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Abstract

This research addresses the enhancement of outdoor Cultural Heritage by exploring innovative methods for integrating different
digital models applied to external environments, with a specific focus on so-called ‘Vegetal Architectures’. These spaces, shaped
by the interaction of natural and built elements, embody historical processes of continuous transformation and therefore require
survey methodologies capable of combining material data with the reconstruction of the site’s evolutionary history. Among the case
studies examined, the Pincio Promenade in Rome plays a central role. Designed by Giuseppe Valadier from 1810, it represents one
of the most significant nineteenth-century urban interventions in the city. Despite its cultural relevance, existing graphic documen-
tation remains fragmented and inadequate for an accurate architectural-scale description of its metric and geometric features. A key
historical reference is the Plastico di Roma da Piazza del Popolo a Piazza Colonna con il Pincio, a maquette made by Tommaso
Falcetti under Valadier’s supervision from 1822, which provides a valuable topographical record of the area. The study aims to
produce a detailed digital survey of the Pincio Promenade through the integration of Terrestrial Laser Scanner (TLS) and Simulta-
neous Localization and Mapping (SLAM) technologies, generating numerical discontinuous and continuous models suitable for the
analysis of Vegetal Architectures. In parallel, a high-resolution digital reconstruction of the Plastico di Roma is developed using
colour-calibrated Structure from Motion (SfM) photogrammetry and hybrid laser scanning. The resulting models are then compared
to validate the contemporary survey and to investigate the historical transformations of the garden.

1. Introduction

This paper1 derives from a research project focused on inno-
vative strategies for connecting and integrating heterogeneous
digital models in outdoor contexts, with the aim of enhanc-
ing Cultural Heritage’s external environments. Particular at-
tention is devoted to so-called ‘Vegetal Architectures’ (Ernouf,
1886, Boriani and Scazzosi, 1992, De Carlo and Paris, 1998),
in which the interaction between nature and built components
offers distinctive opportunities for digital interpretation. These
hybrid spaces possess strong historical significance, as they em-
body continuous processes of transformation over time. In such
contexts, a survey can be considered comprehensive only when
it extends beyond the acquisition of material data, incorporat-
ing the site’s evolutionary trajectory from its original design
through subsequent modification to its current configuration.
Among the investigated case studies of this research project2,

1 The authors participated equally in the experimental phase. In writ-
ing the article, L.P. was responsible for the Introduction and Conclu-
sions, G.C. for paragraph 2 (Literature Review), L.M. for paragraph
3 (Methodology), and M.L.R. for paragraph 4 (Experiments and Re-
sults).

2 This paper stems from the research project Information modelling sys-
tems for the knowledge, preservation and management of historic gar-
dens and parks, conducted by the Department of Civil, Building, and
Environmental Engineering (DICEA) and the Department of History,
Representation, and Restoration of Architecture (DSDRA) at Sapienza
University of Rome.

the Pincio Promenade in Rome (Figure 1a-c) represents a par-
ticularly relevant example. Completed between 1811 and 1823,
it forms part of a series of major urban projects conceived by
Giuseppe Valadier in Rome in the early nineteenth century (Ma-
nari, 1996). The project originated in 1810, when the Napoleonic
Administration promoted the integration of Piazza del Popolo
into a system of public gardens connecting the square to Pincio
Hill. Valadier proposed a terraced layout, articulated by an as-
cent that connects multiple levels across an overall height differ-
ence of approximately 35 m (Hoffmann, 1967). Despite its im-
portance, the Promenade is documented by a surprisingly lim-
ited number of graphic sources capable of rigorously conveying
its metric and geometric features at an architectural scale. The
extant corpus of Valadier’s drawings related to the Pincio Prom-
enade can be classified into three main groups: 1) sketches from
his notebooks, lacking precise geometric data and conceived as
theoretical and preliminary studies; 2) urban-scale plans, sec-
tions, and elevations that necessarily omit architectural detail;
3) architectural or detail-scale drawings (freehand or technical)
that depict only isolated portions of the complex, often not re-
flecting its final configuration (Hoffmann, 1967, Debenedetti,
1979). Consequently, metrically reliable representations of the
Promenade as a whole exist only at the urban or territorial scale,
generally derived from topographic surveys or remote-sensing
data, such as the Numerical Regional Technical Map of Lazio
(Regione Lazio, 2026). Within this context of scarce detailed
documentation, a particularly significant historical source is the
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Figure 1. The terraces of the Pincio Promenade seen from the eastern edge of Piazza del Popolo (a), near the base of the Fontana della
Dea Roma (b), and at the level of the second hairpin bend on Viale Gabriele D’Annunzio (c). Plastico di Roma (d), by Tommaso

Falcetti and Giuseppe Valadier. Planimetric diagram of Rome’s Tridente (e) highlighting Valadier’s works that were actually built (in
black) and those that were demolished or never built (in bright blue) – graphic elaboration by the authors (source: Manari, 1996).

Plastico di Roma da Piazza del Popolo a Piazza Colonna con
il Pincio, initiated by Tommaso Falcetti under Valadier’s su-
pervision and left unfinished around 1826 (Figure 1d). This
maquette in cork, wood, plaster, and paper painted with water-
colours is now housed in the Museo di Roma at Palazzo Braschi
(Pietrangeli, 1971). It constitutes a valuable topographical record
of the area encompassing Porta del Popolo, the Pincio Hill, Pi-
azza Colonna, and the River Tiber (Roma – Sovrintendenza
Capitolina ai Beni Culturali, 2021). Owing to the temporal
overlap between its production and the realisation of the Prom-
enade, the Plastico can be interpreted as a hybrid source, com-
bining documentary value with the representation of an inter-
mediate design hypothesis. In light of this ambivalence, the re-
search proposes a high-resolution digital survey of the maque-
tte, specifically aimed at comparison with the current configura-
tion of the Promenade. The study therefore pursues four main
objectives: 1) to digitise the Pincio Promenade using Terres-
trial Laser Scanner (TLS) and Simultaneous Localisation and
Mapping (SLAM) system, exploiting the latter’s suitability for
elongated and articulated environments while reducing interfer-
ence from vehicles and pedestrians; 2) to reconstruct the Plas-
tico through Structure from Motion (SfM) photogrammetry and
close-range 3D hybrid laser scanning, ensuring high geometric
accuracy and surface detail; 3) to compare the two digital recon-
structions of the maquette in order to evaluate the relative per-
formance of image-based and range-based approaches in cap-
turing metrically reliable geometries; 4) to compare the hybrid
laser survey of the Plastico with the TLS and SLAM dataset
of the Promenade, correlating the historical representation with
the current state on a consistent metric basis.

2. Literature Review

The digital surveying of maquettes is a well-established research
field, initially characterised by the integration of multiple tech-
niques. A seminal example is the survey of Antonio da San-
gallo the Younger’s wooden model for St. Peter’s New Basil-
ica in Vatican, conducted by the Dept. of Survey, Analysis,
and Drawing of Sapienza University of Rome, where the ge-
ometric accuracy of TLS was complemented by photogram-
metry and direct measurements (Bianchini, 2007). This multi-
method approach responded both to the need for data validation
and to the limitations of laser scanning in texture acquisition.
With technological advances, image-based methods – particu-
larly following the diffusion of SfM photogrammetry – have

gained prominence due to their improved texture rendering ca-
pabilities and affordability. This has led researchers to favour
these techniques for maquette surveys, limiting laser scanning
to supporting roles, primarily for geometric validation or global
referencing. Representative examples includes the reconstruc-
tion of a Venetian galea based on maquette surveys (Balletti
et al., 2020), the study of Luigi Ferdinando Marsili’s fortifica-
tion models for documentation and dissemination (Bartolomei
et al., 2022), and the creation of a mixed-reality model from
Michelangelo’s wooden maquette for the facade of San Lorenzo
in Florence (Bertocci et al., 2024). In some cases, surveys rely
almost exclusively on SfM, as demonstrated by Spallone et al.
in their study of Carlo Mollino’s Turin Horse Racing model,
whose real counterpart was demolished in 1960 (Spallone et
al., 2021). Nevertheless, urban maquettes pose significant chal-
lenges for both laser scanning and photogrammetry due to light-
ing constraints and mutual occlusions between building ele-
ments. An exceptional case is the nineteenth-century Grande
Plastico di Pompei (1:100 scale), whose size required dedicated
scaffolding and controlled LED illumination for zenithal pho-
togrammetric acquisition (Malfitana et al., 2016, Malfitana et
al., 2020). Despite this body of research, studies specifically
addressing maquettes that include representations of vegetal el-
ements remain scarce, if not entirely absent.

3. Methodology

This section first addresses the main challenges encountered
during the survey of the Pincio Promenade and the Plastico di
Roma, and then explains our methodological solutions.

3.1 Integrated Digital Survey of the Pincio Promenade

Surveying operations of the Pincio Promenade began in 2022
with an initial series of massive acquisition campaigns along
the hairpin bend formed by Viale Gabriele D’Annunzio and
Viale Mickiewicz, corresponding to the southernmost portion
of the point cloud. These acquisitions were performed using a
FARO Focus 3D X 130 TLS (FARO Knowledge Base, 2025b).
One of the principal challenges encountered during this phase
was interference from vehicular and pedestrian traffic, given
the centrality of the Pincio Hill and Piazza del Popolo within
Rome’s cultural landscape. In spring 2024, a second and more
extensive survey phase was conducted, covering the remaining
portion of Viale Gabriele D’Annunzio, including the adjacent
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gardens, as well as the terraces connecting Piazza del Popolo
to the Pincio Terrace. Alongside additional TLS acquisitions,
three scanning trajectories were performed using a GeoSLAM
ZEB Horizon mobile laser scanner (FARO Knowledge Base,
2025a): one along the initial winding section of Viale Gabriele
D’Annunzio from Piazza del Popolo, and two across the gardens
located north and south of the Pincio Terrace. SLAM-based
systems are particularly suited to elongated and articulated en-
vironments, such as serpentine roads and stairways (Cianci et
al., 2025, Warchoł et al., 2023), enabling rapid data acquisi-
tion while minimising risks to equipment and interference with
traffic and pedestrians. As expected, the dense tree canopy hin-
dered georeferencing during SLAM acquisitions, a limitation
consistently observed in vegetated contexts. Overall, the sur-
veyed area covered approximately 35,000 m². Due to the con-
siderable computational resources required to process each ac-
quisition, all point clouds were registered in JRC Reconstructor
(Gexcel Srl, 2025), where initial noise filtering was applied dur-
ing import while preserving the original point density reported
in Table 1. Manual pre-alignment and fine registration were
then performed using the Iterative Closest Point (ICP) algo-
rithm, achieving a maximum alignment error of 0.0476 m. Al-
though duplicate points are automatically removed during im-
port, this operation was repeated on the aligned datasets prior
to merging. To address differences in instrumental and effective
resolution between TLS and SLAM data, density levelling was
applied during merging, enforcing a minimum point spacing of
10 cm and retaining, within each cell, the point with the high-
est confidence value. Despite these automated cleaning pro-
cedures, the merged cloud still contained extraneous elements
unintentionally captured during acquisition, such as pedestri-
ans, animals, vehicles, and micro-mobility devices. The dataset
was therefore exported in E57 format and further processed in
CloudCompare (CloudCompare, 2025), where manual clean-
ing was conducted by sequentially slicing the cloud: first into
20 sections using planes parallel to the entrance of Viale del
Muro Torto at Piazzale Flaminio, and subsequently into 10 sec-
tions using planes perpendicular to the local z-axis. Automatic
classification algorithms were deemed unsuitable for two main
reasons. First, the dense interpenetration of built structures and
vegetation within the Pincio Promenade complicates any clas-
sification based on elevation profiles.

Scanned sector Type of laser scanner No. of points
Southern turn TLS 8,039,905

Terraces TLS 3,981,445

Southern garden SLAM 7,779,892

Northern garden SLAM 9,235,040

Serpentine ascent SLAM 7,974,004

TOTAL 37,010,286

Table 1. Points contained in each cloud of the Pincio
Promenade’s survey after initial filtering by JRC Reconstructor,

in correspondence to the scanned sector.

Second, foliage movement during acquisition introduced colour
inconsistencies – often exhibiting sky-related hues – that pre-
vented reliable colour-based segmentation. Consequently, the
point cloud was manually classified, separating trees and shrubs
from terrain and built elements (Figure 2a-b). This phase also
included additional manual cleaning, resulting in a final dataset
comprising 13,836,644 points.

Figure 2. Point cloud of the Pincio Promenade as integration
between TLS and SLAM, with vegetation (a) and without (b).

3.2 Challenges in the Digital Survey of the Plastico di Roma

Following a preliminary inspection conducted on 4 December
2025, the Museo di Roma imposed two conditions for the sur-
vey of the Plastico di Roma: complete avoidance of any phys-
ical contact with the maquette, and execution of all survey ac-
tivities exclusively on museum closing days, within maximum
time slots of approximately 7.5 hours. Consequently, survey
operations were carried out on 15 and 22 December 2025. As
is common with urban maquettes, the Plastico presents signif-
icant challenges for indirect sensing techniques, primarily due
to shadowed areas affecting roads, alleys, and terrain, gener-
ated by the dense arrangement of building and tree models. Be-
yond these inherent difficulties, the case study exhibited sev-
eral additional critical issues. First, despite its relatively limited
size and a scale comparable to standard urban-planning mod-
els, the maquette displays an exceptionally high level of detail,
including street furniture elements. Second, over more than
a century, the Plastico has undergone various forms of dete-
rioration, such as fractures in the cork base representing the
ground and the River Tiber, detachments between paint lay-
ers and substrate, and deformations of individual tree models.
In parallel, the original paintwork and surface finishes have
faded, resulting in a reduced chromatic range. These condi-
tions persist because, although the maquette has been period-
ically cleaned, it has never undergone a full restoration cam-
paign. A further complication arose from the exhibition layout
in which the Plastico was displayed during the survey period.
The maquette was installed within a thematic exhibition fea-
turing parquet flooring and lilac-coloured fittings, including the
pedestal supporting the model, while the lighting system pro-
duced pronounced cast shadows across the room. To mitigate
shadowing effects, two LED lamps were positioned at diametri-
cally opposite locations with respect to the maquette. Neverthe-
less, the combined reflection from the parquet flooring and the
coloured exhibition fittings introduced a pervasive olive-toned
colour cast in the photographic imagery, requiring specific cor-
rective measures during the photogrammetric acquisition.

3.3 Plastico di Roma: Hybrid Laser Scanning

The technological evolution of handheld scanners, especially
after the emergence of structured light scanners, has introduced
new close-range sensing techniques capable of overcoming the
difficulties encountered by TLS, such as laser shadows and poor
texture capture and rendering (Merella et al., 2023). The first
survey technique adopted for the Plastico di Roma employed
a 3DeVOK MT handheld hybrid laser scanner, equipped with
three types of light sources: 34 blue laser lines, 22 infrared laser
lines, and infrared Vertical Cavity Surface Emitting Laser (VC-
SEL) structured light. It is also equipped with a texture cam-
era. The variety of sensors featured in the 3DeVOK MT allows
scanning distances ranging from 150 to 1000 mm for all three
light sources, reaching a maximum of 1500 mm exclusively for
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structured light speckle (3DeVOK, 2022). The maquette’s sens-
ing process (Figure 3a-c) included a preliminary start-up and
setup phase, consisting of reaching an operating temperature
equal and not exceeding 40°C, and calibration using a specific
target and a dedicated software, named 3DeVOK Studio.

Figure 3. Survey of the Plastico with hybrid laser scanner: a)
calibration and warming up; b) sensing the maquette with blue

laser lines; c) real time point cloud generation in 3DeVOK
Studio; d) point cloud generated from the acquisition.

Hybrid laser scanners work best when specific markers are ap-
plied to the object being sensed, but we must remember that the
maquette could not be subject to direct contact. However, the
3DeVOK MT scanner can align acquired data without markers,
using surfaces rich in geometry and colour details of the object
being surveyed as a reference. We therefore took advantege
of the self-orienting capabilities of the instrument to generate
point clouds with continuity, even though we had planned to
carry out the acquisition over two non-consecutive days. How-
ever, we found that the device had difficulty maintaining proper
tracking when scanning areas characterised by low geometric
complexity and substantial chromatic uniformity, resulting in
data noise or, in more critical cases, misalignments between
consecutive point clouds. Real-time detection of such misalign-
ments allowed us to immediately retrace the acquisition path
and continue scanning along more clearly distinguishable ge-
ometries. Consequently, the final point cloud includes only the
‘built’ portion of the Plastico and does not contain any survey
data related to the edges of the supporting base (Figure 3d).

3.4 Plastico di Roma: Colour Calibrated Structure from
Motion Photogrammetry

In addition to the LED lamps used for room illumination, the
photogrammetric survey employed an Olympus EM-10 camera
with Panasonic Lumix G 25mm f/1.7 ASPH lens, operated via
a Wi-Fi-connected digital tablet; a Manfrotto 055 aluminium
3-section tripod with an adjustable vertical/horizontal column
and a Manfrotto 808RC4 3-way pan/tilt tripod head (with RC4
quick release plate); cardboard encoded targets for materialisa-
tion of Ground Control Points (GCPs); a Mark.08 colourimet-
ric target from Profilocolore Srl. The meticulous detail char-
acterising the maquette required us to make the most of our
equipment and the SfM technique, forcing us to carefully plan
the photogrammetric survey. We based our Ground Sampling
Distance (GSD) calculation on the maximum shooting distance
expected during acquisition, which was the length of the seg-
ment connecting the projection centre of the camera, placed at
the maximum height reachable by the tripod and at one of the
vertices of the Plastico’s pedestal, and the opposite vertex with
respect to the diagonal of the upper base of the pedestal itself,
i.e. 2262 mm (Figure 4a-b). A summary of the parameters
used in the photogrammetric survey’s project is shown in Ta-
ble 2. Before the first acquisition on 15 December, we took
photos of a checkerboard target for a lens calibration procedure

programmed for a second stage. The need to carry out the pho-
togrammetric acquisition over two non-consecutive days, with-
out possibility of fixing even temporary markers, forced us to
arrange two sets of 16 encoded targets each alternately, for a
total of 32 GCPs to be used during SfM processing.

Focal length 25 mm

Pixel size 0.0037 mm

Shooting distance 2262 mm

GSD constrained by the setup 0.3348 mm

Width of the frame projected horizontally
onto the maquette

1574 mm

Height of the frame projected horizontally
onto the maquette

1176 mm

Horizontal baseline 630 mm

Vertical baseline 235 mm

Table 2. Point cloud statistics during SfM processing.

We materialised half of these GCPs during the survey opera-
tions on 15 December, while the other half were materialised
for the acquisition on 22 December. The main reason for choos-
ing such a high number of GCPs was that we were unable to
check the positioning with trilateration, as we could not use ad-
hesives or touch the Plastico. However, we tried to place the
targets as carefully as possible (Figure 4c).

Figure 4. Colour calibrated SfM: plan (a) and oblique section
A-A’ (b) of the photogrammetric project; encoded target
placement (c); camera setup (d); view of the scene (e).

We also placed the Mark.08 colourimetric target on the pedestal,
subjecting it to the same lighting as the maquette. Camera
settings (Table 3) were the result of a compromise between
the need to reduce noise, avoid overexposing the image, and
achieve a depth of field that would bring as much of the model
as possible into focus within the frame. Therefore, in addition
to controlling the camera via Wi-Fi, we set a timer to man-
age the slow shutter speed, assuming a waiting time compatible
with the damping of the tripod’s oscillations after each move-
ment and orientation (Figure 4d-e).

Aperture Shutter speed ISO Colour space
F11 5” 100 Adobe RGB

Table 3. Camera settings for the photogrammetric survey.

We divided the photogrammetric survey into 7 sequences of
photographs taken while circling the model: 5 captured on 15
December; 2 captured on 22 December. To ensure a good level
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of detail on the vertical walls of the outermost building models,
we took a sequence of photographs with horizontal optical axes,
making an exception to the vertical coverage required by pho-
togrammetric planning. However, the photogrammetric project
is approximately respected in the other sequences (Figure 5).

Figure 5. Image alignment and sparse cloud of the Plastico
during SfM processing in Agisoft Metashape environment.

To mitigate chromatic alteration caused by light reflected from
the surrounding environment, we used a colourimetric calibra-
tion method derived from analysis and digitisation techniques
in the field of artistic heritage conservation (Carnevali et al.,
2021). All RAW files underwent colourimetric calibration us-
ing Visipick software by Profilocolore Srl, in conjunction with
demosaicing. This program compares the spectral data of the
Mark.08 target in each image with laboratory-measured ref-
erence values under D65 illuminant, a standard by Commis-
sion Internationale de l’Éclairage (CIE), which represents ap-
proximately the average midday light from the northern sky
(Commission Internationale de l’Éclairage, 1999, Lee, 2005).
D65 is also known as the daylight standard illuminant, as it in-
cludes direct solar light and light diffused by a clear sky. We
had Visipick analyse a RAW file in Adobe RGB colour space
framing the Mark.08 colourimetric target under the same light-
ing conditions as the Plastico. The colourimetric characteri-
sation algorithm evaluated the deviation between the spectral
data of the target in the image and the spectral data of the same
target under D65 illuminant (reproduced by Profilocolore Srl
in the laboratory) stored in its code, based on CIE 2000 For-
mula (Oleari, 2016, Lindbloom, 2017) and expressing a colour
error parameter value ∆E00 equal to 1.89. Considering this
value acceptable, we applied this colourimetric calibration to all
RAW files, saving them as 16-bit TIFFs in Wide Gamut RGB
colour space (Figure 6a-b). The software carried out non-linear
colourimetric transformations based on CIE 64 Colour Match-
ing Functions (CMF) (Oleari, 2016), statistically reconstructing
all colours present in Wide Gamut RGB colour space but not in-
cluded in the Adobe RGB one (Carnevali et al., 2021). In this
way, in addition to correcting the colour alteration, the proce-
dure improved the sharpness of the images (Figure 6c-d). SfM
processing was carried out in Agisoft Metashape software. In-
trinsic and extrinsic camera parameters were calculated from
specifically colour-characterised images for lens calibration to
ensure consistency with the actual survey images. After exclud-
ing blurred frames, 419 sharp images were selected and divided
into 7 sequences. Incorporating 32 GCPs, images were aligned
at maximum precision, generating 7 sparse point clouds. Align-
ment and merging were performed using both point- and target-
based methods, with target-based alignment providing superior
results due to the abundant GCPs. A dense point cloud was then
generated in ‘High’ quality with ‘Mild’ filtering and then

Figure 6. Colour calibrated SfM: the Mark.08 colourimetric
target in one of the photos, before (a) and after (b) colourimetric

calibration; detail of the Plastico’s Pincio Hill before (c) and
after (d) calibration; the colour calibrated point cloud (e).

manually cleaned to preserve maximum detail, without apply-
ing additional automated filtering (Figure 6e). A summary of
point cloud processing statistics is provided in Table 4.

Point cloud No. of images No. of points
Sequence 1 42 77,823

Sequence 2 47 76,995

Sequence 3 38 70,210

Sequence 4 44 65,868

Sequence 5 44 74,870

Sequence 6 160 304,493

Sequence 7 44 92,262

Merged sparse cloud 419 762,521

Raw dense cloud 419 188,907,819

Cleaned dense cloud 419 153,365,557

Table 4. Point cloud statistics during SfM processing.

4. Experiments and Results

We now expose our comparison of the two digital models in
terms of geometry and dimensions, carried out with the dual ob-
jective of validating the contemporary survey of the Promenade
against the historical maquette and facilitating a detailed analy-
sis of the transformations that shaped the garden over time.

4.1 Comparison of Digital Models of the Plastico di Roma:
Structure from Motion and Hybrid Laser Scanning

The first experiment focused on a metric and geometric com-
parison between two digital models of the Plastico di Roma,
obtained via hybrid laser scanning and SfM photogrammetry.
The objective was to assess geometric consistency between the
datasets and analyse deviation patterns, highlighting strengths
and limitations of each method when applied to an urban ma-
quette with high formal complexity and extensive miniature
vegetation. Results, visualized on the SfM model with the hy-
brid laser scanning model as geometric reference due to its
higher metric stability and lower noise, were computed in Cloud-
Compare. Following alignment via the ICP algorithm, a cloud-
to-cloud (C2C) comparison calculated absolute distances be-
tween corresponding points within a maximum threshold of 5
mm. Deviations were manually adjusted for visual contrast us-
ing a 256-step Blue-Green-Yellow-Red colour scale limited to
0÷3 mm. Points lacking correspondence in the hybrid model,
mainly in homogeneous regions such as smooth base areas,
were excluded and displayed in grey from 4.9 mm. The his-
togram of global C2C deviations (Figure 7c) shows a distri-
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bution strongly concentrated around 0, indicating overall ge-
ometric conformity. Most deviations fall within a narrow inter-
val consistent with the maquette’s scale and expected acquisi-
tion uncertainties. Larger deviations, beyond 3 mm, correspond
primarily to geometric discontinuities, shadowed areas, or sur-
faces challenging for SfM reconstruction, including vegetated
volumes and thin vertical edges. To further analyse deviations,
C2C distances were decomposed along the Cartesian axes. The
z-axis histogram (Figure 7f) reveals a distinct pattern compared
to the global distribution. Within ±5 mm, results were manually
adjusted using the same colour scale, limited to ±4 mm. This
analysis suggests that hybrid laser scanning provides greater
vertical stability, whereas SfM is more sensitive to localized er-
rors in inclined surfaces, vegetation (e.g., tree canopies), and ir-
regular ground planes, with illumination and occlusions further
affecting triangulation accuracy. Overall, both global and verti-
cal deviation analyses confirm good geometric correspondence
between the models, while highlighting critical issues in veg-
etated and non-planar areas. Qualitatively, SfM delivers more
continuous surface representation and accurate colour informa-
tion due to high point density and calibrated imagery. Con-
versely, the hybrid model offers stable, low-noise geometries,
making it a reliable metric reference despite localized gaps and
reduced radiometric detail. The comparison underscores the
complementarity of the approaches, supporting the use of the
laser-based model as a benchmark for SfM validation.

Figure 7. C2C comparison of the hybrid laser and colour
calibrated SfM point clouds: results of the absolute distances
calculation in top view (a) and 3D view (b), along with the

histogram of global C2C deviations(c); results of calculation of
distance components along the z-axis in top view (d) and 3D

view (e), along with the histogram of z-axis C2C deviations (f).

4.2 Comparative Study of the Historical Maquette and
Contemporary Survey of the Pincio Promenade

The second experiment extended the comparison from the intra-
object level (maquette versus maquette) to an inter-scalar anal-
ysis, correlating the historical Plastico reconstructed via SfM
with the contemporary survey of the Pincio Promenade obtained
through integrated TLS and SLAM acquisitions. This step con-
stitutes the core interpretative focus of the study, aimed at eval-
uating the correspondence between the historical maquette and
the current garden configuration, as well as identifying discrep-
ancies arising from design intent or construction phases. To en-
sure comparability, the structured numerical model of the Pin-
cio was scaled and aligned to the reference system of the hybrid
Plastico survey, using architectural features that have remained
largely unchanged, including the Fontana della Dea Roma in
Piazza del Popolo and several perimeter buildings. Alignment
relied solely on homologous point recognition, as ICP refine-
ment in CloudCompare was unfeasible due to the lack of geo-

metrically homogeneous areas in both models. To facilitate the
C2C comparison, all vegetation above street and ground lev-
els was removed (Figure 8a), as these elements represented the
main source of noise in the TLS-SLAM cloud and were inher-
ently inconsistent with the maquette. As in the first test, the
C2C comparison allowed calculation of absolute distances be-
tween corresponding points, within a maximum threshold of
10 mm. Results were manually adjusted for visual contrast
using a 256-step Blue-Green-Yellow-Red scale limited to 0÷5
mm. The analysis revealed substantial planimetric coherence
between the Plastico and the current Promenade layout, con-
firming the maquette’s high documentary value. Significant al-
timetric and volumetric differences, however, emerged along
terraced slopes and densely vegetated areas, where the histori-
cal Plastico exhibits simplified – and in some cases markedly
divergent – profiles compared to the contemporary survey. This
suggests that the portion of the Pincio represented in the ma-
quette corresponds to an intermediate or partially unrealized de-
sign phase. These geometric discrepancies cannot be attributed
solely to representational or scaling errors; rather, they reflect
the hybrid nature of the Plastico, positioned between a record of
the existing state and a design-oriented artefact. Accordingly,
the comparison between the hybrid model and the TLS-SLAM
survey goes beyond metric validation, serving as a critical tool
for interpreting the garden’s historical evolution and for identi-
fying continuities, adaptations, and subsequent transformations.

Figure 8. Comparison between the TLS-SLAM point cloud of
the Pincio Promenade and the Plastico’s hybrid laser point
cloud: 3D overview alignment of the two point clouds (a);

close-up on the Pincio Promenade, with the vegetation of the
TLS-SLAM point cloud (b) and without (c); results of the

absolute distances calculation in the histogram of global C2C
deviations (d) and in 3D view (e).

4.3 Textured Numerical Continuous Model of the Plastico
di Roma

The study involved the computation of a mesh in Agisoft Meta-
shape’s environment, starting from the clean dense point cloud
obtained via SfM. We carried out processing in ‘High’ quality
mode, yielding a mesh composed of 30,673,111 faces. Sub-
sequently, we applied 4 texture maps, each measuring 8,192
× 8,192 px (Figure 9a-d). Finally, we generated a top-down
orthophoto of the textured mesh, with a resolution of 4,096 ×
3,153 px and 0.321 mm/px (Figure 9e). According to the Ag-
isoft Metashape User Manual, the software does not alter the
colour data of imported images (Agisoft LCC, 2021), therefore
the chromatic properties of the Visipick-calibrated images re-
mained unchanged across all produced digital models, as con-
firmed by direct inspection of the point cloud, mesh, and or-
thophoto files. The orthophoto enabled a preliminary estima-
tion of the Plastico’s scale in relation to the Tridente’s area,
based on the comparison of distances between reference points
which remain unchanged in reality (pinpointed in QGIS via
georeferenced satellite orthophotos) and are also represented in
the maquette – for example, the distance between the obelisk
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Figure 9. Numerical continuous model of the Plastico: 3D view of the mesh with uniform surface (a) and textures (b); detail of the
Pincio Hill with uniform surface (c) and textures (d); top view ortophoto of the mesh (e).

in Piazza del Popolo and the southwestern corner of Palazzo
Borghese. On a sample of 12 measurements, an average scale
ratio of approximately 1:1946.73 was calculated, with a vari-
ance of ρ = 469.50 and a standard deviation of µ = 21.67.

5. Conclusions

Thanks to the comparison between the georeferenced satellite
orthophotos of the Tridente’s area and the SfM-generated or-
thophoto of the Plastico, we tentatively estimated the latter’s
scale of representation at approximately 1:1946.73. Consider-
ing the historical context of its construction, it is reasonable to
assume that Falcetti employed a unit of measurement different
from the modern metric system when calculating the scale ratio
between the Tridente’s area and his maquette. Future research
could explore the construction process of the Plastico in greater
depth, including an analysis of Falcetti’s drawings and sketches
of the Tridente, which are kept in the Museo di Roma (Fondo
Falcetti, Mob. DP, cass. 3) (Roma – Sovrintendenza Capitolina
ai Beni Culturali, 2021). Such a study could clarify the unit of
measurement chosen by Falcetti and the scale ratio he applied
in designing the model. The comparative analysis of three-
dimensional acquisition and restitution techniques applied to
the Plastico highlighted specific strengths and limitations of
each approach. The hybrid laser scanner demonstrated superior
performance in defining the formal geometries of buildings and
vegetation, generating point-based models with low noise lev-
els and geometrically consistent shapes. However, this advan-
tage was partly offset by shadowed areas on numerous building
facades – mainly due to variations in acquisition timing and
manual handling – and by notable gaps in ground surfaces, par-
ticularly along narrow streets. Additionally, the hybrid model
exhibited lower overall point density and lacked the possibility
of colourimetric calibration. Conversely, the SfM methodol-
ogy, once colour-calibrated, produced denser point clouds and a
more detailed surface model, effectively capturing pictorial fea-
tures. Limitations included higher noise, arising from the align-
ment of images acquired under differing conditions of sharp-
ness and blur, and challenges in mesh generation for vegetation,
a central focus of this study. These drawbacks were compen-
sated by a substantial reduction in shadowed areas, an almost
continuous representation of the ground, and a more faithful
chromatic rendering with richer textures and minimal colour
distortion. Interpretation of the comparative data further con-
firmed that the maquette represents an unrealized design stage

of the final Pincio Promenade, with discernible differences in
altimetry, geometry, volume, and spatial organization. Looking
ahead, the research could evolve toward a virtual restoration of
the Plastico, supporting potential physical restoration and rein-
tegration efforts through digital reverse engineering. Such an
approach would enhance understanding, preservation, and dis-
semination of the artifact via its digital counterpart.
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