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Abstract. The digital acquisition of Cultural Heritage is a complex process,
highly depending on the nature of the object as well as the purpose of its detection.
Even if there are different survey techniques and sensors that allow the generation
of realistic 3Dmodels, defined by a goodmetric quality and a detail consistent with
the geometric characteristics of the object, an interesting goal could be to develop a
unified treatment of themethodologies. Villa Rufolo, with its intricate articulation,
becomes the benchmark to test an integrated protocol between photogrammetry,
Terrestrial Laser Scanning (TLS) and a Wearable Mobile Laser System (WMLS)
based on a SLAM approach. To quantify the accuracy of the latter solution, a
comparison is proposed. For the case study the ZEB1, produced and marketed by
GeoSLAM, is tested. Computations of cloud-to-cloud (C2C) absolute distances
is performed, using stationary laser scanner (Faro Focus3D X130) as a reference.
Finally, the obtained results are reported, allowing us to assert that the quality of the
WMLS measurements is compatible with the data provided by the manufacturer,
thus making the instrumentation suitable for certain specific applications.

Keywords: Indoor mapping · Laser scanning · Photogrammetry

1 Introduction

Cultural Heritage can be defined as a living memory of our society, an irreplaceable
testimony of a particular moment in human history. The guidelines for its conservation
and enhancement, codified in theAthens Charter and repeatedly reiterated by subsequent
documents up to themost recent UNESCORecommendations, underline the importance
of multidisciplinary and scientific approaches for the management of interventions in
cultural heritage sites.

The digital survey plays a key role in their documentation; it provides an interesting
and innovative scientific basis for study and research, as well as ensuring an effective
dissemination approach even for a non-technical audience.

Currently, the use of new technologies for data acquisition in the architectural field
has reached a wide diffusion, mainly due to the ability to digitize artifacts with great
accuracy and the possibility to generate informationmodels useful for the phases of anal-
ysis, simulation, and interpretation [1, 2]. The most widespread techniques, which have
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now become a reference standard, are modern photogrammetry and laser scanning. Pho-
togrammetry acquires two-dimensional images that require mathematical processing to
derive 3D information. Through precise formulations based on projective or perspective
geometry, it transforms the data extracted from the images into three-dimensional metric
coordinates with colour information [3]. For its part, laser scanning can directly obtain
the spatial position of the 3D point [4, 5] with high accuracy and without need of illumi-
nation conditions, especially useful for homogeneous surfaces where photogrammetry
cannot provide reliable results. Integration is then a result that overcomes the limitations
of each technique.

Themain products obtained from both 3D point cloud and 2D orthoimage techniques
have been used for the virtual reconstruction of cultural heritage sites, as the analysis
of cave paintings [6], the creation of accurate numerical simulations, or the analysis of
pathological processes [7], among others.

In addition to the wide range of advantages that these solutions can offer, the digi-
tization of large and complex areas, especially indoor scenarios, generally involves the
use of many images (in the case of photogrammetry) or scanning stations (in the case
of laser scanning), resulting in time-consuming fieldwork and moreover in an important
propagation of errors [8]. Hybrid solutions, such as mobile mapping systems (MMS),
have emerged with great capabilities and possibilities in recent years, allowing the man-
agement of multiple sensors and the ability to operate in complex outdoor and indoor
scenarios [9–13].

The main purpose of this paper is to highlight the advantages of an integrated app-
roach to digital heritage documentation, resulting from the combination of techniques
and technologies that stand out for their strengths but also for their criticalities [14].
Villa Rufolo (Fig. 1), a cultural symbol of the city of Ravello on the Amalfi coast, rep-
resents the test case of the experience conducted. It was built between the twelfth and
thirteenth centuries as a family residence and a material representation of social status.
It has almost unique architectural features, which blend Arab-Byzantine typologies and
ornaments with elements of local culture. In the period of maximum splendour, it is said
that the Villa had “more rooms than days of the year”, although today it is possible to
appreciate only some parts of the original construction, such as the Moorish cloister,
the entrance tower, and the main tower whose 30 m in height represented the family’s
prestige.

In detail, this paper evaluates the suitability of a wearable mobile laser system
(WMLS) for the digitalization of a complex indoor environment belonging to a cultural
heritage building, as well as for the generation of cartographic products required for its
conservation and restoration. This wearable system combines laser scanning technology
and an inertial measurement unit (IMU) in portable equipment that can be handled by
an operator while walking through the cultural heritage site. This sensor acquires point
clouds on the move, thanks to the Simultaneous Localization and Mapping algorithms
(SLAM) [10, 14], without needing the support of a global navigation satellite system
(GNSS).

During this evaluation, possible integration strategies are examined and tested to
guarantee a result that is compatible with the levels of accuracy and definition required
by the survey, trying to optimise the procedure and make it applicable in other contexts
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Fig. 1. Villa Rufolo, general view of the Palace with southern gardens.

as well. The most innovative aspect of the proposed application is the integration of
data from diachronic surveys, differentiated not only by the technique used but also by
a different time of detection. The joining element that makes their fusion possible is,
however, the presence of a GNSS support network that also makes it possible to control
the quality of the output model.

2 Materials and Methods

2.1 Equipment

GeoSLAMZEB1. The ZEB1 consists of a 2D time-of-flight laser range scanner rigidly
coupled to an inertial measurement unit (IMU) mounted on a spring. The motion of
the scanning head on the spring provides the third dimension required to generate 3D
information. A simultaneous localization and mapping (SLAM) algorithm combines the
2D laser scan data with the IMU data to generate accurate 3D point clouds, employing a
full SLAM approach [15, 16]. Regarding accuracy, the manufacturer declares a value of
0.1% in relative accuracy for a 10-min scan, with a single loop closing. Special thanks
are due to engineer Mariella Danzi, who kindly provided us with the instrumentation.
It is worth mentioning that the acquisitions were performed in May 2019, when more
advanced versions of the instrument, able to offer greater control over error propagation,
were not yet available.

DJI Phantom 4. The UAV has an approximate weight of 1.4 kg. Its camera is equipped
with a 12 MP Sony Exmor sensor (size 6.3 × 4.7 mm, pixel size 1.56 µm), and a wide-
angle lens with a 4 mm focal length and FOV (Field of View) of 94°. The camera is
integrated in a gimbal to maximize the stability of the images during the movements.
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Faro Focus3DX130. The X130 is a stationary laser scanner of the Continuous Wave -
Frequency Modulation (CW-FM) type. The system can measure with great precision
the direction of pointing, in addition to a distance meter that emits continuous light
radiation. This one, thanks to a coding of the frequency modulated light signal that
allows the identification of a phase shift between the emitted wave and the recorded one,
guarantees the indirect calculation of the time of flight and therefore of the distance.
In terms of error, this solution guarantees a systematic component of ±2 mm and an
accidental component of ±0.5 mm.

2.2 Survey Design and Detection

WMLS. Systems that use SLAM algorithms to generate final models require special
attention when planning acquisitions. More than any other solution, in fact, the quality
of the produced data is highly dependent on how the acquisition campaign is conducted.
It is important to inspect the site of interest to identify critical areas not detected during
planning and remove any obstacles along the way. In addition to the focus on poorly
referenced environments, transition areas and forward speeds, it should be remembered
that full SLAM systems, such as the one employed, require the self-intersection of paths
to ensure an appropriate redistribution of the accumulated errors. At least one loop
must be closed, although it is advisable to plan routes with several self-intersections.
Geometric features extracted by the algorithm are significant if the ratio of their size and
their range is approximately 1:10 (e.g., a feature must be textgreater 0.5 m in size for
a distance of 5 m). In addition, if there are not sufficient features along the direction of
travel, the SLAM algorithm cannot correctly determine forward motion. In general, it
is better to do circular loops rather than “there and back” loops where the path simply
doubles back on itself. It is important to scan the closed loop regions carefully to ensure
that the key features are scanned from a similar perspective. It may be necessary to turn
around to return to a region from another direction. This is a crucial feature in poor
environments. With these concepts in mind, the acquisition campaign is organised in
this way (Fig. 2):

• First path, which includes the management offices on level 0 and the auditorium on
level 1.

• Second path, covering the entrance at level 0, the west garden, the central courtyard
and the east garden.

• Third path, which covers storage areas and rooms closed to the public located on level
1, as well as part of the east garden.

• Fourth path, which takes place on the underground level, going through the lower part
of the Moorish cloister up to the exhibition rooms in the current “theatre”.

• Fifth path, that covers all the “museum” rooms and the auditorium on level 1.

Digitizing the entire scene has taken 2 h, about 1/2 of the time needed to complete
the TLS campaign, but covering a larger area.

Aerial Photogrammetry. To control the metric error, 14 GCP are detected on the arena
floor by a Geomax Zenith 25 used in nRTK mode. The accuracy of planimetry is below
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1 cm and 2.5 cm for altimetry. For the acquisition of the frames, two flight are prepared,
both automatic and with double grid: a first one for the acquisition of nadir photogram-
metric images and a second one, with the optical axis tilted about 45°, to survey the
vertical walls and any shadow cones.

The flight lines are designed using the DJI Ground- Station software package. For all
the grids, the UAV is set to a target altitude of 16 m above take off point - TorreMaggiore
- (46 m from Duomo Square) and horizontal ground speed of 4.0 m · s−1. The height is
calculated in the DJI Ground- Station software using elevation data derived fromGoogle
Earth. Parallel flights lines are programmed to have an image overlap of 60% as well as
sidelap of 60%, setting the proper camera parameters (dimensions of the sensor, focal
length, and flight height). In the nadir flights, 93 and 94 images are acquired for the
first (from North to South) and second (fromWest to East) grid, respectively. Two other
flights, with the camera tilted at 45° on the horizontal plan, are carried out acquiring,
respectively, other 92 and 163 photos. The image acquisition is planned bearing in mind
the project requirements - a Ground Sampling Distance (GSD) of about 1 cm - and, at
the same time, with the aim of guaranteeing a high level of automation in the following
phases.

Fig. 2. Registered SLAM paths, highlighted with different colors: the first in purple, the second
in pink, the third in red, the fourth in grey and the fifth in green. (Color figure online).

TLS. A survey design should be first defining the positions of TLS stations, so that
the whole object coverage at requested spatial resolution could be guaranteed. The
instrument has been set to have a resolution of 6 mm–10 m. As far as the quality of the
acquisition is concerned, for each point of the cloud three measurements are made to
define the distance from the station as the average of the above measurements. Great
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attention has also paid to the problem of environmental occlusions, due to the presence
of vegetation. In the first instance, 5 scans are acquired in the west garden, 4 at the level
of the central courtyard, and 5 in the east garden. The need to connect these three parts
has required additional stations to ensure the completeness of the model: 3 of them are
placed between the west garden and the courtyard and 3 between the latter and the east
garden. With the features listed above, the TLS acquisition campaign has taken almost
5 h, with a single-scan time of approximately 12 min.

2.3 Processing: The Generation of the 3D Point Cloud

High-level, point-based approach to data fusion has been opted for, where all raw data
streams are kept separate and processed independently. Only at the end the resulting
point clouds are merged to obtain a complete 3D model. The processing of the raw
data, coming from the acquisition phase, starts from the registration of the point clouds
[17, 18] (Fig. 3).

WMLS Data Registration. Due to the low overlap between the five acquisition paths,
a progressive registration approach based on an ICP pairwise algorithm is employed,
each time choosing the reference scan. All preceded by a manual raw alignment. The
maximumvalueof theRMSEonall the registrationpairs, defined above, is about 1.74 cm.
The idea of defining a pipeline for the registration of WMLS data that does not resort to
TLS scans arises from the observation that it is not always possible to have homologous
models deriving from different systems to perform accuracy checks. For this reason, the
workflows for the two systems are kept separate until comparison. The individual paths
are maintained disjoined (but rigidly bound to each other) for a comparison with the
final TLS model, after mutual registration with ICP algorithm.

Photogrammetric Process. Data treatment is performed by Agisoft Metashape, 1.5.3
build 8469 version. Its workflow is based on four steps: Align Photos, Build Dense
Cloud, BuildMesh and Build Texture. At the first step an algorithm evaluates the camera
internal parameters (Focal Length, position of the principal point, radial and tangential
distortions), the camera positions for each photo and the Sparse Cloud. In the next phase,
a greater pixel number is re-projected for each aligned camera, creating theDense Cloud.
In the Build Mesh step, it is possible to generate a polygonal mesh model based on the
dense cloud data. Finally, the polygon model is textured in the Build Texture step. The
outputs of the photogrammetric model, necessary for further documentation studies and
data integration with active sensors, are a nadir orthophoto of the entire villa and the
dense point cloud. The extracted point cloud has more than 48 million points, with
average errors of about 2.8 cm (Fig. 4).

TLS Scan Registration. These data are used to create a reference network (our ground
truth), indispensable for performing a quality assessment on the WMLS. The clouds
are characterized by a high degree of overlap and for this reason are registered employ-
ing a global bundle adjustment procedure, accomplished after a top view-based pre-
registration. Given the set of scans, the algorithm searches for all the possible connec-
tions between the pairs of point clouds with overlap. For each connection, a pairwise
ICP is performed and the best matching point pairs between the two scans are saved.
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Fig. 3. High-level integrated point cloud from different sources: SLAM in grey, photogrammetry
in pink and TLS in yellow. (Color figure online).

Fig. 4. Orthophoto showing the homogeneous distribution of the 14 GCPs, with an elevation
difference between P4 and P9 of about 19 meters (by Marco Limongiello).
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A final non-linear minimization is run only among these matching point pairs of all the
connections. The global registration error of these point pairs is minimized, having as
unknown variables the scan poses [19]. To define a common reference system for all the
items produced, the coordinates of the 14 GCPs used for photogrammetric orientation
are imported as external references into the TLS station registration process. The RMSE
on the registration is about 3.4 mm and the maximum value is 32.4 mm.

2.4 Accuracy Assessment

The comparison between homologous models, produced with the TLS technique and
the SLAM approach, is performed according to different modalities. Before proceeding,
it may be useful to identify the error components when comparing point clouds:

• The component of position of the cloud, depending on the technology used in the
acquisition phase.

• The component of registration among the point clouds, depending on the technique
used to define a common reference system.

• The errors depending on occlusions and on the process of discretization of the survey.

Once the error components have been defined, some algorithms are selected to
perform the comparison. The main ones are presented below.

Direct C2C Comparison with Closest Point Technique. This method is the simplest
and fastest direct 3D comparison method of point clouds, as it does not require gridding
or meshing of the data, nor calculation of surface normal vectors. For each point of the
analysed cloud, a closest point can be defined in the reference. In its simplest version, the
surface change is estimated as the distance between the two points [20]. An improvement
may consist of localmodelling of the referencemesh. This technique is also used in cloud
matching techniques such as the ICP. The difference lies in the fact that the computation
of the closest point for the ICP is performed only on sample used to construct the
matching pairs. In the case of a comparison, instead, all the points of the analysed cloud
are considered. This type of distance is sensitive to the cloud roughness, outliers and
point spacing. For this reason, the technique is developed for rapid change detection on
very dense point clouds (like out TLSmodel) rather than accurate distancemeasurement.

3 Results

3.1 C2C Absolute Distance Computation

This analysis involves the selection of the SLAM path that shows the greatest overlap
with the fused TLS cloud, used as a reference for the subsequent C2C comparison.
For the case study, no local modelling is used due to the high surface density of the
TLS model, but simply the absolute C2C distance is calculated. The designated route is
number two, which runs from thewest garden to the east garden via the central courtyard.
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The purpose of this operation is to verify whether, along the acquisition path, drifts from
the reference cloud had occurred, typical of solutions based on SLAM approach. To
this end, three portions are extracted from route two (Fig. 5): A - east garden, starting
and ending point of the path; B - central courtyard; C - east garden. A registration of
the whole route on the TLS model, with ICP, would produce a partial compensation of
possible drifts. It was therefore decided to limit the registration to portion A, which is
rich in geometric elements easily recognisable by the SLAM algorithm and therefore
less subject to deformations. The path selection itself is not random. The designated path
is in fact characterised by a very limited number of loops, with a prevalence of “round
trips” on the same path, a possible cause of drift (Fig. 6).

Fig. 5. Identification of portions extracted from the second path to perform the comparison. To
avoid the partial compensation of path deformations, produced by a global registration on the TLS
model, it was preferred to perform the alignment using only the portion A.

A mean distance value of 2.67 cm is obtained for portion A (corresponding to the
mean absolute error - MAE - value). The value of the MAE, which defines the accuracy
in terms of magnitude, it progressively increases to 14.81 cm for portion B and finally
32.73 cm for portion C. This shows a progressive accumulation of drift, which can be
attributed to various causes. Some of the scanned environments are repetitive and char-
acterised by architectural elements with very similar dimensions (such as the gallery that
connects the west garden to the central courtyard) and this factor can greatly condition
the performance of the SLAM algorithm.
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Fig. 6. C2C distance for the analysed portions, with accumulation of error along the path.
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4 Conclusions

In this paper, the quality of point clouds acquired by a wearable mobile mapping system,
the handheld GeoSLAM ZEB1, is tested in a controlled environment. Quantitative and
qualitative analysis of the point clouds are performed using the point cloud of a Faro
Focus3D X130 as reference. The main purpose of the study is not, in fact, to define
a general integration methodology, but to understand how SLAM fits into a process
that includes established techniques such as photogrammetry and TLS. To do so, it is
necessary to go through the evaluation of errors, in this case the drift that the mobile
system may manifest along the acquisition path.

To further corroborate the proposed analysis, for this case study, data from a first
version of the instrument were used, which can only be processed with a raw algorithm
that cannot make use of external control points to check the results (Fig. 7).

Fig. 7. Cloud section integrated with optimized SLAM, TLS, and photogrammetric data.

The computedMAE,which defines the accuracy in terms ofmagnitude, is compatible
with the limits of accuracy declared by the manufacturer for a 10-min path with a single
loop closure, equal to 30 cm. Numerical calculations are always accompanied by a visual
inspection to prove the results.

The main novelty of the proposed experiment is found precisely in the methodology
of checking and quantifying, through the comparison of point clouds, the limitations
that afflict the SLAM algorithms if they are not controlled by external elements, which
may be coordinates of points detected by other techniques. For this aspect in particular,
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the paper is addressed to technicians working in the field of surveying and the AEC
(Architectural, Engineering and Construction) industry. The integration of techniques
and technologies characterised by different accuracies is in fact a very topical issue. It
is worth remembering that rigorous data acquisition and processing produce a strong
impact also on the activity of the other stakeholders involved in heritage documentation,
constituting the basis for future decisionmaking in the process ofmanaging the building’s
life cycle.

Currently, digital innovations, and in particular SLAM, provide greater agility in the
process and make it possible to generate 3D restitutions that are more accurate, faster,
interoperable, and combinable between different methods. With this application it was
possible to systematise the results produced through the application of three different
digital survey techniques (WMLS, photogrammetry, TLS), applied at different times
and by different operators.

The applications of SLAM are not only limited to heritage documentation in com-
bination with other techniques but, considering the distinctive features of the method-
ology, can range from expeditious mapping in emergency conditions to the production
of models for the dissemination of content to a non-technical audience, for example the
generation of a digital environment through the application of VR/ and A/R where the
user is fully immersed.

Therefore, future work will focus on improving the statistical analysis of errors and
on the creation of a structured database from the fusion of different sensor data by
performing an analytical review of the latest advances and potentialities in this field.
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