrain aspect.

Tombs can be grouped by considering the structural integrity of their
chamber’s overburden. Most of the chambers have continuous over-
burdens, except for tombs 16, 17, and 20 whose overburdens completely
collapsed in response to the loss of structural integrity of the natural rock
formation (Table 2; Fig. 9). These tombs also exhibit poorly-preserved
dromoi (Table 3). Except for tomb 16, which has a polygonal shape,
chambers with partially-collapsed (tomb 1) and collapsed (tomb 17 and
20) overburden tend to be circular to semi-circular. Furthermore, tombs
with such a collapse trend are located mainly on the eastern side of the
cemetery (Fig. 9). In contrast, most of the tombs in the western and
central cemetery exhibit chambers with continuous overburdens and
tend to have a more polygonal shape. The average thickness of contin-
uous overburdens is 2.0 m (Table 2; Fig. 9 b). When looking only at the
chambers with continuous and partially-collapsed overburdens, it is
possible to categorise the ceiling type of 11 tombs (Table 2): five gabled
(4, 7, 8, 11, and 15), three vaulted (3, 6, and 9), two domed (1 and 5),
and one flat (10). The ceiling types of five tombs (2, 16, 17, 19, and 20)
were declared as "Not Defined".

The average length of chambers and dromoi is 4.9 m and 7.8 m,
respectively (Tables 2 and 3). When combining both chambers and
dromoi, the total length averages 12.7 m. Tomb 9 is the longest (20.5 m)
and is the least symmetric since it has the lowest chamber/dromos
length ratio (1:2.6) (Fig. 10 a). On the other hand, tomb 17 is the
shortest (7 m) and the most symmetric (almost 1:1) tomb. Based on the
area of the floor and the volume of the chamber, the tomb size can be
classified as small, medium, or large. Although the chamber floor of
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Fig. 9. Chamber tomb orientations and cemetery terrain morphology. Raster and vector data derived from the point cloud GIS-database within ArcGIS Desktop.
Tomb footprints correspond to horizontal slices at the height of the sensor. a) Digital terrain model (DTM) of the cemetery setting, tomb footprints, and tomb
orientation based on dromoi azimuths. Two orientation trends are observed: northeast-southwest (pink dromos) and northwest-southeast (blue dromos). b) Slope
terrain map along with tomb layout and thickness of the overburden material of the chamber roofs. The terrain dips ~12° towards the south, whereas the floor of the
dromoi dips 11° on average in the opposite direction. Based on the slope of the dromos floor, tomb entrances are classified as gentle (0° to 10°), moderate (11° to
20°), or steep (>20°). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

tomb 9 exhibits the largest area (25.2 mz; Fig. 10 b; Table 2), tomb 5 has
the chamber with the greatest volume (85.6 m%; Fig. 10 ¢; Table 2).
Tomb 17 has the chamber with the smallest area (5.4 mz; Fig. 10 b).
However, since its volume could not be estimated due to the absence of
chamber overburden, the metric is incomplete. Therefore, with an area
of 8.6 m? (Fig. 10 b) and a volume of 17.31 m3 (Fig. 10 ¢), tomb 19 is
ranked as the tomb with the smallest chamber.

Tomb 3 (Fig. 11) is used as an example of how to read the catalogue
by integrating the information provided in the tables with metrics (Ta-
bles 2 and 3) and the illustrations (Figs. 9 and 10, and supplementary
material). The tomb is located in the southernmost part of the cemetery,
and like most tombs, tomb 3 has an orientation of northeast-southwest
with an average azimuth of 14° measured in its well-preserved dro-
mos. The chamber has a volume of ca. 54 m® including a west side
chamber; both chambers exhibit a polygonal shape. A continuous roof
covers the main chamber with an overburden of 1.7 m thick. The vaulted
ceiling is 3 m high measured from the chamber floor, which occupies an
area of 22.3 m2 The tomb can be accessed through its ca. 8 m length
dromos whose floor dips 9° towards the north until joining the monu-
mental facade of the stomion where the dromos is 3.4 m high.

4. Discussion

In this chapter, the applied methods and obtained results will be
briefly discussed in the following two sections: i) TLS and photogram-
metric 3D documentation; and ii) Tomb segmentation challenges.
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4.1. TLS and photogrammetric 3D documentation

To our knowledge, only two digital catalogues of LBA Mycenaean
tombs located in the central Greek Aegean have been generated by 3D
surveying techniques: one by employing TLS (this article) and one by
employing photogrammetry (Turner, 2020). In this study, photogram-
metry was also used to model the chamber of tomb 9. However, poor
lighting conditions within the chamber hindered the effectiveness of
photogrammetry. Although field photo acquisition was efficient,
post-processing necessitated multiple attempts before achieving a
satisfactory model. The final model had to be re-scaled to accurately
represent the chamber’s actual dimensions. The modelling was
computationally-taxing, taking ca. three hours to generate a point cloud
model of 59 million points and derive a textured colour model of 1.3
million faces from 83 photos. On the other hand, for the same chamber,
TLS took less than 30 min to collect a single scan position that generated
a 3D model of ~143 million points with real-world dimensions,
although without coloured attributes. As an active sensor, the TLS
scanner can acquire data in darkness. However, the TLS method requires
an expensive and bulky sensor (in this study, 13 kg without including
additional equipment such as tripods). An intermediate alternative that
might fit archaeological field recording is a handheld scanner (Sirmacek
et al., 2016), though the resolution and quality of data will be reduced
substantially given today’s technology.
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Fig. 10. Tomb measurements. a) Chart depicting the length of the tombs. b) Tomb size based on the area of the floor of the chambers. ¢) Tomb size based on the
volume of the chamber. Tomb footprints in b) and ¢) correspond to the horizontal slice at the level of the chamber floor.

4.2. Tomb segmentation challenges

The segmentation of the point clouds facilitated the dissection of
tomb architectural elements for analysis. However, with the employed
method, the segmentation process was not straightforward given the
complexity of tomb surface geometries. Architectural elements of tombs
exhibit irregular surfaces (e.g., varying from non-planar to planar), and,
in general, the inherent surface roughness hinder the effectiveness of the
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method. Therefore, the process required trial and error until a suitable
parameterisation that applied for most of the tombs was found. In order
to reduce inconsistencies when estimating normal vectors from the un-
dulating surfaces and to reduce the computational time, the point clouds
had to be down-sampled to 0.05 m. It means that the segmented clouds
deliver a lower resolution. If particular segments are required with
higher resolution, bounding polygons that envelope the down-sampled
versions can be generated and used to extract the desired segments
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Fig. 11. Tomb 3. a) Left: Raw point cloud with point spacing of ~0.7 mm displayed using intensity. Right: Processed point cloud with point spacing of ~0.05 m
coloured by segment ID. b) Plan view of cemetery setting and tomb footprints, where the position of tomb 3 is highlighted in grey. Tomb footprints correspond to the
horizontal slices at the height of the sensor. c) Perspective view of the chamber of tomb 3. Point cloud visualization using calculated illuminance (Portion de Ciel

Visible (PCV); Tarini et al. (2003)).

Table 2

Dimensional survey: Measurements and observations of individual chambers made directly from TLS point clouds.
TombID ‘0l Ceiling type "Shape Side chamber Pit Niche ‘HxWxL (m) IArea (m?) Volume (m%) ‘OT (m)
1 +- D C NE 1 NE 2.2x4.2%x3.8 11.9 24.1 0.9
2 + N SP NE 1 NE 2.7%x3.3x4.2 9.8 26.0 1.3
3 + \4 P 1 NE NE 3.0%x3.6x5.4 22.3 53.8 1.7
4 + G P NE 3 NE 2.1x3.2x4.3 9.2 23.7 2.7
5 + D P NE 5 NE 2.8%x6.4x7.8 21.9 85.6 2.6
6 + v P 3 4 NE 2.9%x6.1x4.8 22.3 48.2 2.5
7 + G P 1 2 NE 3.0x4.7x6.6 23.5 71.5 2.4
8 + G P NE 1 NE 3.1x3.7x5.5 19.5 48.6 2.0
9 + \% P NE 1 NE 3.3x4.2x5.7 25.2 64.9 1.9
10 + F SP NE 1 NE 1.8x2.9x4.5 11.8 54.6 2.5
11 + G SP NE 3 NE 2.7x3.9x4.3 16.8 35.5 1.4
15 + G P NE 5 2 2.7%x4.0x5.2 18.8 46.5 2.4
16 - N P NE NE NE NDx3.7x4.0 17.1 ND ND
17 - N SC NE NE 1 NDx2.6x3.6 5.4 ND ND
19 + N SC NE NE NE 2.3x3.1x3.3 8.6 17.3 29
20 - N C NE NE NE NDx3.9x4.7 11.8 ND ND

Overburden integrity (OI): Continuous +, Partially-collapsed + -, Collapsed -

Ceiling type: Domed D, Vaulted V, Gabled G, Flat F, Not Defined N.
Chamber shape: Circular C, Semi-circular SC, Polygonal P, Semi-polygonal SP,

No Data ND, No Evidence NE.
# OL Overburden integrity.

b Shape of the chamber measured at the height of the sensor.

¢ H: height; W: width; L: length.
4 Area of the chamber floor.
¢ OT: Overburden thickness.
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Dimensional survey: Measurements and observations of individual dromoi made directly from TLS point clouds.

TombID Wall integrity “Azimuth (°) "Dip (%) Height Stomion (m) “Length (m) Dip Floor (°) Dip Terrain (°) dAngle BTF (°)
1 ++ 16 81 2.0 3.5 22 14 36
2 ++ 7 84 3.5 7.2 15 14 29
3 ++ 14 85 3.4 8.2 9 17 25
4 + 19 87 2.1 3.9 8 23 31
5 - 12 58 ND 6.7 3 11 14
6 21 87 3.7 7.5 13 20 33
7 ++ 14 80 3.9 9.9 8 18 26
8 ++ 349 86 3.9 10.8 12 11 23
9 + 329 80 4.1 14.9 8 11 19
10 ++ 6 78 3.3 9.1 11 11 22
11 ++ 25 83 2.7 8.6 7 14 21
15 ++ 337 82 3.3 8.7 15 14 29
16 - 27 61 ND 6.2 6 14 19
17 - 14 64 ND 3.4 16 11 24
19 ++ 355 85 3.8 7.7 17 15 32
20 - 355 79 ND 9.1 8 12 18

Wall integrity: Well-preserved ++,
No Data ND, Fairly-preserved +, Poorly-preserved -
@ Average azimuth of dromos walls.
b Average dip of dromos walls.
¢ Length of the dromos measured in the floor.
4 Acute angle between the floor of the dromos and the terrain above.

from a higher-resolution cloud. The bounding polygons can be obtained
using, e.g., the alpha shape approach (Edelsbrunner et al., 1983).

5. Conclusions and recommendations

Through the generation of the digital tomb catalogue of the middle
cemetery of Aidonia, this study demonstrates a successful integration of
TLS technique combined with geosciences in the permanent documen-
tation of an endangered cultural heritage site. A high resolution and
accuracy 3D model of TLS-derived point clouds with millimetre reso-
lution was generated to produce the catalogue. The model resulted from
the integration of 51 georeferenced scan positions representing the ar-
chitecture of 16 chamber tombs and the cemetery terrain, which dips ca.
12° towards the south. The applied tomb segmentation enabled
measuring with high accuracy the dimensions and orientations of tomb
architectural elements. The chamber tombs are mainly orientated
northeast-southwest and northwest-southeast, and average 12 m in
length from the beginning of the dromos to the end of the chamber. 208
(13 variables across 16 tombs) architectural and geological measure-
ments, and 112 (7 variables across 16 tombs) qualitative observations
were made directly from the clouds to generate the catalogue. The
chamber overburdens of 3 out of 18 tombs have completely collapsed,
and therefore the volumes of these chambers could not be estimated.
The average volume of those chambers that still preserve their roofs is
46 m°.

Future work aims to maximise the use of the acquired dataset and
gather additional TLS surveys to provide informed decisions for site
preservation and explore undiscovered tombs. Periodic TLS surveys
facilitate temporal model comparisons to track induced natural and
anthropogenic changes over time; it is recommended that more TLS
surveys are collected in the area at a cost-efficient interval. Efforts are
needed to map the anthropogenic linear features such as chisel marks
observed in the tombs surfaces. Likewise, natural features (e.g., fractures
and bedding plane) can be mapped across the tombs and eventually
provide hints about the tombs’ structural integrity. By leveraging the
high-quality dataset, implementing machine learning can enhance in-
formation extraction and automate mapping processes. Conducting near
surface geophysical studies at the site, such as ground penetrating radar
(GPR), electrical resistivity tomography (ERT), and seismic refraction
tomography, is recommended for generating holistic 3D models that
integrate the archaeological and topographic information from the
surface with potential geophysical anomalies that suggest new tomb
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discoveries. The TLS dataset and the digital catalogue of the Aidonia
cemetery are now part of the legacy of the Aegean cultural heritage.
They are available for society in general and future generations. To
enhance research and promote education and outreach, augmented re-
ality platforms and virtual reality museum exhibitions that showcase 3D
models of chamber tombs are recommended.
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