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ABSTRACT

The need to achieve a complete three-dimensional database has seen
an increasing use of UAV systems in architectural surveying. In particular,
special types of drones -mini-UAVs- are increasingly being used for surveys
within historical centres or in critical areas. Through the case study of the
documentation of Donatello's Pulpit at Cathedral of Santo Stefano in Prato,
the paper aims to evalu-ate the acquisition’s reliability by mini-UAV of an
architectural element characterized by a high level of detail. The evaluation is
carried out comparing the results obtained by drone with those obtained by
proven techniques of terrestrial laser scanner and photogrammetric survey.



TESTING THE RELIABILITY OF MINIFUAVYS ACQUISTION CAMPAIGN
ON DETAILED BAS-RELIEFS. |HE CASE STUDY OF SCULPTURING
ELEMENTS OF DONATELLO'S PULPIT

1. INTRODUCTION

One of the main objectives behind an integrated
three-dimensional survey is the reliability of the results
obtained from the management and processing of the
collected data. For this reason, surveyors tend to use
digital surveying tools of well-established reliability
and geometric-morphological accuracy - TLS! - which,
however, alone do not provide all the data needed
to describe the surveyed object (Carnevali et al.
2018). This problem has led to the increasing use of
UAVs? in architectural surveying for Cultural Heritage
conservation. In particular, among the different remotely
piloted instruments used in surveying campaigns, mini
- UAVs, characterized by ease of manoeuvrability, low
weight and low cost, have enjoyed considerable success
in recent years; these characteristics allow mini - UAVs
to be used in contexts that are often prohibitive for
other drones and within historic centres (Parrinello,
Picchio 2019). The versatility that characterizes these
tools, however, must reckon with the reliability of the
database derived from them, particularly with regard
to architectural objects characterized by considerable
formal and decorative complexity.

This contribution aims to verify the reliability of 3D
databases from mini-UAVs - DJI Mavic Mini - comparing
them with those from survey tools considered reliable
- TLS and digital cameras-. The point clouds and mesh
models on which the comparison is made concern
the case study of Donatello’s Pulpit of Santo Stefano's
Cathedral in Prato.

519

2. CASE STUDY; DONATELLO'S PULPIT

Donatello’'s Pulpit is a particular architectural element
located at the intersection of the West and South
elevations of Prato Cathedral at a height of approximately
3 metres above the ground; for this reason, it is the ideal
case study to test the validity of using mini-UAVs as an
integration to a survey carried out with TLS instruments
(Figure 1). Using drones, it is indeed possible to perceive

—_y

Figure 1. Contextualization of Donatello's Pulpit and Cathedral of Santo
Stefano within the urban context of Piazza Duomo in Prato.
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the morphological and material complexity of the
surveyed object in its entirety (Galasso, La Placa 2020).

Donatello's Pulpit (1428 - 1434) is a sculptural
masterpiece composed of several elements, each richly
decorated. Shelves with volutes and concentric finials,
decorated in classical style and with mouldings, support
a circular balustrade; this is divided into seven panels
alternating with paired pilasters depicting a dance of
angels (Guasti 1887)3. The balustrade is covered by an
umbrella canopy, placed at a height of about 6 metres
from the ground. The pulpit visible today on the facade
is actually a copy of the original, preserved in the Museo
dell'Opera del Duomo (Figure 2).

The presence of a rich decorative apparatus that
characterises the morphology of the pulpit made
it necessary to use photogrammetry techniques to
supplement the data obtained from the terrestrial
laser scanner in order to study and accurately survey
the entire sculptural apparatus. The acquisition of the
metric and photogrammetric data for the creation of
a three-dimensional database is carried out during a
survey campaign in the first week of August 2021. In
addition to the laser and photogrammetric instruments
on the ground, the documentation activities involve

Figure 2. Donatello's Pulpit and detail of balustrade’s decorative apparatus.

the use of two different types of drones, all from the
company DJL (Figure 3) In particular, the use of a mini-
UAV allows the detailed photogrammetric acquisition
of the object, while the UAV instrumentation provides
a general restitution of the entire complex’s exterior of
Prato Cathedral and the Piazza del Duomo, allowing the
pulpit to be placed in the historical and architectural
context of the public space in front of it.

The use of drones in the survey stems from the need
to integrate not only the decorative apparatus of the
pulpit, but also the canopy and church roofs respectively,
in order to obtain a single integrated three-dimensional
database.

3.DOCUMENTATION AND  POST-PRODUCTION OF THE
DECORATIVE SYSTEM

3.1 RANGE-BASED AND IMAGE-BASED ACQUISITION
METHODOLOGY

The detailed acquisition phase of the decorative devices
of the external pulpit involves the use of the DJI Mavic
Mini* drone which, thanks to its light weight and small
size, allows the operator to safely approach the object
and obtain high-resolution images. The planning of
the acquisition phase sees the use of an 's’-shaped
flight plan, dividing the balustrade and the decorative
rings below into three horizontal bands with a certain
margin of overlap between them (Figure 4). This scheme
allows the complex decorative apparatus to be acquired
from all perspectives, trying to obtain as complete
an image database as possible. At each position, a
single image is acquired while keeping the inclination
of the camera axis perpendicular to the element.
Within the same horizontal acquisition band, a certain
percentage of overlap between contiguous images is
considered, in accordance with the general principles of
photogrammetry (Aicardi et al. 2016).

Photogrammetric acquisition also involves the use of a
telescopic rod, the 3D - EYE. This, given the possibility
of extension up to 9 metres, makes it possible to obtain
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Figure 3. The Different types of instruments used by the Dada-Lab Research Laboratory during the acquisition campaign. From left: FARO CAM2 S150

terrestrial laser scanner, 3D-EYE, DJI Mavic 2 and Mavic Mini.

close-up images of the decorative elements (but
without the possibility of reaching the highest parts
or the umbrella roof). The acquisition phase with this
tool again involves the use of an 's’ pattern, dividing
the decorative complex into 3 horizontal bands (Figure
5). In addition, for each position, the camera takes 4
types of photos: the first keeping the axis of the camera
perpendicular to the element, while for the others the
entire pole is rotated to the right and then to the left
and finally the camera is tilted downwards.

A more general photogrammetric acquisition of the
pulpit and roof portions of the cathedral is carried
out using the DJI Mavic 2° drone. The spiral flight plan
allows the acquisition of all necessary data that cannot
be detected with laser scanners (Figure 6).

On the other hand, the range-based acquisition is
carried out with a terrestrial laser scanner®. In particular,
nine colour and high-density scans are carried out for
the pulpit alone.
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Figure 4. Acquisition scheme of the balustrade with DJI Mavic Mini.
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Figure 5. Acquisition scheme of the balustrade with 3D-EYE.

3.2 PROCESSING OF PHOTOGRAMMETRIC DATA

The data management and processing operations,
with the aim of obtaining textured three-dimensional
models of Donatello’s pulpit, are conducted using
Agisoft Metashape software for photogrammetric
processes. The software is based on the sequence of
several processes in succession. The first step consists
in the alignment of the images, guaranteed by the
overlapping margin between contiguous shots; then,
a sparse point cloud is generated, which defines the
volumetry of the surveyed object. From the sparse
cloud is created a dense cloud on which the mesh and
final texture are elaborated (Figures 7 and 8). For the
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Figure 6. Spiral acquisition scheme of the Prato Cathedral complex and
square with DJI Mavic 2.

present case study, 70 photographs from the DJI Mavic
Mini, 360 photographs from 3D - EYE and 394 images
from the DJI Mavic 2 are processed. In particular, the
images coming from the DJI Mavic Mini are treated
obtaining a model composed of 3,470,574 points and
a mesh of 694,144 faces, those coming from 3D - EYE
generated a model composed of 29,004,034 points and
a mesh of 5,806,545 faces and finally those coming from
the Mavic 2 141,432,585 points and 28,286,481 faces.
All point clouds are aligned using morphological and
architectural homologous points to those derived from
the TLS point cloud. The model of the DJI Mavic Mini
has an alignment error of 0.005 metres, that of the 3D
- EYE of 0.002 metres and finally that of the Mavic 2 of
0.017 metres (Figure 9).

3.3 COMPARISON OF MODELS

Due to the decorative complexity that distinguishes
Donatello’s pulpit, it is decided to focus attention on
the low-relief decorated surfaces of the balustrade and
the decorative rings, making comparisons between the
three-dimensional photogrammetric models obtained
from the different instruments and those obtained by
drone (Figure 10). In particular, the comparisons carried
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out are of different types: a first qualitative comparison
within the Agisoft Metashape software, which allows us
to understand the decorative reliability of the models
generated by the data obtained from the mini-UAV;
at the same time, a second comparison is carried out
in the Geomagic Design X software, which permits to
calculate the average standard deviation of the meshes.
Finally, a metric comparison is carried out within the
Leica Cyclone software, which allows to understand if
the point clouds obtained from mini-UAV are metrically
reliable compared to those obtained from the TLS.

Figure 7. Point cloud processing through Agisoft Metashape software
of the data acquired by Mavic Mini. On the left, the processing phase
starting from the creation of sparse cloud to the dense cloud on which
to build the mesh model. On the right, the acquisition positions of the
images.

Figure 8. Point cloud processing through Agisoft Metashape software of
the data acquired by 3D-EYE. Above, data processing from the sparse
cloud to dense one; below, the final textured model.
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Figure 9. Overlay of point clouds generated from data acquired by FARO CAM2 S150 terrestrial laser scanner (red) and DJI Mavic 2 UAV (blue).

3.3.1 VisuaL comparison: 3D - EYE versus DU
Mavic M

A first visual and qualitative comparison is made by
comparing the mesh model obtained from the photos
taken by 3D - EYE and that obtained from the data
acquired by the DJI Mavic Mini. The comparison permits
considerations to be made on the level of detail of
the mouldings detected. In particular, the decorative
elements are clearer and more readable in their shapes
in the model obtained from the 3D - EYE than that
obtained from the mini drone. However, the floral
decorations between the scrolling shelves of the mesh
model obtained from 3D - EYE reveal some problems -
e.g. lack of data - (Figure 11). The difference in accuracy
is due to the fact that with the telescopic pole it is
possible to observe the decorative details more closely;
in fact, the drone acquisitions are taken from a more
distant position, in order to avoid excessive proximity
between the mini-UAV and the decorative apparatus of
the pulpit. However, the chosen distance ensures that a

good level of GSD’ is maintained (Draeyer, Strecha 2014).
Furthermore, the final image of the models depends
on the number of polygons that compose the mesh:
5,806,545 faces of the 3D model - EYE versus 694,144
faces of the drone model. A high number of polygon
faces corresponds to a greater possibility of obtaining
models with a high degree of detail.

A second type of comparison is carried out within
Geomagic Design X software. In this case, the two mesh
models are aligned by points and then compared using
the Mesh Deviation tool, which permits analysis of how
far the surfaces deviate by setting different ranges of
tolerance values.

The deviation study is done on visual information
interpreted by a colorimetric scale where adhesion
areas are in green, out-of-plane deformations in red and
inward displacements in blue (Figure 12). The

analysis shows good congruence between the models
in the capital portion, while areas of inaccuracy are
concentrated within the concentric volutes and corbels,
with a maximum error between 5 mm and 15 mm.
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Figure 10. Composition obtained by merging three-dimensional databases coming from different instruments.

3.3.2 Memric comparison: TLS versus DU
Mavic MiN

In addition to the visual comparison, a metric one
is made by comparing point clouds obtained from
ground-based laser scanners and DJI Mavic Mini.
The analysis of the deviation between the two clouds
is conducted with the Leica Cyclone 9 software.

In particular, the point cloud of the mini-UAV is
aligned considering the one obtained from the TLS
as a reference. Then a section plane is inserted into
it; in the frontal view, it is possible to calculate the
distance between the two clouds at different points
and thus understand how reliable the cloud from the
data obtained with UAV systems is. In general, the
analysis shows a good congruence between point
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clouds; the verification allows us to assess the
deviation by measuring the distance between them
by defining two points and using the measuring
instrument.

It is verified that the error tends to increase close
to architectural elements characterised by more
complex shapes, where the drone cloud discretizes
the information more. The error also increases near
the decorative rings of the pulpit, where a loss of
geometry is visible. In addition, the cloud obtained
by drone in these areas generates “swipes” of
points, creating noise (Figure 13).

The inconsistency error interval is instead due to
a previous error of cloud drone’s reference to that
coming from TLS.
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Figure 11 . Visual comparison between photogrammetric models. Above, the model obtained from Metashape software by processing data obtained
from 3D-EYE. Below, the model from Mavic Mini.

4. CONCLUSIONS

The article analyses the reliability of the use of mini-
UAVs in the context of an integrated investigation
aimed at the knowledge and documentation of an
architectural element characterised by a complex
decorative apparatus.

The results obtained highlight two fundamental
aspects of the use of mini-UAVsin the documentation
of Cultural Heritage. Firstly, the work carried out
on the case study demonstrates how the use of
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the drone within a survey allows us to obtain a
complete database focusing on the decorative and
plastic aspects, especially if positioned at heights
where ground-based instrumentation alone (range
and image-based) cannot be effective. On the
other hand, the work emphasises the potential of
using mini-UAVs in architectural surveys, especially
in areas where flight regulations are restrictive.
The visual comparison, but especially the metric
one, highlights the qualities of these drones in
terms of reliability and accuracy of measurements.
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Figure 12. The model deviation coming from data acquired with 3D-EYE compared with that from DJI Mavic Mini acquired data. The tolerance value is
set at 5 mm on a maximum deviation of 30 mm. It can be observed that the surfaces are fitted in the lower part, while the deviation values increase in

the upper one.

Future research developments see the possibility
of implementing acquisition methods with these
particular instruments at altitude, in order to
obtain final results that better match the goals set
by the documentation.
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CreDITS

The research project on Donatello's pulpit in the Cathedral of Santo
Stefano in Prato, scientific responsible Prof. Francesca Picchio, has been
developed within the research laboratory DAda-Lab of the University of
Pavia (responsible Prof. Sandro Parrinello) within a joint activity with the
Department of Architecture — DIDA - of the University of Florence, and
the Museo dell’ Opera del Duomo of Prato.



Figure 13. Above, metric comparison between point clouds obtained
from TLS and Mavic Mini. Below, geometric deviation of the point cloud
obtained by drone to that obtained by terrestrial laser scanner. The
discretization of information obtained from drone is relevant.

NOTES

1 Terrestrial Laser Scanner.
2 Unmanned Aerial Vehicle.

3 Foran in-depth reading on the historical and constructive aspects of Donatello's
pulpit, see Bonsanti, Giorgio (2000). Il pulpito di Donatello. In Donatello restaurato.
I'marmi del pulpito di Prato, pp. 11-30. Pistoia: maschietto&musolino, 2000.

4 The main features of the DJI Mavic Mini: weight less than 249 grams, open
dimensions with propellers 245x289x55 mm, upward speed 1.5 m/s - 4 m/s,
downward speed 3 m/s, flight time 31 minutes, 20 MP camera, 35 mm lens, f/2.8
aperture, shutter speed 4 - 1/8000 s (for additional information see https://www.
dji.com/it/mavic-mini/specs).

5 The main features of the DJI Mavic 2: weight 907 grams, open dimensions with
propellers 322x242x84 mm, upward speed 4 m/s - 5 m/s, downward speed
1 m/s - 3 m/s, flight time 30 minutes, 12 MP camera, 35 mm lens, aperture
f/2.8-f/11, shutter speed 8 - 1/8000 s (for additional information see https://www.
dji.com/it/mavic-2/info).

6 The range-based acquisition is carried out using a FARO CAM2 FOCUS S150
terrestrial laser scanner. The point clouds obtained from this instrumentation are
aligned and recorded through the use of SCENE software, produced by the same
manufacturer of the laser scanner. In particular, the maximum referencing error
obtained in the registration phase of the total cloud is 0.0042 metres.

7 Ground Sample Distance.
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