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Abstract

In the geomatics field, modelling and georeferencing complex speleological structures are some of the most challenging issues.
The use of conventional survey methods (for example, those employing total stations or terrestrial laser scanner) becomes more
difficult, especially because of the space constraints and the often critical light conditions. In this work, a flexible and swift
methodology to survey an in-progress excavation is presented, through image-based modelling techniques. The proposed
approach allows obtaining a reliable and georeferenced three-dimensional model of the underground environments, preserving
the integrity of the scene. The 3D model is scaled and georeferenced through three ground control points located just outside the
cave, using data acquired by a double-frequency GNSS receiver in static session mode. Further targets were employed to check
the deformation of the model inside the cave. The surveys were conducted on two archaeological sites: La Sassa cave and

Guattari cave, both located in southern Latium.

Keywords Photogrammetry - Structure frommotion - Cultural heritage - 3D modelling - Georeferencing - LaSassacave - Guattari

cave

Introduction

The archaeological excavation is a deliberate and scientific
process of destroying (pre)historical evidence to obtain obser-
vations (Lucas 2001). Thus, archaeologists need to have this
evidence documented in the best possible way, often in a short
time. In cave environments, this process can be very challeng-
ing: caves are generally characterized by a lack of light,
flowing water, high humidity, limited space and complex
morphology. Their mapping is a challenging task that cannot
be always performed by traditional topographic surveying
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methods (Gallay et al. 2015; Radicioni et al. 2019).
Furthermore, some areas can only be reached by expert spe-
leologists, because some passages could be very narrow and,
in some cases, very dangerous if not tackled with adequate
equipment and training. These conditions do not always allow
using traditional topographic instruments or to employ the
terrestrial laser scanning (TLS). Specifically, several limita-
tions apply to TLS when used in cave environments, such as
the difficulty of transportation and positioning (Angelini et al.
2017; Doneus and Neubauer 2005a, b; Stocchi et al. 2017).
On the other hand, traditional topographic instrumentation,
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due to lateral refraction effects, should be integrated by a
gyroscope (Velasco-Gomez et al. 2016) which, however, in-
creases costs and makes the survey more complex (Baiocchi
et al. 2016). In such harsh environments, only SLAM (simul-
taneous localization and mapping) image-based technique
provides acceptable results in acquisition time and automa-
tion. Such solutions are generally based on the optimization
of the classical SfM algorithms (Mouragnon et al. 2009). The
scientific literature about the performances of these method-
ologies under different severe environments is increasing
(Eyre et al. 2016; Mandelli et al. 2017; Sammartano and
Spano 2018). Although the elaboration time plays a funda-
mental role in this application, it is not so important as long
as the instrument versatility. The SLAM approach assures
real-time results, but it needs a great power computing system
that cannot be provided by the device or by a remote server,
due to a huge challenge to establish a communication in a cave
environment. On the other hand, a prompt mapping of the site
is essential to decide how to continue the excavation as well as
to obtain quality observations about archaeologic deposits.
Cave mapping is often accomplished with the aid of a
fibreglass measuring tape or a laser rangefinder, a compass
and an inclinometer (Gunn 2003). In the wider portions of
the caves, a total station might be used. This approach is very
versatile, but it is very time consuming especially when ac-
quiring details about the passage walls, profiles, and cross-
sections. Moreover, it relies on the operator’s experience at
interpreting and hand drawing the trend of the cave walls
between survey stations. Therefore, it is necessary to adopt
an approach which is able to achieve a high degree of details
of hypogeal scenes and to provide an automatic solution.

In this paper, a methodology based on digital photogram-
metry with a low-cost camera is described. The proposed ap-
proach allows achieving an automatic and reliable solution
through a video recording of the scene that, at the end of the
process, provides a three-dimensional model. This procedure
is generally faster than the sketching procedure and can be
partially performed in a laboratory rather than directly in the
cave. Cross-sections, orthophoto, 3D measurement about
length, areas or volumes can be extracted from the final 3D
model. The morphology of the cave is also very important to
reconstruct its ancient appearance and to gain new data on the
cave formation. The great advantage is that such information
is obtained in a non-subjective way, which is unbiased and
scientifically repeatable (Jordan 2017). Digital photogramme-
try has proven remarkable robustness and versatility in many
fields (Bosemann 2005). A skilled person, who has the appro-
priate knowledge of all the involved steps, can determine a 3D
model starting from a dataset of images. Indeed, several soft-
ware programs allow the user to perform a correct workflow,
thanks to the development of Structure from Motion (SfM)
algorithms that are becoming increasingly reliable (Micheletti
etal. 2015). As said above, a typical feature of archaeological
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caves is the presence of narrow spaces. In such conditions, the
use of a wide-angle camera with a high field of view, such as a
fisheye lens (Troisi et al. 2017; Perfetti et al. 2017) is partic-
ularly recommended to increase the overlap from two images
and to decrease the number of images needed to obtain a
reliable 3D model. This solution ensures a larger overlap be-
tween two successive frames, even if it creates a larger distor-
tion than the standard lens.

In this paper, a setup workflow used for the survey of two
archaeological caves is described. The second section contains
a deep description of the setup survey that is divided into two
main steps: GNSS and photogrammetric setup, the former
being essential to georeference the final 3D model. The third
section illustrates the features of the two case studies and the
strategies adopted to find a reliable solution.

Motivations and methodology

Cave environments are exceptional systems which can pro-
vide strong evidence about sedimentary or tectonic structures.
They constitute an important source of data from an archaeo-
logical point of view since they are generally more protected
than the surface sites.

In these cases, 3D models frequently support and complete
the research: the use of high-resolution 3D models of caves
can improve the quality and quantity of data needed for the
study (e.g. Abu Zeid et al. 2019; Rivero et al. 2019; Ruiz
Lopez et al. 2019).

Among the main methods generally used to acquire 3D
datasets, those based on tachometric surveying instruments
are the most complex to be deployed in these contexts, due
to their intensive acquisition process and complex data pro-
cessing. On the other hand, terrestrial laser scanning (TLS)
systems give high-resolution and high-precision results but
are generally very costly and often impossible to use due to
space limitations.

In such environments, digital photogrammetry is becoming
more and more used, since it may be able to provide new
contributions to the traditional interpretations. Even if still
challenging, this technology is based on digital camera images
and constitutes a cheaper and more flexible method in various
environments. These cameras are lightweight and can be em-
bedded in mobile and remote shooting systems, and the results
can be elaborated with commercial software packages, for
example, Agisoft Metashape (Triantafyllou et al. 2019). In
some specific and more critical cases, as through very narrow
spaces where even the most capable operator may face diffi-
culties (see Fig. 1), a method based on the Structure from
Motion (SfM) algorithms allows a reduction of the survey
time and complexity, still assuring good results (Troisi et al.
2017). The proposed methodology was tested in specific cave
sites where the archaeological excavations were underway.
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Fig. 1 The entrance (left) and exit (right) of the area called RA. At the end of the 70-cm circa wide tunnel, the Copper Age baby burial was found. Note

the headlamps of the archaeologists, used for the photogrammetric survey

These scenarios helped the survey setup since some areas
were already properly lighted to allow a safe excavation.
Some other lights were placed in the darker areas. A light
source was located behind the camera, and during the acqui-
sition phase, the operator made it follow its movements to
overcome the critical light conditions characteristic of narrow
spaces. For example, during specific passages, the headlamp
of'the operator was used, as shown in Fig. 1. Such an approach
was already experienced in Perfetti et al. (2018). This efficient
and robust technique is widely used since it automatizes the
photogrammetric procedures and lowers the costs, especially
if compared with other methods.

Georeferentiation: GNSS setup

Every survey in an indoor or hypogea environment should be
expressed in a local reference system (LSR) linked to a global
reference system, such as the geocentric coordinate system
ETRSR&9, Frame ETRF2000. Since the relation between the
two systems is of fundamental importance for the model
georeferencing, the employment of rigorous topographic
methods, based on the use of a total station and GNSS re-
ceivers, is necessary. The achievable accuracy and precision
are related to the adopted techniques (i.e. open and/or close
traverses) and influenced by several parameters, for example,
the morphology of the site and its position and extension
(Baiocchi et al. 2017).

The model georeferencing has been achieved through a 3D
Helmert transformation. A minimum of three ground control
points (GCPs) for each cloud must be determined with high
accuracy in the global reference system to get some degrees of
redundancy. In this minimal configuration, a redundancy
number of 2 is obtained. A higher number of GCPs are gen-
erally preferred, but that would have impacted on the survey
execution speed, which was supposed to be swift. As a stan-
dard procedure, three tripods were stationed in the outside of
the caves with a Topcon Legacy-E double-frequency GNSS
receiver, ensuring the maximum visibility for the antenna to

allow easy collimation during the elaboration of the images
(Fig. 2).

The GNSS receiver acquired data for 40 min on each tri-
pod. The data were then elaborated in post-processing mode
using the nearest permanent station data managed by the
Lazio Region, framed in the ETRF2000-RDN2008 system
(EPSG: 7792) (Fig. 3).

The post-processing was performed using Topcon Pinnacle
1.0 (www.topcon.com), which is able to handle the GNSS
data in the original format. The baseline estimation has also
been achieved in the open-source software RTKLIB v. 2.4.2
(www.rtklib.com) with basically the same results. After the
estimate of the coordinates of the points, the ellipsoidal
heights of the antenna were reduced to the geoid according
to the ITALGEO2005 model. In Italy, the latter provides
better results than the global models (Barzaghi et al. 2014).

Photogrammetric survey

The photogrammetric workflow employed to obtain the final
3D model generally consists of three phases: acquisition, ori-
entation and final plotting.

The acquisition

Modern software solutions allow reconstructing the 3D model
starting from the image matching techniques. The images are
elaborated using well-established algorithms to extract the ge-
ometry of the physical model through the detection of interest
points on 2D images. Nevertheless, a loss of information may
occur while acquiring photos; thus, a point on one image may
not exist on the following one. It is also possible to have more
than one correspondence or not even one, because of repeti-
tive texture or acquisition noise.

The acquisition aims at assuring a minimum overlapping
percentage of 65-85% between two successive images, mean-
ing that all the points belonging to the area of interest are
recorded at least three times (Monna et al. 2018). For this
reason, while setting up the survey, the operators placed

@ Springer
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Fig. 2 The photogrammetric
targets placed on tripods, where
GNSS receivers were previously
stationed

several targets inside and outside the caves to strengthen the
camera network and to constrain the deformations of the
models using the distances between the targets. Specifically,
the internal targets were used to control the scale of the model,
measuring the relative distances between them.

The surveys were performed with a full-frame DSLR
Nikon D80OE camera equipped with a Nikkor 16-mm fisheye
lens (Fig. 4). The camera was in video mode, and the focus
was set to infinity, at the highest aperture, to obtain a redun-
dant number of images and to enlarge the pixel size on the
sensor (useful in dark environment). The selected lens pro-
vides a diagonal FOV (field of view) of almost 180° which
is particularly recommended both in narrow spaces (Perfetti
et al. 2017) and when the site has a more prominent extension

e Bl
AROUN

AFIUM AVALM

AARDE

©alTnA ACASS
Sassa.Cave gFonD

Guattari (?ave

APONZ
AVTEN

Fig. 3 The GNSS network of the Lazio region

@ Springer

in length than in the other two dimensions, as in the case of
tunnels (Troisi et al. 2017).

The acquisition phase began outside, to allow the identifi-
cation of the three GCP targets needed to georeference the
model, then moved into the cave. The transition between the
very bright environment and the dark location had been grad-
ually performed, to avoid unexpected light variations (even if
the ISO sensitivity parameter helps the automatic adjustment
of the brightness gradient). Care should also be taken to avoid
capturing moving features, such as people or shadows, which
can affect the overall acquisition. The videos were then elab-
orated to collect the images. Providing specific guidelines on
the minimum number of pictures required is difficult, so the
sampling time may vary. A great number of images will pro-
duce a large number of matching features and more redundan-
cy, but it will increase the computing time of the modelling
step too.

The quality of the images is strongly affected by the loca-
tions of the light sources:

* A source placed behind the moving operator will cause
different shadows on subsequent images of the same scene
(Fig. 5).

* Alight directed towards the camera will produce saturated
images (Fig. 6).

* Lens flare patterns created by a light source spread widely
throughout the scene and change position with camera
movements (Fig. 6).

The elaboration

The images obtained from the videos were processed using
Agisoft Metashape software which employs a user-friendly
interface for the entire reconstruction workflow. The elabora-
tion can be subdivided into three main phases:
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Fig. 4 The Nikon DS8OOE and
Nikkor 16-mm fisheye lens used
are shown on the top. Below, a
generic frame recorded during the
survey

1. Camera calibration and images orientation
2. Model scaling and georeferencing
3. Dense point cloud generation

The final accuracy and reliability of the model are strictly
related to the correct orientation of the images, which depends
on the camera calibration. Starting from the mathematical
model chosen for the couple camera-lens, the calibration aims
at determining the camera interior orientation parameters. The
employed classical Brown model estimates these parameters
through a combination of principal distance, principal point
coordinates and pixel size and distortion effects modelling
parameters. Especially in close-range photogrammetry, the
interior orientation is obtained from several images within a
self-calibration bundle adjustment. This is well-known as “on-
the-job” calibration since it is directly performed during the
3D structure survey. Nevertheless, some specific geometric
configurations of the camera are required to obtain coherent
results. The test-field points should cover the sensor area to the
greatest extent possible and the acquisition should be made

Frame i-7

Frame |

with a 90-degree rotation around the view direction with all
the photos pointing towards the test-field centre. Finally, no
zoom should be applied to keep the interior orientation fixed.
These technical objectives assure reliable results in terms of
principal distance precision, internal parameter stability,
decorrelation between distortion coefficients and accuracy of
their estimation. Even if this procedure can be exploited be-
fore the survey, the network camera geometry (Fig. 7) could
not be suitable for a self-calibration. This is the case of envi-
ronments characterized by restricted spaces, where physical
parameter (e.g. temperature and humidity) variations can af-
fect the camera stability, reducing the calibration accuracy and
the reliability of the overall survey.

A joint processing approach, useful in difficult and harsh
contexts like this, is then proposed. It combines the “on-the-
job” procedure with the classic self-calibration: the pre-
calibration is performed in a laboratory, and then the parame-
ters are refined during the images processing stage. For the
first step, a calibration test field consisting of a 1-m cube built
with aluminium profiles was used. Classic circular targets and

Frame i+1/

Fig. 5 The frame sequences that show how the shadow of the operator influences the light on the scene

@ Springer
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Fig. 6 A portion of the frame is saturated due to direct light turned towards the lens

codified ones were applied both in the internal and external
parts of the cube to create a 3D test field. The cube (shown in
Fig. 8) has to be captured from different positions to ensure a
good intersection of the camera rays. Some of the images were
taken, with a 90-degree relative rotation around the optical
axis. The videos were recorded in the same resolutions of
those recorded for the surveys (1920 x 1080 and 1280 x 720).

The thus obtained pre-calibration parameters are used as
the initial calibration; their refinement is then made during
the elaboration, following the “on-the-job” approach. These
parameters are in fact affected by unavoidable change factors,
mainly related to different environmental conditions: this
method allows obtaining reliable bundle adjustment solutions,
helping the algorithm convergence.

Fig. 7 Typical camera network geometry

@ Springer
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Fig. 8 Test-field calibration
employed for the camera
calibration

The followed procedure, fully automated in Metashape, is
based on an automatic tie-point extractor algorithm, known as
blob detector, which provides highly distinctive features in-
variant to image scaling and rotation, and partial invariant to
brightness (Bay et al. 2006; Lowe 1999). This algorithm is
particularly useful in the studied sites since it allows preserv-
ing the tie-points multiplicity; moreover, it provides a reliable
solution for managing thousands of images in a reasonable
time. The positions and orientations of each camera station
are estimated through a bundle adjustment in the free network
and, together with the 3D tie-points cloud of each image,
result in a first photogrammetric model (the sparse point
cloud), which is not georeferenced nor scaled. The model is
oriented using the internal camera parameters obtained
through the camera calibration and the reprojection total error
is computed.

The second step aims at adjusting the model coherently
with the scale constraints measured during the survey setup
and the set of GCPs determined in the GNSS setup, for which
the total error can be estimated. Other targets located in the
scene help to estimate the deformation of the model, rerunning
the bundle block adjustment algorithm in minimal constrain
mode to adjust the camera parameters according to the “on-
the-job” self-calibration. In this optimization phase, either the
external and/or the internal orientation parameters are refined
to best fit GCPs and scale constraints. The latter are mainly
used in the inner part of the cave, far from the GCPs.

Finally, a cloud densification process is carried out. The
obtained dense point cloud represents the final 3D model that
can be analysed to evaluate the morphology and topography
of the cave surface.

Afterwards, a triangular mesh model can be generated. The
original colour is obtained from the pictures combined into a
texture map which is wrapped on to the object.

Case studies

The ancient entrance and the deep branch of the La
Sassa cave

La Sassa cave was discovered in 2015, during a systematic
survey of the natural caves in the Ausoni Mountains run by
two speleological groups: the Gruppo Grotte Castelli Romani
and the Speleo Club Roma (Alessandri et al. 2019a;
Alessandri and Rolfo 2015).

In the cave, a multi-layered deposit has been investigated,
ranging from late Pleistocene to the Il World War, when the
cave was used as a shelter by the locals. A rich Bronze Age
deposit and a Copper Age necropolis with hundreds of
scattered human bones have also been found. The current
entrance is a 2.5-m wide hole in the ceiling of the main room
(room 1). However, some stratigraphic evidence suggested
that, at least during the Copper Age and the Bronze Age, the
entrance might have been elsewhere and specifically near a
large niche which was completely filled with soil and rock
debris at the beginning of the excavation. The 3D model
was used to check the hypothesis and to observe the surface
just above the niche (Fig. 9).

Moreover, a Copper Age baby burial was found in the
deepest branch of the cave (area RA, around 12 m deep from
the surface) which was particularly difficult to map with tra-
ditional methods due to the space constraints (Fig. 10). The
3D model allowed the precise localization of the area and gave
new evidence about the deposit formation (and preservation).

La Sassa cave: results

Before starting the acquisition, three targets were positioned
outside the cave (in the same positions of the GNSS antennas,

@ Springer
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Fig. 9 Portion of the 3D model used to confirm the hypothesis of the
Copper Age entrance

Fig. 11). Other targets were placed inside, to strengthen the
camera network and to check the final results. The Nikon
camera was set in video mode and recorded in standard HD
1080p (each frame is set to a resolution of 1920 x 1080 and
the recording was performed in a progressive way) at 25 fps
(frames per second), to obtain an 18.7-pum pixel size on the

Fig. 10 Slice of the La Sassa
cave. The area RA is “trapped”
between the original walls of the
cave and the post-Copper Age
rock debris

Hidden cave
ceiling

Cave ceiling
/
/

Area RA

/
/
’
’
’
’
7
’

sensor (useful in dark environment) and to obtain a redundant
number of images. The operator recorded a series of short-
length videos because the cave terrain was highly irregular
and there were no defined paths. During the pauses, two op-
erators strategically placed some light sources to uniform the
lighting of the scenario, carefully avoiding locating them in
front of the camera or within the scene and to film people or
moving objects (even if in some cases the shadow of the
operator can still be seen). The acquisition phase lasted about
1 h: 30 min was spent for the 15 short videos recording, few
minutes to measure the relative distances between the internal
targets using steel tape, and the time left to settle the light
sources and to evaluate the best path to be followed for a safe
survey. It has to be noted that in the same cave a terrestrial
laser scanner was used to make a survey: here, almost 6 h was
employed to perform 12 laser stations to obtain the 3D model
of the central, bigger portion of the cave. The inner part (the
so-called sector RA), which has now been reconstructed using
the proposed approach, could not be acquired due to the nar-
TOW spaces.

The 15 videos were sampled one frame every ten,
collecting a total of 3899 images. These were oriented in a
unique project in Agisoft Metashape, which provided a sparse
points cloud of 524,168 points. The blob detector has been
very important to preserve the multiplicity of the tie-points,
allowing processing the images in a reasonable time. The bun-
dle adjustment process provided an estimation of the camera
poses and tie-points 3D positions. The three-dimensional
model was scaled and georeferenced according to the GCPs
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E 352626.959
N 4587459.537
Z131.159

(2)

(1)

E 352622.013
N 4587455.700
Z131.169

Branch RA—

AreaRA —

Fig. 11 Planimetric position of the external GCPs

and to the distances measured by a steel tape between internal
targets, then the bundle adjustment algorithm was rerun to
estimate the camera parameters according to the “on-the-
job” self-calibration, providing a reprojection total error of
1.6 pixels. The total error on the GCPs was about 0.1 m, more
than acceptable for this survey.

Finally, the image matching algorithm for the dense point
cloud worked with an image downscaled to 25%, generating
6,910,198 points (Fig. 12).

To evaluate the reliability of the 3D model, an error anal-
ysis was performed using three targets as checkpoints. During
the video recording, their coordinates were measured both on
the way and back and differently labelled, allowing the soft-
ware to distinguish them. The comparison between the two
sets of 3D coordinates provided an estimation of both the
cloud point precision and the model distortion, as reported in
Table 1.

A first morphological approach allowed inspecting the sur-
face of the cave and consequently to determine possible pas-
sages. The ancient entrance hypothesis was confirmed by the
3D model: as can be seen in Fig. 9, the outside excavation is
compatible with the inside candidate entrance.

E 352632.412
N 4587455.302
Z 130.665

Entrance

The paleo-beaches of the Guattari cave

The entrance of the Guattari cave is located in the Circeo
promontory, in southern Latium, on the eastern slopes of the
Mount Morrone. It was discovered by chance on 24 February
1939, during some quarry activities. One day later, the Italian
archaeologist A. C. Blanc, who was warned of the discovery
by the landowner, entered the cave and identified in a lateral
branch one of the best-preserved Neanderthal skulls in Italy
(Ascenzi 1991; Blanc 1939; Sergi 1974). The cave was then
investigated by prof. L. Cardini and prof. A.G. Segre, until
1950. Two Neanderthal mandibles were also found at a later
stage (Arnaud et al. 2015; Sergi 1954; Sergi and Ascenzi
1955). In all the cave, the surface of the paleosoil was
characterised by the presence of several faunal remains. At
the time of discovery, the skull was probably lying inside a
circle of small stones, with the foramen magnum clearly wid-
ened and visible on top. These data, together with the isolated
location, led some authors to hypothesise an episode of ritual
cannibalism (Blanc 1961). However, the damage patterns,
which is consistent with carnivore activity, the vertebrate fau-
nal assemblage (40% cervids, 40% bovids, 10% hyena, 7%

@ Springer
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New entrance

Fig. 12 The dense point cloud obtained after the image matching processing

horse, and 3% other mammals) and the particular pattern of
fragmentation, along with the presence of hyena coprolites, all
point to a hyena den (White et al. 1991). At the moment, the
Guattari finds constitute a point of reference for the
paleoenvironment and paleoclimate reconstructions of the
Pleistocene Italian Tyrrhenian coast.

In 2019, the relevant Archaeological Superintendence pro-
moted a series of initiatives both to assess the previous knowl-
edge and to plan future researches. The chronology of the
deposit and its origin are now once more under investigation.
At the moment, some radiometric analyses are available to
indirectly date the skull. A 51 +3 ka BP (kilo-annum Before
Present) was obtained from calcite samples which were adher-
ents to the adjacent stones and bones (U-series). Average date
of 57+6 ka BP for the surface and the layer 1 has been

Table 1 The 3D targets’ coordinate differences, in metres

Target Id AX AY AZ Total
6 (66) -0.012 -0.041 0.001 0.042
7(77) -0.031 —-0.021 -0.003 0.037
8 (88) 0.018 0.000 0.019 0.026
Mean —0.008 —0.020 0.005 0.035

@ Springer
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calculated from Bos primigenius teeth using the electron spin
resonance method (Schwarcz et al. 1991a, b). This data sug-
gests that the skull might have been deposited between 57 ka
BP, the formation of the last deposit, and 51 ka BP, the start of
the calcite formation. The development of new absolute dating
techniques (uranium-thorium) and the identification of resid-
ual layers of a paleo-sea level dated at MIS (marine isotope
stages) 5.1 (77 £9 ka BP) in the cave suggest a critical review
of'the layer chronologies and sequences (Marra et al. 2019). A
3D model of the cave and its deposit (Alessandri et al. 2019b)
becomes then necessary to adequately link the absolute
heights of the layer sequence with the reconstructed paleo-
sea level (Fig. 13).

Guattari cave: results

In this case, the operators decided to combine a camera and a
smartphone to test the reliability of low-cost technologies in
3D model reconstructions (Dabove et al. 2019). For this rea-
son, they assembled a handcrafted system consisting of a 25-
cm bar on which a Nikon DS8OOE camera with a 16-mm
fisheye lens and a Huawei P9 mobile phone were installed.
The videos were recorded with 1280 % 720-px resolution at
30 fps by the first device and in standard HD 1920 x 1080-
px resolution at 60 fps by the second one.



Appl Geomat (2022) 14 (Suppl 1):S5-519 S15

Estimated sea level

Fig. 13 Estimated paleo-sea level overlaid to georeferred 3D model of Guattari cave

The distances between 3 pairs of targets, placed at the en-  During the survey, the operator recorded the 3 GCPs outside
trance and inside the cave, were accurately measured to cor-  the cave and all the other targets, carefully avoiding fast move-
rectly scale the model and to constrain the deformations.  ments and consequent unexpected light variations.

E 340475.6500
N 4566309.1480
Z 11.4958

E 340470.6450
N 456630.5670
Z 6680

E 340473.2800
N 4566295.8500
Z12.6710

Cave entrance

Fig. 14 The final dense point cloud of Guattari cave with the GCP positions
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Table 2 Error comparison on scale constraints

Targets pairs Measured distances Nikon error Huawei error
28-48 1.8 0.240 0.049
52-72 1.495 0.067 0.024
27-30 2.545 0.084 0.081
28-29 1.29 0.175 0.034

The fixed light sources, though, projected shadows on the
walls which fortunately only resulted in a colour variation in
the affected areas.

108

4.566312

4.566310

4.566308

4.566306

4.566304

4.566302

4.566300

4.566298

4.566296

The total 10-min acquisition was sampled to obtain a
frame every 1/3 s. The resulting image sets (more than
3000 for each camera) were oriented in Agisoft
Metashape 1.5.0 after the cameras “on-the-job” self-cali-
bration. The 3D models were then georeferenced and
scaled using the 3 GCPs (Fig. 14).

The total errors on the GCPs represent the first difference
between the sparse point clouds: a mean of 14 cm and a max-
imum of 18 cm values for the Nikon, a mean of 2 cm and a
maximum of less than 3 cm values for the Huawei. A similar
trend is visible in the scale constraint errors: Table 2 reports (in
meters) the distances measured between some target pairs and
the relative errors for both the cameras.

Plan View

® Huawei point cloud
®  Nikon point cloud .
@ Huawei Cameras 3.40465 3.40470 3.40475 Savis0
® Nikon Cameras
A Ground Control Point

11

10

9

8

7

6

\ ! ! ! \ <108

3.40455 3.40460 3.40465 3.40470 3.40475 3.40480

Fig. 15 The comparison between the two point clouds obtained by the Huawei and Nikon cameras
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Fig. 16 The coloured distance histogram and the error map between the two registered point clouds

The external orientation parameters of the two cameras
were estimated through the bundle block adjustment, and
then the dense point clouds were obtained. A second dif-
ference showed up in this step. The software detected a
different amount of points, 6 million for the Nikon and 14
million for the Huawei, even if the models were elaborat-
ed with the same parameters (Fig. 14): this is due to the
different resolution of the images extracted from the
videos. At this point, a more detailed comparison of the
two models was necessary. Firstly, the point clouds were
plotted together with the camera positions in MATLAB.
Figure 15 shows an initial correspondence in the right part
of the plot which decreases moving to the left, through the
inner part of the cave, where the distance from the GCPs
increases.

To verify if this issue was only related to a scale prob-
lem, the models were registered using the iterative closest
point (ICP) algorithm in CloudCompare v. 2.6.3. This
procedure provides the best models overlapping by com-
puting the Helmert transformation parameters which min-
imise the cloud point distances. One of the two clouds
needs to be taken as reference, so the Huawei one was
chosen because of the lower error values it gave. The
Nikon cloud was then transformed to get the best fit.
The clouds were then compared again, calculating the
signed distances along the normal direction of the refer-
ence model using the M3C2 plugin of CloudCompare
(CloudCompare, 2.10.2 Zephyrus 2019). Figure 16 shows
the resulting distances, summarised with a mean of —
0.059 m and a standard deviation of 0.031 m. Moreover,
12.3% of the distances came out to be greater than 0.5 m,
while 2.4% of them were over 1 m.

The statistical analysis of the results evidenced an aniso-
tropic distortion in the Nikon model, confirming that a simple
Helmert transformation cannot minimise the differences be-
tween the two models.

Conclusions

In this work, a flexible and swift approach to survey hypoge-
um environments is described.

The aim is to propose and test a methodology to obtain
3D models by different image sets, each with a specific
resolution. The proposed solution allows extremely fast
survey operations, consisting of a simple video acquisi-
tion of the scene. Two different methods are then pro-
posed to control the solutions: through checkpoints or
through check scale bars, which both need to be previous-
ly placed in the scene.

This procedure was tested in two southern Latium caves,
where archaeological researches are currently ongoing: La
Sassa and Guattari caves.

The elaboration was performed in the Agisoft
Metashape environment, which automatizes the entire
workflow. More than 3000 images were oriented to ob-
tain the primitive point clouds, which were then scaled
and georeferenced using the 3 GCPs strategically placed
outside the caves. The densification process finally pro-
vided the 3D model of the caves.

This procedure allows consistently reducing the survey
time while ensuring a reasonable accuracy for archacological
scopes. The 3D model results prove to be a reliable way to
register the caves’ characteristics, allowing to easily test pre-
viously made archaeological hypothesis.
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