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Abstract: This paper presents an efficient solution, based on a wearable mobile laser system (WMLS),
for the digitalization and modelling of a complex cultural heritage building. A procedural pipeline is
formalized for the data acquisition, processing and generation of cartographic products over a XV
century palace located in Segovia, Spain. The complexity, represented by an intricate interior space
and by the presence of important structural problems, prevents the use of standard protocols such as
those based on terrestrial photogrammetry or terrestrial laser scanning, making the WMLS the most
suitable and powerful solution for the design of restoration actions. The results obtained corroborate
with the robustness and accuracy of the digitalization strategy, allowing for the generation of 3D
models and 2D cartographic products with the required level of quality and time needed to digitalize
the area by a terrestrial laser scanner.

Keywords: cultural heritage; restoration; indoor mapping; laser scanning; wearable mobile laser
system; 3D digitalization; SLAM

1. Introduction

The guidelines for the conservation and enhancement of cultural heritage, codified in the Athens
Charter and repeatedly reiterated by subsequent documents up to the most recent Krakow Charter [1],
underline the importance of multidisciplinary and scientific approaches for the management of
interventions in cultural heritage sites [2].

Currently, the use of new technologies for the data acquisition in the architectural field has reached
widespread diffusion, mainly due to the ability to digitalize artifacts with great precision and to the
possibility of generating informative models useful for the analysis, simulation, and interpretation
phases [3]. The most popular techniques, which have now become a reference standard, are modern
photogrammetry [4] and laser scanning [5]. Photogrammetry acquires two-dimensional images that
require mathematical processing to derive 3D information. Through precise formulations based
on projective or perspective geometry [6], it transforms the data extracted from the images into
three-dimensional metric coordinates and colors [7]. For its part, laser scanning is able to directly
obtain the 3D point spatial position [8,9] with high accuracy and without lighting conditions, especially
over homogeneous surfaces where photogrammetry cannot provide reliable results.

The main products obtained from both 3D point clouds and 2D orthoimages techniques have
been used for the virtual reconstruction of cultural heritage sites [10], the analysis of rock-art
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paintings [11,12], the creation of accurate numerical simulations [13], or even the analysis of
pathological processes [14,15], among others.

Besides the wide range of advantages that these solutions can offer, the digitalization of large
and complex areas, especially indoor scenarios, generally entails the use of a large amount of images
(in the case of photogrammetry) or scan stations (in the case of the laser scanner), deriving in a time
consuming fieldwork and thus in an important error propagation [16,17]. Hybrid solutions, such as
mobile mapping systems (MMSs), have emerged with great capabilities and possibilities in the last few
years, allowing the management of different sensors and the possibility to operate in complex outdoor
and indoor scenarios [18–21], minimizing error propagation.

Since their early development in the late 1980s, MMSs have been progressively improved
in order to provide increasingly more precise and denser data, acquired in a shorter amount of
time [22]. Besides the progresses in optical sensors, one of the key advances in MMS is related to
spatial referencing technology. While the very early applications were restricted to environments
where the sensor positions were computed using ground control, advantages in satellite and inertial
technology make spatial referencing possible in previously unknown and undiscovered places [23,24].
Furthermore, the miniaturization and cost reduction of components have played a fundamental role
in the spread of MMS, allowing for more flexible, portable, and low-cost systems [22]. This attribute,
within the capacity of generating 3D point clouds by means of a spatial referencing in previously
unknown environments, has allowed the application of this technology in Unmanned Aerial Vehicles
(UAV) [23,25,26], Unmanned Ground Vehicles (UGV) [27–29], or equipped in backs (e.g., the Leica
Pegasus back-pack, the Heron MS-2 back-pack or the Kaarta Stencil) [22,24,30]. Meanwhile, the use of
the two first platforms could reduce the problems associated with travelling speed during the data
acquisition, as well as improving the time efficiency during the survey. Moreover, their application
in indoor and narrow spaces (common in Cultural Heritage) could entail some problems. These
limitations place the wearable mobile laser systems (WMLS) as a potential solution for mapping indoor
environments, as it is possible to obtain a 3D point cloud of the environment with a centimeter’s
accuracy [22,24,30]. However, this accuracy could be strongly affected by the characteristics of the
trajectory, such as the travelling speed or the path followed [22,31].

Under these assumptions, this paper evaluates the suitability of a wearable mobile laser system
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) [32,33], without needing the support of a global navigation satellite
system (GNSS). During this evaluation, we took into account the different parameters that could
influence the final quality of the 3D point cloud. These parameters are: (i) the identification of critical
areas; (ii) the prevision for closing loops; (iii) the traveling speed; (iv) the time spent to obtain the 3D
point cloud; and (v) the density of the point cloud.

2. Materials and Methods

2.1. Equipment

The WMLS tested in the case study was the ZEB-REVO, commercialized by GeoSLAM
(Figure 1) [34], which consisted of a 2D time-of-flight laser scanner (Hokuyo UTM-30LX-F from
Hokuyo Automatic Co., Osaka, Japan) rigidly coupled to an IMU mounted on a rotary engine. The
motion of the scanning head on the motor drive was stored in a processing unit located in a small
backpack and provided the third dimension to generate 3D information. This computer was equipped
with batteries that fed the hand-held laser scanner through a special connection cable. A 3D SLAM
algorithm was used to combine the 2D laser scan data with the IMU data, in order to return accurate
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3D point clouds, following the full SLAM approach implemented in the robotic operative system
(ROS) library [35]. With a 360◦ vertical field of view and 30 m of range in ideal indoor conditions
(which was reduced to 15–20 m in real working circumstances), the operator moved through the indoor
environment capturing more than 43,000 points per second. Regarding accuracy, the manufacturer
declared that its value is 1–3 cm in relative terms and 1–30 cm in absolute positioning for a 10-min
scan, with the closing of a single loop [34]. Table 1 shows further technical specifications.

Remote Sens. 2018, 10, x FOR PEER REVIEW  3 of 19 

 

(which was reduced to 15–20 m in real working circumstances), the operator moved through the 
indoor environment capturing more than 43,000 points per second. Regarding accuracy, the 
manufacturer declared that its value is 1–3 cm in relative terms and 1–30 cm in absolute positioning 
for a 10-min scan, with the closing of a single loop [34]. Table 1 shows further technical specifications. 

 
Figure 1. Main components of the wearable mobile laser systems (WMLS) used for data acquisition. 

Table 1. Technical specification of the Geo Simultaneous Localization and Mapping (SLAM) ZEB-
REVO device. 

Parameter Value Parameter Value 
Total device dimension (mm) 220 × 180 × 470 Laser measuring principle Time of flight 

Scanner dimension (mm) 86 × 112 × 287 Scanner resolution 0.625° H × 1.8° V 
Total device weight (kg) 4.10 Wavelength (nm) 905 

Scanner weight (kg) 1.00 Orientation system MEMS IMU 
Head rotation speed (Hz) 0.5 Camera GoPro 

Operating time (h) 4 Scan rate 100 lines/s 43,200 points/s 
Field of view 270° (H) × 360° (V) Points per scan line 432 (0.325° int) 

2.2. Methodology 

The formalization of a schematic procedural pipeline for data acquisition and management 
represents a fundamental step to test the effective possibility of using WMLS for tracking complex 
indoor environments. 

In this regard, it is possible to identify a succession of methodological phases that characterize 
an inspection with this approach: (i) the survey design (planning of the path); (ii) the data acquisition 
(protocol and basic rules); (iii) the post-processing (SLAM algorithm to compute the sensor trajectory 
and map the environment); and (iv) the cartographic product generation (three-dimensional and two-
dimensional digital models). Figure 2 outlines the main steps of the applied methodology. 

 
Figure 2. Methodological phases of the procedural pipeline for surveys with a WMLS. 

2.2.1. Survey Design 

Before conducting data acquisition, the user should plan the proposed survey path in order to 
identify potential problem areas, such as doorway transitions, stairwells, open spaces, and smooth 

Figure 1. Main components of the wearable mobile laser systems (WMLS) used for data acquisition.

Table 1. Technical specification of the Geo Simultaneous Localization and Mapping (SLAM)
ZEB-REVO device.

Parameter Value Parameter Value

Total device dimension (mm) 220 × 180 × 470 Laser measuring principle Time of flight

Scanner dimension (mm) 86 × 112 × 287 Scanner resolution 0.625◦ H × 1.8◦ V

Total device weight (kg) 4.10 Wavelength (nm) 905

Scanner weight (kg) 1.00 Orientation system MEMS IMU

Head rotation speed (Hz) 0.5 Camera GoPro

Operating time (h) 4 Scan rate 100 lines/s 43,200 points/s

Field of view 270◦ (H) × 360◦ (V) Points per scan line 432 (0.325◦ int)

2.2. Methodology

The formalization of a schematic procedural pipeline for data acquisition and management
represents a fundamental step to test the effective possibility of using WMLS for tracking complex
indoor environments.

In this regard, it is possible to identify a succession of methodological phases that characterize an
inspection with this approach: (i) the survey design (planning of the path); (ii) the data acquisition
(protocol and basic rules); (iii) the post-processing (SLAM algorithm to compute the sensor trajectory
and map the environment); and (iv) the cartographic product generation (three-dimensional and
two-dimensional digital models). Figure 2 outlines the main steps of the applied methodology.
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2.2.1. Survey Design

Before conducting data acquisition, the user should plan the proposed survey path in order to
identify potential problem areas, such as doorway transitions, stairwells, open spaces, and smooth
walled passageways, generally with poor geometrical features. It should be noted that features
are significant if the ratio of their size and their range is approximately 1:10 (e.g., a feature must
be textgreater0.5 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 these cases,
the user can proceed in the following ways:

• Improve the background with additional references (e.g., boxes in a corridor or a parked vehicle
in an open field);

• ensure that those limited features are scanned repeatedly as you move through the scene by
pointing the WMLS in their direction. As a result, more measurement points will define the
element, assuring its use as reference during the post-processing;

• avoid acquiring moving objects (e.g., passing pedestrians or vehicles) since the SLAM algorithm
may support on them as static features.

The planning should also consider “closing loops” wherever possible. The approach used to
transform the raw scan data into a point cloud uses a method analogous to the close traverse technique
applied for surveys [36], in that a previously known position is used to determine its current location.
The re-surveying of a known area allows the spreading of the compounded error around the loop and
the improvement of the accuracy of the resulting point cloud. As a minimum, it is mandatory that the
operator starts and ends the survey in the same position to ensure at least one loop closure (Figure 3).

In general, it is better to do circular loops rather than “there and back” loops where the path
simply doubles back on itself [31]. This applies to horizontal and vertical rings—i.e., if possible enter
and exit through different doors and move between floors via distinct stairwells. 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.
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2.2.2. Acquisition

The process of scanning using WMLS is an important step since the collected data will inevitably
influence the level of quality of the cartographic products. For these reasons, it is useful to define the
following operative rules:

• Inspect the site of interest in advance in order to identify critical areas not detected during
planning and remove any obstacles along the way;

• make easily accessible all the connections between different rooms and floors, such as doorways or
stairs, so as to ensure safe passage of the operator and avoid moving objects during the scanning;

• walk slowly in order to have a good coverage and a high-resolution data. If the forward movement
is too fast there may not be enough repeated features for the SLAM algorithm to transform the
raw laser data into a point cloud;

• pay attention to the transition areas and tight curves that must be travelled slowly, guaranteeing
a period when the scanner can display features on both sides. The same care is necessary when
we change from a closed space (feature rich) to an open environment (feature poor);

• split large surveys into more than one scan mission. This is to avoid big file sizes as well as to
reduce any drift effect and thus error propagation that might be created in the SLAM data. It is
recommended that each scan mission is limited to 30 min [34].

2.2.3. Post-Processing: The Generation of the 3D Point Cloud

The post-processing approach adopted for the case study was the Simultaneous Localization
and Mapping (SLAM) algorithm, which addressed the problem of positioning a mobile system in an
unknown environment and provided its 3D mapping. Access to SLAM was justified in two ways:
(i) placing the system within a space or environment (pose estimation or trajectory computation);
(ii) 3D modelling of the environment (mapping or reconstruction).

A large variety of SLAM solutions are available; they can be classified either as filtering or
smoothing [32]. Filtering approaches model the problem as an online state estimation, where the
state of the system consists in the current instrument position and the map. The estimation is
augmented and refined by incorporating new measurements as they become available. To highlight
their incremental nature, filtering approaches are usually referred as online SLAM methods [37].
Conversely, smoothing approaches estimate the full trajectory of the instrument from the full set of
measurements. They address the so-called full SLAM problem and typically rely on least-square error
minimization techniques.

GeoSLAM algorithm is able to perform both an open-loop incremental solution for online SLAM
and a closed-loop global registration for full SLAM (as in the case study). However, it is appropriate
to introduce the general characteristics of the algorithm in order to understand its performance. For
GeoSLAM formulation, the trajectory can describe the position of the sensor during data acquisition
and can project raw laser measurements (2D laser profiles or segments) into a registered 3D point
cloud when necessary. Data processing is an incremental (the segments are registered one-by-one) and
iterative procedure following a framework similar to the iterative closest point (ICP) algorithm:

• The first step identified corresponding surface patches from the laser point cloud. The patches
were determined by spatially decomposing the scene into a multiresolution voxel grid, controlled
by the “voxel density” parameter; increasing it caused the algorithm to use smaller voxels.
Clusters of laser points that were both spatially and temporally proximal were identified and
used to compute surface properties based on the centralized second-order matrix of the point
coordinates [33]. The surface normal was obtained from the eigenvector corresponding to the
minimum eigenvalue of the second-order matrix. The surface planarity, computed from the ratio
of the eigenvalues, was used to discard elements that were not approximately planar. These
properties were used to establish a first registration of the segments. During this stage, the
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following constrains were applied: (i) a filter for retaining only reciprocal correspondences and
(ii) several boundary conditions that ensured continuity with the previous segment [33].

• In the second step, the estimated trajectory between two proximal surfaces was refined,
minimizing the errors between matching surfaces and deviations from the measured IMU
accelerations and rotational velocities. During this process, the following elements were
considered into a cost-function (function to be minimized): (i) surface element match errors,
(ii) IMU measurement deviations, and (iii) initial condition constraints. It is worth mentioning
that the consideration of the IMU measurements ensured the estimated trajectory was smooth.
The above terms of the cost-function were non-linear with respect to the rotational correction.
Taking this into consideration, the algorithm used a linearization of the system by means of the
Taylor expansion.

On the first iteration, the previously unprocessed trajectory segment was initialized by integrating
the accelerometer and gyro measurements from the IMU. Since the processing window was advanced
by a fraction of its length, the first section of the trajectory segment was already estimated from
the previous time step; thus, the IMU data were only required to propagate the trajectory for the
remainder of the window. As new data were acquired, the algorithm proceeded by processing a
segment of the trajectory whose extremes were represented by positions occupied by the system in
two well-defined moments. Next, it advanced the window by a fraction of its length from the previous
time step. The dimension of segments was defined by the “window size” parameter. The number of
iterations was controlled by the “convergence threshold” parameter; increasing it raised the maximum
number of iterations for each processing step and reduced the convergence threshold during the online
registration phase.

Considering that the previous process was an incremental procedure (also called open-loop
solution) in which each segment was registered with respect to the previous segment, an error
accumulation could be produced. In order to minimize the error accumulation, and considering
that the data acquisition followed a close-loop path (Figure 3), the GeoSLAM algorithm applied a
global registration procedure in which the close-loop restriction was taken into account. During this
stage, the algorithm operated along the entire trajectory with one large window, instead of considering
the trajectory in small segments (open-loop solution). Eventually, it was possible to give priority to
flat surfaces in the search for feature correspondence. Moreover, it is worth mentioning that the laser
scanner used by the tested WMLS was a line scanner (Figure 1) (Table 1). This laser was complemented
with a rotational engine that allowed us to obtain a 2D profile in each period of time (segment of the
scene). All of this was carried out by an operator. The movement of the operator along the scene
guaranteed the acquisition of successive segments characterized by a certain overlap that the SLAM
algorithm registered, allowing for the creation of the 3D point cloud.

2.2.4. Cartographic Products Generation

The generation of plants and sections required a vectorization of the 3D point cloud obtained
from the fusion of the different paths. Thus, the following approach was carried out: (i) the extraction
of sections from the 3D point cloud and (ii) the vectorization of the sections.

Regarding vectorization, the most efficient solutions are those that allow semi-automatic feature
extraction from point clouds. The least-cost-path algorithms are particularly interesting [38] for our
case study, since the automatic solutions are not able to recognize (and possibly not represent) the
different objects in the scene and are influenced by the characteristic noise of the point clouds returned
with a SLAM approach. Conceptually, a least-cost-path algorithm can be divided into two steps.
In the first step, data points are linked with their nearest neighbors using a spherical search radius
slightly larger than the point cloud resolution to produce a neighborhood network. A cost function,
which represent the effort of moving along points in this network (hereafter referred to as “edges”) is
estimated. The second step derives the least-cost path between user-defined network points, providing
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the estimated trace. Once a trace has been estimated, manual adjustments can be easily applied by
adding intermediate waypoints and recalculating the relevant least-cost paths.

3. Results

3.1. Case Study: An XV Century Palace

With the aim of evaluating the potentialities and limitations of the WMLS technology, we selected
a gothic palace in ruins, located in the urban center of Segovia (Castile and León, Spain), as a case study
(Figure 4). The palace was erected in the 15th century as a consequence of the economic expansion
experimented by the city, following the precepts of the civil plateresque architecture [39]. Its fronts are
made of sandstone masonry and brick masonry. They stand out for their horizontality, showing a ratio
height/width of 1/2. With respect to the inner composition, the construction shows the characteristic
appearance of the palaces erected during this epoch, with two annular traces in the two first plans and
an inner cloister in the center of the construction [39]. These elements are integrated on five levels:
(i) basement; (ii) ground floor; (iii) mezzanine; (iv) first floor and; (v) gallery (maybe added during the
XIX century), filling an area of about 3000 m2 and holding more than 50 rooms. The internal courtyard
is characterized by a front porch that transfers part of its weight to the masonry and partly to stone
columns with granite base (Figure 5).

The construction is mainly made up of sandstone coming from the local quarries. In the lower
part (foundations and basement) a masonry in stones connected with mortar prevails, to which a brick
masonry and a half-timbered work are replaced, proceeding upwards (Figure 5).

Recent restoration measures have added structural elements in reinforced concrete, such as beams
and pillars in order to avoid the collapse of the structure.
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Figure 5. Details of the internal cloister.

Timber slabs and open-node (Figure 6) trusses complement these masonry elements. The wooden
floors are present both in the simple form, with single beams, and in the form composed of double
row of beams and overlapping joists (Figure 7). The secondary frame is made up of a wooden plank
in which a conglomerate jet has been made; it is composed of fine aggregates and mortar with a
watering function and a thickness of a few centimeters. The finish provides the substrate and the
relative flooring.
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Nowadays, the state of conservation of the structure is deficient. The infiltration of water and the
acid attack promoted by bird excrement have produced the rotting of the wooden elements with the
consequent collapse of some floors (Figure 8). Rainfall has also caused the deterioration of sandstone
masonry and the detachment of plasters in many environments. The capillary rising of moisture
from the foundations has favored saline efflorescence and the appearance of mildew, phenomena
accentuated by rainwater. These factors, along with the dust accumulated in the palace’s many rooms,
make the use of traditional digitalization techniques such as terrestrial photogrammetry or terrestrial
laser scanning nearly impossible. These characteristics place the WMLS as the most suitable recording
tool due to its flexibility, low weight, and capacity of recording large indoor areas without the support
of any position global navigational satellite system (GNSS) [40].
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3.2. Mission Planning

Based on the guidelines previously defined (Sections 2.2.1 and 2.2.2), the surveyed palace was
divided into four acquisition paths, each one with a different casuistic found during the digitalization
of the heritage buildings (Figure 9):

• path 1 includes interior rooms, the main cloister, and a minimal part of the garden;
• path 2 includes interior rooms, the main cloister, and a part of the garden and a linear gallery;
• path 3 includes interior rooms, the main cloister, and the garden and the street front;
• path 4 includes interior rooms, the main cloister, and a smaller courtyard and the entire garden.

With these premises, the digitization of the internal areas took about 65 min (Table 2). Furthermore,
using a terrestrial laser scanner (Faro Focus 3D) with the resolution at 1/5 and the quality at 3x, every
scan of the interior took about two and a half minutes. Considering the time needed for the setup of
the different stations, a total of 350 min was required for a survey of 70 stations (number compatible
with the dimensions of the building), which was six times the period required with the WMLS.

Table 2. General information about the WMLS paths.

Path Covered Floors Walked Distance
(m)

Acquisition Time
(min)

Average Speed
(m/s)

1 1 339.80 18.39 0.31

2 4 328.35 17.11 0.32

3 3 426.89 18.47 0.39

4 1 226.70 9.94 0.38
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3.3. Data Processing and Registration

The GeoSLAM algorithm introduced in Section 2.2.3 was controlled by three fundamental parameters:

• The “convergence threshold,” which increased or decreased the number of iterations for each
processing step during the local and global registration phases. For the case study, a low value
of the parameter was chosen, guarantying a quality of data that did not require a large number
of iterations;

• the “window size,” which defined the size of data samples processed by the algorithm. This
helped to encompass the errors that occurred during the local registration phase. An intermediate
value for this parameter was a perfect compromise between model quality and required
hardware resources;

• the option “prioritize planar surfaces” was used for the case study and considered with very
planar surfaces during the global registration phase. This helped to improve the global registration
of very large data sets, common in the case of indoor mapping.

This setting guaranteed a processing time of the single path similar to the time required for the
detection of the same (Table 3).

Table 3. Processing time of raw data with default setting of full SLAM parameters.

Default Algorithm Configuration

Path Processing Time (min) Difference between Processing and Acquisition time (%)

1 23.18 ∼=20
2 23.76 ∼=21
3 25.31 ∼=25
4 12.42 ∼=22

It took approximately 83 min (about five times less time that was required to record the seventy
stations needed by the terrestrial laser scanner) to solve the full SLAM problem in the four routes.

In order to perform the alignments between the different paths, a network of artificial targets
(spheres) wa distributed around the cloister and on the internal and external facades (Figure 10)
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(Figure 11). The use of spheres was not mandatory for the execution of the alignment, but this
approach made it possible to analyze the registration error between the different paths. The centroids
of homologous spheres, extracted by means of the RANSAC Shape Detector algorithm [41] were used
as reference pairs. The error associated with the pairs was quantified through the discrepancy in the
overall coordinate system between the spatial coordinates of the two homologous centroids (located in
two different paths). The root mean square error (RMSE) of the whole registration was just over 3 cm
for all the alignment processes achieved (a value perfectly compatible with the WMLS accuracy).
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3.4. System Validation

A further quality control of the acquired data was performed through a comparison with an
outdoor network surveyed with a terrestrial laser scanner (Faro Focus 3D, employed for the detection
of the front facade, the garden, and the internal cloister). The network consisted of 11 stations acquired
with a resolution of 1/2 and a quality of 2x (Figure 12). The scans were aligned using the spherical
targets and then an ICP algorithm, in order to create a ground truth.
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Considering the implemented cartographic products, the following validations were carried out:
(i) a local validation and (ii) a global validation. The local validation was a comparison based on fitting
flat geometric primitives on homologous point clouds. Some distance measurements were extracted,
where each value was the mean of five distance measurements between two planes located on the
opposite walls or between the floor and ceiling (Figure 13) (Figure 14). Starting from this data, the
system was validated trough the indexes introduced by Nocerino et al. [22] (1) (2):

RLME =

(
DZm − DFm

DFm

)
× 100 (1)

RLMA = 1 : ROUND
(∣∣∣∣ 100

RLME

∣∣∣∣) = 1 : ROUND
(∣∣∣∣ DFm

DZm − DFm

∣∣∣∣) (2)

The relative measurement error (RLME) was computed as the relative difference between
measured distance DZ for the GeoSLAM ZEB-REVO and the distance for the Faro Focus 3D, assumed
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as reference length DF. The relative length measurement accuracy (RLMA) was defined as the rounded
absolute reciprocal value of the RLME times 100. Table 4 reports the results.
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Table 4. Measured distances with standard deviations (σ), relative length measurement errors (RMLE)
and accuracies (RMLA).

Faro Focus 3D GeoSLAM ZEB-REVO

DFm (m) σ (m) DZm (m) σ (m) RLME RLMA

Main cloister
L1 10.279 0.008 10.268 0.010 −0.107 ≈1:1000
W1 10.096 0.013 10.085 0.022 −0.109 ≈1:600
H1 4.869 0.014 4.869 0.012 0.001 ≈1:7000

Garden
L2 22.730 0.012 22.756 0.011 0.114 ≈1:800
W2 18.766 0.023 18.787 0.025 0.112 ≈1:900
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In the case of the main garden, the RLME assumed a slightly greater value than the main cloister.
This was due to two factors: in the case of a SLAM system, the greater probability of error accumulation
over longer distances (L2 and W2) and the decline in performance of the latter with outdoor acquisitions
(being designed for indoor surveys). The global validation was carried out by comparing the centroids
of the sphere network captured by both systems (Figure 12), with an approach similar to the one
defined in Section 3.3. The RMSE obtained was around 3 cm, which was in line with the accuracy of
the proposed method. In both the validation approaches, the accuracy of the WMLS was between
1 and 3 cm, which was compatible with the data provided by the manufacturer [34].

3.5. Plan and Section Restitution

The post-processing returns 3D point clouds, characterized by the number of points (and therefore
of bytes required for its archiving), was not suited for the vectorization of two-dimensional products.
Moreover, their density was not uniform, since it was related to the traveling speed along the paths
and the overlapping of some parts of the clouds in the registration phase. Table 5 provides a schematic
summary of the magnitude and mean surface density values for each point cloud. As can be seen from
the comparison with Table 2, an increase in average speed corresponded to a decrease in the mean
surface density.

Table 5. Point cloud features; the surface density is estimated by counting for each point the number of
neighbors inside a sphere of three centimeters radius (R) and dividing this value by the sphere max
section (πR2).

Path Number of
Points

Mean Surface Density
(points/m2)

Number of Points after
1 cm Subsampling

Mean Surface Density after 1 cm
Subsampling (points/m2)

1 32,955,139 29,648 14,056,546 6140

2 30,059,713 28,399 14,032,348 5594

3 33,839,213 20,428 16,766,690 5348

4 16,720,282 18,488 9,210,536 4634

In order to generate plans and sections, a subsampling strategy based on distance (1 cm) was
applied without producing any loss of detail that would compromise the quality of the products. As a
result, a 3D point cloud with more than a 100 million points was obtained for the whole historical
palace (Figure 15).

The final step involved tracing the two-dimensional products. To do this, several sections along
the different floors of the building were extracted. Previously, in the application of the least-cost-path
algorithm, a low pass filter was applied [42]. This strategy locally fit a plane around each point of
the cloud and then removed those points far from the fitted plane (Figure 16a). For the present case
study, the following parameters were used: (i) a neighbored search radius of 0.03 m and (ii) a relative
error of 1 sigma for the exclusion of the points. Next, we applied the filtered point cloud using the
least-cost-path algorithm, which allowed for the automatic vectorization of the plant (Figure 16b).
Finally, some manual adjustments were conducted on the obtained vectorization data, allowing for the
creation of plans in a quick and accurate way (Figure 17).
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4. Discussion

Based on the obtained results, as well as its proven its efficiency, accuracy, portability, and weight,
it can be seen that the WMLS tested in our case study offers a potential solution for mapping complex
cultural heritage sites.

Regarding the efficiency, the WMLS needed just 63 min to capture the data (distributed in a total
of four paths) and 83 min to solve the SLAM problem. In both cases, the system outperformed the time
estimated for a terrestrial laser scanner to digitalize the same construction (around 70 scan stations).
In comparison with other state-of-the-art MMS, such as the Leica Pegasus back-pack or the Heron
MS-2 back-pack, the proposed WMLS solution had a lower data acquisition rate (43,000 points per
second against 600,000 points per second captured by the Leica Pegasus back-pack and 700,000 points
per second captured by the Heron system). The WMLS capture rate is suitable in terms of its density,
capacity to detect geometrical features, and for its ability to map indoor cultural heritage environments.

Regarding the accuracy, the point cloud returned by the WMLS guaranteed an accuracy within
a centimeter in relation to the point cloud obtained by a terrestrial laser scanner. These values were
similar to those obtained by Nocerino et al. [22] for indoor environments and those obtained by
Cabo et al. [43] in an outdoor environment with many geometrical features. This accuracy seems to be
linked with the number of geometrical features present in the scene, as well as the planning of the data
acquisition using several close-loops.

Concerning the portability, the tested sensor had approximately 4 kg of weight and small
dimensions (220 × 180 × 470 mm) (Table 1) in comparison with other MMS, such as the Leica
Pegasus backpack, with an estimated weight of 12 kg and dimensions of 310 mm × 270 mm × 730 mm,
the Heron MS-2 back-pack mapping solution, with a total weight of 11 kg, and the NavVIS 3D system,
which requires a cart to support its sensors [22,24,44]. These characteristics are especially relevant for
the digitalization of the palace, since this building shows narrow areas (Figure 8) in which the other
MMS would have problems.

5. Conclusions

In this paper, a wearable mobile laser system (WMLS) has been presented and tested for the
digitalization of a complex cultural heritage building. This device highlights for its lightweight,
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flexibility in comparison with other traditional techniques, such as terrestrial photogrammetry or
terrestrial laser scanning. The combination of this instrument, mainly composed by a 2D Hokuyo laser
scanner and an Inertial Measurement Unit, together with the Simultaneous Location and Mapping
approach, allows the acquisition of indoor environments dynamically without the necessity of stations
or the use of global navigation satellite systems.

Investigation results estimate that the WMLS requires the complete digitalization of the entire
structure, with around 3000 m2, in about 65 min. A quick comparison demonstrates how the acquisition
time of the wearable system is approximately equal to the sixth part of the time required by the
terrestrial laser scanner (Faro Focus 3D), providing the correct accuracy and density of data for the
creation of sections and plans for restoration projects. The post-processing phase itself is around five
times shorter than the corresponding registration of the laser scans.

The process of registering the different paths, which uses spherical target centroids as control
points, returns a RMSE of about 3 cm, compatible with the accuracy of the analyzed system, and
is able to offer excellent results in complex environments, such as the one described in this paper.
These potentialities are also confirmed by the comparison with an external network generated by
a terrestrial laser scanner. During this stage, the accuracy of the system has been evaluated at two
different scales: (i) at the local scale using the relative length measurement error (RLME) and the
relative length measurement accuracy (RLMA), and (ii) at the global scale, where the root mean square
error (RMSE) between the centroids detected by each system, WMLS and laser scanner, have been
confronted. In both cases the accuracy of the system is estimated between 1 and 3 cm.

Future investigations could concern the integration of the point clouds generated by the WMLS
into building information modelling (BIM) systems. Another future development could concern the
process of coloring automatically the point cloud of WMLS by synchronizing the acquisition path with
video captured by GoPro and the subsequent projection of the frames on the cloud itself.
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