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Abstract 8 

This study explores the potential and limitations of SLAM technology for supporting pre- 9 

liminary and simplified structural analyses of historic parish churches in Lunigiana, a re- 10 

gion between Liguria and Tuscany. Surveys were conducted both inside and outside the 11 

buildings, with validation through total station topographic control. Three portable or 12 

wearable SLAM systems were evaluated for metric accuracy, efficiency, and quality, with 13 

a focus on their usefulness for assessing seismic vulnerability. Ground-truth from a refer- 14 

ence dataset, measured with a total station, were used to assess the accuracy of SLAM- 15 

derived models. Key issues related to trajectory planning, sensor specifications, and pro- 16 

cessing software demonstrate influence on data quality. All the tested systems proved 17 

effective for rapid, accessible surveying, accurately capturing the primary geometries of 18 

buildings, making SLAM-based scanners a valuable resource for the documentation of 19 

historic structures, streamlining survey processes, and offering a solid foundation for pre- 20 

liminary structural assessment and heritage preservation studies. 21 

The rapid and reliable geometric documentation of historic built heritage is a key require- 22 

ment for a wide range of conservation, analysis, and risk assessment activities. In recent 23 

years, portable and wearable Simultaneous Localization and Mapping (SLAM)-based sys- 24 

tems have emerged as efficient tools for fast 3D data acquisition, offering significant ad- 25 

vantages in terms of operational speed, accessibility, and flexibility. This paper presents 26 

an experimental performance assessment of three portable SLAM-based mobile mapping 27 

systems applied to the 3D documentation of historic religious buildings. Two historic par- 28 

ish churches in the Lunigiana region (Italy) are used as case studies to evaluate the sys- 29 

tems under real-world conditions. The analysis focuses on key performance indicators 30 

relevant to metric documentation, including georeferencing accuracy, 3D model accuracy, 31 

point cloud density and resolution, and model completeness. The results highlight the 32 

capabilities and limitations of the tested systems, showing that all instruments can effi- 33 

ciently capture the primary geometries of complex historic buildings, while differences 34 

emerge in terms of accuracy, data consistency, and readability of architectural details. 35 

Although the work is framed within a broader research project addressing seismic vul- 36 

nerability of historic structures, this contribution specifically focuses on the experimental 37 

evaluation of SLAM-based surveying performance. The results demonstrate that portable 38 

SLAM systems provide reliable geometric datasets suitable for preliminary documenta- 39 

tion tasks and for supporting further multidisciplinary analyses, representing a valuable 40 

resource for the rapid 3D documentation of historic built heritage. 41 
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1. Introduction 45 

The 3D survey of historical built heritage assets is a subject of great importance, as 46 

digital metric documentation, encompassing positional, morphological, and geometric 47 

characteristics, constitutes a fundamental element for understanding a historical building 48 

and therefore supports any analysis and action that is to be undertaken. This work focuses 49 

specifically on how a 3D model of a historical building can effectively support seismic 50 

vulnerability assessment. 51 

Different seismic evaluation approaches have been developed to specify and estimate 52 

the structure's capacity to withstand an earthquake (pre- or post-event): analytical seismic 53 

vulnerability assessment requires knowledge of the structure at both geometric and me- 54 

chanical levels, while preliminary and simplified approaches rely on limited field data 55 

collection, typically a complete visual inspection by a skilled specialist, without any 3D 56 

data recording.  57 

Historic masonry religious buildings represent a significant portion of the built cul- 58 

tural heritage in seismic-prone regions and are widely recognized as highly vulnerable to 59 

earthquake-induced damage. Their response to earthquake actions is strongly influenced 60 

by construction techniques, material heterogeneity, geometric complexity, material dis- 61 

continuities, temporal stratification, and geometric irregularities. As a result, damage is 62 

often characterized by the activation of local collapse mechanisms involving macro-ele- 63 

ments such as façades, apses, bell towers, and vaulting systems. The identification of these 64 

mechanisms is a key step in simplified seismic vulnerability assessment methodologies 65 

commonly adopted for historic masonry structures and requires reliable geometric and 66 

morphological information, traditionally obtained through visual inspections and draw- 67 

ings and documents. 68 

Expeditious vulnerability assessment procedures typically rely on visual inspections 69 

and in situ surveys to collect geometric, typological, and constructive information neces- 70 

sary to identify potential failure modes. While direct observation remains essential, it is 71 

often constrained by practical limitations such as accessibility, safety conditions, survey 72 

time, and the need for expert operators. 73 

Recent advances in 3D surveying technologies have significantly transformed the 74 

documentation of built heritage. Among these, Simultaneous Localization and Mapping 75 

(SLAM)-based systems have emerged as a rapid and flexible solution for metric data ac- 76 

quisition, as they enable real-time generation of 3D point models, drastically reducing 77 

acquisition time while maintaining adequate geometric consistency. The availability of 78 

such 3D models offers new opportunities for integrating geometric documentation and 79 

structural assessment workflows. In particular, they enable the extraction of metric and 80 

spatial information relevant to seismic vulnerability analyses, including dimensions of 81 

structural elements, geometric proportions, articulation of macro-elements, and spatial 82 

relationships between load-bearing components. 83 

This raises the question of whether SLAM-based 3D models can effectively support, 84 

or partially replace, traditional in situ observation in expeditious seismic vulnerability as- 85 

sessment procedures. 86 

This paper investigates the reliability and applicability of SLAM-derived 3D models 87 

for the rapid seismic vulnerability assessment of historic masonry religious buildings. The 88 

study focuses on evaluating the level of detail and metric accuracy required to extract the 89 
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information typically employed in simplified assessment methods. Beyond rapid assess- 90 

ment purposes, the paper highlights the role of SLAM-based 3D documentation as a foun- 91 

dational dataset for more advanced analyses, as numerical simulations and structural 92 

analyses, supporting a multi-scale and multidisciplinary approach to seismic risk assess- 93 

ment. In this framework, fast 3D surveying techniques act as a bridge between geometric 94 

documentation and structural interpretation, enhancing both efficiency and analytical po- 95 

tential. 96 

2. State of the art and literature review 97 

In recent years, the three-dimensional documentation of built heritage has under- 98 

gone a profound transformation, driven by the rapid development of technologies such 99 

as Digital Photogrammetry (DP) [1] and Terrestrial Laser Scanning (TLS) [2]. The integra- 100 

tion of these two methods has proven highly effective due to their complementary char- 101 

acteristics. 102 

More recently, a significant innovation in this field has been the introduction of Mo- 103 

bile Mapping Systems (MMSs) based on Simultaneous Localization and Mapping (SLAM) 104 

technology, to apply them to a wide range of sectors, including robotics [3], autonomous 105 

driving [4], and augmented reality [5]. These systems are rapidly emerging as versatile 106 

and accessible tools for 3D surveying, enabling the acquisition of complete models in sig- 107 

nificantly shorter timeframes, even in complex or hard-to-reach environments, and often 108 

incorporating Global Navigation Satellite System (GNSS) sensors for direct georeferenc- 109 

ing [6]. SLAM-based systems offer features such as execution speed, completeness of the 110 

model, the ability to interpret materials, construction techniques, temporary or permanent 111 

works, the state of conservation, and any effects of past earthquakes on the structures. 112 

Moreover, estimating building elements' dimensions, identifying load-bearing elements 113 

and visually inspecting them, and registering structural damage effects, as deformations 114 

and cracks, fits into the recent concept of twinning applied to built heritage, which offers, 115 

among other advantages, the possibility of sharing knowledge and working cooperatively 116 

even without direct access to the site under study [7]. 117 

The principle behind SLAM is the system's ability to simultaneously build a map of 118 

the environment and locate itself within it in real time, using data from sensors such as 119 

LiDAR, inertial navigation systems (INUs) and, in some cases, RGB cameras [8]. Thanks 120 

to this approach, the device can track its trajectory in space even in the absence of a GNSS 121 

signal or external control points.  The system combines spatial information collected by 122 

LiDAR with inertial and visual data (when present) to optimize position estimation and 123 

minimize drift errors accumulated during movement [9]. 124 

Among the main variants of SLAM-based portable systems, two fundamental ap- 125 

proaches stand out: LiDAR SLAM and Visual SLAM, each with specific characteristics 126 

[10]. The LiDAR SLAM is based on the use of LiDAR sensors, which acquire the three- 127 

dimensional geometry of the environment through the direct measurement of distances. 128 

This approach guarantees good reliability in terms of spatial accuracy, even in variable or 129 

absent lighting conditions. Visual SLAM, on the other hand, relies on cameras (monocu- 130 

lar, stereo or RGB-D) to extract visual characteristics and track movement over time. This 131 

type of system can offer additional information about the context, such as the color or 132 

texture of surfaces. However, its effectiveness is influenced by lighting conditions, the 133 

presence of texture-free surfaces, and phenomena such as reflections, which can compro- 134 

mise the quality of mapping. In some latest generation devices, hybrid approaches are 135 

frequently adopted, combining LiDAR and visual data, to improve the robustness and 136 

accuracy of the system even in complex or highly heterogeneous scenarios [11]. 137 



Sensors 2025, 25, x FOR PEER REVIEW 4 of 37 
 

 

Although these systems do not reach the same levels of resolution and accuracy as 138 

DP and TLS, their use proves advantageous in contexts where operational efficiency is a 139 

primary concern [12]. 140 

In the field of cultural heritage, 3D surveys with SLAM-based portable systems have 141 

found application both in architectural survey [13,14] and in the archaeological field [15]. 142 

Recent studies explore their effectiveness in the 3D documentation of historic urban sites 143 

[16], underground environments [17], and excavation areas [18,19], where the operational 144 

speed and lightness of the devices constitute a significant advantage compared to tradi- 145 

tional techniques. Thanks to the ability to perform dynamic, fast, and non-invasive sur- 146 

veys, combined with direct georeferencing supported by integrated sensors, these systems 147 

simplify the entire workflow, enabling efficient data acquisition and reducing time and 148 

costs. 149 

In the context of architectural investigations, the potential of SLAM-based hand-held 150 

systems is a topic of growing interest among many researchers. Several studies have as- 151 

sessed the accuracy, reliability, and applicability of such systems in historical built herit- 152 

age documentation [20]. Further contributions explored their performance in indoor and 153 

outdoor tasks [21] and their integration in digital heritage documentation strategies [6,22]. 154 

The analyses conducted demonstrate good consistency and reliability of the results, as 155 

compared to data acquired via TLS, which are often used as a reference [23]. 156 

TLS has been widely used for surveying historic buildings [24,25], also with the aim 157 

of supporting structural studies [26,27], while photogrammetric approaches, particularly 158 

those integrating UAVs and terrestrial photogrammetry, are increasingly widespread in 159 

practice, standing out for their flexibility, low costs, and high accessibility [28,29]. The use 160 

of UAVs significantly contributes to this accessibility, allowing efficient and safe data ac- 161 

quisition even in hard-to-reach areas [30]. Recent studies have further demonstrated the 162 

potential of advanced photogrammetric techniques for complex heritage scenarios, in- 163 

cluding the use of 360-degree cameras for efficient documentation in constrained environ- 164 

ments [31] and the exploitation of photogrammetric models for detailed geometric and 165 

shape analysis of architecturally complex elements [32]. 166 

Despite the numerous advantages offered by TLS, such as the high precision and 167 

density of the data acquired, these tools present some intrinsic limitations that condition 168 

their use in certain operational contexts [33]. First, TLS is designed to operate in static 169 

mode, a condition that limits its use in situations where rapid data acquisition is required. 170 

Some TLS models are equipped with an integrated Inertial Measurement Unit (IMU), 171 

used for pre-alignment of scans. However, the accuracy of these IMUs is limited, and it 172 

can only be considered for an approximate solution, always requiring a post-processing 173 

for optimizing scan alignment. From an operational perspective, TLS requires careful 174 

planning. Due to the presence of occlusions and shaded areas, it is often necessary to carry 175 

out multiple scans from different locations to ensure complete coverage of the environ- 176 

ment. This leads to an increase in survey times and greater complexity in the processing 177 

and recording phase. Finally, portability is also an aspect to consider. Although TLS were 178 

previously bulky and unsuitable for complex or difficult-to-access environments, increas- 179 

ingly compact and lighter models have been developed over time. These devices can also 180 

be mounted on photographic tripods, which are easier to handle than traditional topo- 181 

graphic tripods, heavier and bulkier. This makes them more versatile, although in very 182 

complex contexts; nevertheless, despite this progress towards lighter and more flexible 183 

equipment, the SLAM-based hand-held systems seem promising [34], and extensive as- 184 

sessments of their performance in different operational contexts are highly advisable. This 185 

work aims to contribute to this purpose, focusing on efficient data acquisition and struc- 186 

tural understanding [35].  187 
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To support multi-scale seismic vulnerability assessments of historical buildings, 188 

Sammartano et al. propose an integrated HBIM-GIS approach to enable a comprehensive 189 

spatial and structural analysis [36]. A 3D photogrammetric survey was used, along with 190 

a finite element analysis, to evaluate the structural behavior under seismic loads of the 191 

church of SS. Annunziata in Paestum [37].  192 

In the context of 3D documentation of complex environments, particularly in the 193 

built heritage field, several studies have used residual distances between two 3D models 194 

to evaluate geometric coherence between point clouds acquired with different technolo- 195 

gies [21,38]. Research such as [39,40] has highlighted how the cloud-to-cloud (C2C) com- 196 

parison is a useful tool for estimating local deviations between datasets acquired via 197 

SLAM and TLS. 198 

The present paper explores the potential of handheld and wearable SLAM-based 199 

scanners through a real-world application in the field of religious historical building stud- 200 

ies, in the framework of a broader study addressing the safeguarding of small churches 201 

from a structural perspective, by further applying non-destructive diagnosis techniques 202 

[41] and FEM analysis. 203 

Both qualitative and quantitative testing of the results is performed, based on ground 204 

truth and checkpoints. The operational specifics of SLAM-based systems are considered 205 

to assess their use in the field of built heritage documentation. A mix of indoor and out- 206 

door scenarios is considered to critically evaluate the effectiveness of these devices and 207 

inform methodological choices in similar contexts. 208 

Following metric considerations, the knowledge of the dimensions and geometric 209 

details of structural elements is a fundamental requirement for a reliable analytical anal- 210 

ysis of their mechanical behavior [42]. Point clouds are also considered for morphological 211 

analysis of structural elements and to assess the degree of completeness of 3D models, 212 

supporting the development of simplified FEM models [43] and guiding preliminary di- 213 

agnostic investigations. Data collected using SLAM-based systems supported numerical 214 

modelling, useful for predicting future structural behavior through specific simulations 215 

and analyses. Furthermore, these data were also used to calculate the vulnerability indi- 216 

ces, as requested by Italian regulations [44] and as proposed by Lourenço [45]. 217 

3. Materials and Methods 218 

This paper assesses the potential and limitations of SLAM technology in supporting 219 

preliminary structural analyses of parish churches in Lunigiana, a historical region located 220 

between Liguria and Tuscany in Italy. The parish churches, originally dating back to the 221 

10th century, served as the main religious reference for the vast rural areas and exhibit 222 

some recurring architectural characteristics. 223 

Many of them have undergone notable transformations over time, both due to wars 224 

and atmospheric agents, and due to the numerous earthquakes of varying intensity that 225 

have hit the Lunigiana region over the centuries. 226 

This study considers two out of the more than 20 religious buildings identified as 227 

parish churches and spread across a vast territory. The case studies are identified based 228 

on their geometric and typological characteristics as representative: Pieve Santo Stefano 229 

in Sorano and Pieve di Santo Stefano in Vallecchia, both of which date back to at least the 230 

twelfth century and are mentioned for the first time in the papal bull of Eugene III in 1148. 231 

The two parishes, belonging to the ancient diocese of Luni [46], have undergone restora- 232 

tion, architectural changes, and natural degradation processes [47], making them ideal 233 

case studies to test the effectiveness of SLAM technology in supporting the specific re- 234 

quirements of the structural analyses being carried out as part of the broader research 235 

project. The work aims not only to verify the metric reliability of the acquired data but 236 
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also to critically discuss the operational opportunities offered by these tools in the context 237 

of seismic risk assessment of cultural heritage churches. 238 

3.1 Case studies 239 

3.1.1 Pieve di Santo Stefano in Sorano 240 

The Pieve di Santo Stefano in Sorano (Sorano Church) (Figure 1) is in the alluvial 241 

plain of the river Magra, near the village of Filattiera (Massa). The church stands on the 242 

remains of a previous pagan building, built by the Byzantines in the 6th-7th century, high- 243 

lighting the sacred continuity of the site. The Romanesque building was built between the 244 

eleventh and twelfth centuries, and the current appearance of the church is the result of 245 

extensive restorations, concluded in 2000. 246 

The current appearance of the church is the result of extensive restorations, con- 247 

cluded on the occasion of the Jubilee of 2000. The Romanesque building was built between 248 

the eleventh and twelfth centuries, using unsquared river pebbles. The structure retains 249 

its original layout, with a salient façade leading to an interior organized in three naves 250 

ending in three semicircular apses. The building features a load-bearing masonry struc- 251 

ture made of river pebbles arranged in nearly regular courses. The façade features original 252 

openings subsequently infilled, resulting in masonry discontinuities that may be structur- 253 

ally significant. In the left corner, an external buttress is also present, introduced as a 254 

strengthening element to counteract thrust forces. Additional infilled openings are visible 255 

along the side elevations of the building, potentially affecting the continuity and uni- 256 

formity of the masonry walls' mechanical behaviour. On the rear elevation, a bell gable is 257 

present, structurally integrated into the perimeter masonry. 258 

 (a)  (b)  (c) 259 

Figure 1. Pieve di Santo Stefano in Sorano: (a) facade; (b) apse and bell tower; (c) interior. 260 

The interior is defined by its architectural sobriety, with At the sides of the central 261 

nave large round arches resting on cylindrical stone pillars. In the late nineteenth century, 262 

the arcades of the left nave were closed off by pairs of arches and Neoclassical columns 263 

during the construction of family funerary chapels. Vaults, now no longer existing, were 264 

also built above each chapel, and the roofline was modified with the addition of a terra- 265 

cotta cornice. Numerous sculptural fragments and decorative elements, some of which 266 

have been reused in the current structure, attest to the richness of its original Romanesque 267 

decoration, such as capitals and reliefs with zoomorphic and plant motifs. These features 268 

highlight the church’s importance not only as a place of worship but also as a focal point 269 

of artistic and symbolic expression in the Middle Ages. 270 

The square bell tower, likely constructed after the main body of the church, was orig- 271 

inally conceived with a defensive function; its upper portion was characterized by large 272 

arched openings, which have since been infilled, resulting in alterations to the original 273 

structural configuration and stiffness distribution. 274 
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Historically, the church was part of a significant ecclesiastical and cultural hub, fre- 275 

quently visited by bishops and religious authorities, as evidenced by various epigraphic 276 

and documentary sources. 277 

3.1.2 Pieve di Santo Stefano in Vallecchia 278 

The Pieve di Santo Stefano in Vallecchia (Vallecchia Church) (Figure 2), is located 279 

between Pietrasanta and Seravezza. Its first mention appears in a document from 881; 280 

later, in the Papal Bulls (1148, 1154, and 1203), it was named the parish church of Vallec- 281 

chia. The church has undergone notable reconstructions and renovations over time; the 282 

wooden roof has been restored several times due to seismic events, war and natural decay. 283 

The current structure was erected in the 12th century, using local marble, and features a 284 

basilica plan with three naves. 285 

  286 

Figure 2. Pieve di Santo Stefano in Vallecchia. 287 

The masonry consists of “a sacco” technique, with well-squared ashlar blocks on the 288 

exterior with rock-fill. The three naves are limited by two rows of columns and pillars, 289 

enclosing an interior space that culminates in a semicircular apse, preceded by a triumphal 290 

arch and an elevated presbytery. The central nave is covered by a gable roof supported by 291 

three wooden trusses; similarly, the side aisles are roofed. The apse is topped by a hemi- 292 

spherical calotte, originally frescoed, and a terracotta roof covers the entire building. 293 

On the counter façade, a painted wooden choir loft is supported by decorative corbels 294 

and houses a pipe organ built in 1881, which was later restored in 2004. 295 

The façade, with its traditional gabled profile, is plastered but features a base and 296 

architectural detailing in squared blocks of local marble. The central portal, crowned by a 297 

triangular pediment, is flanked by two lateral entrances. A pierced marble rose window 298 

occupies the upper central part of the façade. Along the lateral walls, secondary entrances 299 

and numerous single-light windows (monofore) are present. 300 

The bell tower, destroyed initially during World War II and rebuilt in more recent 301 

times, rises on the right side of the church. It features a square plan, plastered surfaces, 302 

and a belfry with four arched openings. 303 

Significant restoration campaigns were undertaken between the 16th and 17th cen- 304 

turies, promoted by Ferdinando I de’ Medici and Maria Cristina of Lorraine. Further con- 305 

solidation works were carried out in the post-war period. 306 

The building exhibits a complex architectural stratification, combining elements of 307 

Romanesque, Renaissance, and Baroque styles. 308 

3.2 The acquisition campaigns 309 

A wide range of SLAM-based scanners are available nowadays; this work analyses 310 

data acquired using two hand-held and one wearable SLAM-based scanners: the X70GO 311 
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by Stonex (Figure 3a), the Lixel L2 Pro by XGRIDS (Figure 3b), and the VLX 3 by NavVis 312 

(Figure 3c). 313 

   314 

(a)     (b)     (c)   315 

Figure 3. The tested instruments during the survey on the field: (a) Stonex X70GO with RTK module; 316 

(b) XGRIDS Lixel L2 Pro; (c) NavVis VLX 3. 317 

Each tested SLAM system has specificities that affect its performance, versatility, and 318 

uptime. The main differences concern the physical configuration of the instrument 319 

(handheld or wearable), the type and number of LiDAR sensors, cameras, the RTK mod- 320 

ule for georeferencing, and the acquisition modes. Table 1 summarizes these differences, 321 

providing a comparative overview useful in assessing the strengths and limitations of 322 

each system. 323 

Table 1. Main specs of the devices tested in the study. 324 

 X70GO VLX 3 Lixel L2 Pro 

Device configuration Handheld Wearable Handheld 

N° LiDAR 1 2 1 

Points per second 200.000 pts/s 2 x 1.280.000 pts/s 640,000 pts/s 

N° of cameras 2 4 2 

Visual SLAM yes No yes 

Camera resolution 12 MP 20 MP 48 MP 

RTK GNSS Integrable No Integrated 

Declared accuracy 6 mm 5 mm 5 mm 

Processing software GOpost NavVis IVION (cloud-based) LixelStudio 

 325 

Regarding the possibility of direct georeferencing, the Lixel L2 Pro integrates an RTK 326 

receiver, however RTK functionality was not activated during this study. An external 327 

module can be added to the X70GO; however, no GNSS options are available when work- 328 

ing with the NavVis system. 329 

The scan rate, the implementation of visual SLAM, and the integration with RTK 330 

GNSS systems affect performance and scope of use. Some models focus more on visual 331 

quality, with high-resolution cameras, like Lixel L2 Pro, while others declare to equally 332 

value accuracy, like VLX 3. 333 

As shown in Table 1, the VLX 3 stands out for its high scan rate; the Lixel L2 Pro 334 

offers a fairly good resolution, although its point distribution is less dense than that of the 335 

VLX 3, while the X70GO has a lower resolution. The resolution of the final 3D model 336 

clearly depends heavily on the acquisition speed. However, other factors also play a 337 
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significant role, such as the speed at which the track is travelled and the geometry of the 338 

track itself. It is also important to consider that during data processing, the option of over- 339 

sampling is becoming increasingly common. This elaboration obviously favors qualitative 340 

aspects such as data visualization and interpretation, while it does not affect quantitative 341 

aspects such as accuracy.  342 

All the instruments allow for viewing the acquired data in real time via a mobile 343 

phone connected to the device, thus supporting the operator in quickly checking any gaps 344 

in the area coverage being surveyed. 345 

An option provided by the X70GO is to operate in static mode, standing on a specific 346 

single-legged stand and allowing for the acquisition of denser and more detailed point 347 

clouds through the so-called XWHIZZ scans; however, this mode was not analyzed in the 348 

present study.  349 

The survey campaign was carried out over two days, one in November 2024 and one 350 

in January 2025, and included both interior and exterior scanning operations. 351 

Data acquired with SLAM technologies are commonly validated by comparison with 352 

measurements carried out using a TLS [12,22,38]. In this study, however, a topographic 353 

survey with a total station was used as ground truth for assessing the accuracy of SLAM 354 

models. Total station surveying provides data which, although low density, is reasonably 355 

accurate and is not affected by any residual alignment errors in TLS scans, making it a 356 

robust benchmark for evaluating SLAM-derived models. 357 

Two topographic vertices had materialized (Figure 4), one located outside and the 358 

other inside the church. From these reference points, a series of target and natural points 359 

were measured, strategically distributed throughout the site. These included points 360 

evenly distributed on the facade, counter-facade, side aisles, floor, and ceiling, providing 361 

a comprehensive framework for the geometric verification of the SLAM-based point 362 

clouds. 363 

   364 

Figure 4. Total station surveying: Sorano Church (left and centre) and Vallecchia Church (right). 365 

All three SLAM devices have been used for measurements in both indoor and out- 366 

door environments, following closed trajectories (looped paths) that begin and end at the 367 

same point: this is a key strategy to reduce drift errors and increase the geometric con- 368 

sistency of the dataset. Moreover, when working without the RTK module, Lixel L2 Pro 369 

mandatorily requires starting and ending points to coincide to ensure the reliability of the 370 

dataset.  371 

Although all devices allow the survey to be carried out by a single operator, for prac- 372 

tical and organizational reasons, the survey was conducted by two operators. This choice 373 

made it easier to manage the equipment and follow the planned route. The acquisition 374 
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time was between 6 and 25 minutes, depending on the instrument used and the extent of 375 

the detected area. 376 

For the VLX 3 (Figure 5) and Lixel L2 Pro instruments, the acquisition paths were 377 

intended to digitize the interior and exterior of the entire church (and the bell tower as 378 

well) in one go. The Lixel L2 Pro device was used exclusively for the Vallecchia Church 379 

dataset, following the same acquisition path as the VLX 3. 380 

 381 

(a)        (b) 382 

Figure 5. Path followed during acquisition with VLX 3: (a) Sorano Church and (b)Vallecchia Church. 383 

With the X70GO, on the other hand, several scans were carried out (Figure 6), the 384 

main objective being to test how path geometry and Ground Control Point (GCP) availa- 385 

bility affect the final 3D model, as discussed in section 4.1. 386 

 387 

 388 

 389 
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 390 

Figure 6. Paths followed during acquisition with X70GO: Sorano Church (S01/25, S02/24, S03/24, 391 

S04/24, S05/24, S06/24) and Vallecchia Church (V01/25). Colors from blue to red express the acquisi- 392 

tion time. 393 
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The X70GO requires a critical initialization phase, during which the SLAM algorithm 394 

calibrates the initial position and begins to build the map. For proper operation, it is es- 395 

sential to avoid the presence of moving objects in the sensor’s field of view. The sensor 396 

must be placed in a stable position and left still for approximately one and a half minutes. 397 

Similarly, the Lixel L2 Pro also features an initial calibration phase, which lasts about 398 

one minute.  399 

In contrast, the initialization and finalization phases of the VLX 3 are characterized 400 

by the acquisition of a marker: the operator must stand on and register such a point at the 401 

beginning and end of the survey to ensure the closure of the SLAM trajectory and a proper 402 

alignment of 3D data. 403 

3.2.1 The off-line processing 404 

In the present work, SLAM-based hand-held systems are analysed and compared, 405 

with particular attention to the data post-processing phase. This phase was carried out 406 

using proprietary software specific to each device: GOpost for X70GO, NavVis IVION for 407 

VLX 3, and LixelStudio for Lixel L2 Pro (Table 2).  408 

Table 2. Summary of key software features. 409 

 GOpost NavVis IVION LixelStudio 

Manufacturer Stonex NavVis XGRIDS 

Post-elaboration Desktop (Windows) Cloud Desktop (Windows) 

Georeferencing RTK - GCP GCP RTK - GCP 

Colouring yes yes yes 

Densification Yes, up to version 66; 

optional for newer 

versions 

Down- or over-

samplig option 

Optional 

Filtering Persons removal Blurring of faces, 

bodies and plates  

Moving objects re-

moval 

The software used, in addition to reconstructing the 3D scene, offers advanced fea- 410 

tures that significantly influence the result, such as point cloud optimisation, automatic 411 

removal of dynamic objects, upsampling, and management of 360° panoramic images. 412 

Unfortunately, technical documentation is lacking, and there are limited tuning options 413 

for parameters.  However, the software has limited technical documentation and offers 414 

few options to adjust or optimize parameters, which restricts control over the results. All 415 

the producers provide user-friendly solutions, which are highly effective for profession- 416 

als. On the other hand, this makes it challenging to recognise how the final model is af- 417 

fected by raw data (i.e., effects related to sensors) or by post-processing (i.e., effects related 418 

to software).  419 

The differences in sensors, workflows, and above all in the software solutions 420 

adopted place limits on a purely quantitative comparative analysis. However, through the 421 

observation of available functionalities, the results obtained, and the limitations identi- 422 

fied, it is possible to outline the strengths and critical points of each solution. 423 

A crucial aspect that emerged during processing concerns the resolution of the ac- 424 

quired data. As will be explored in depth in the following chapter section, the resolution 425 

obtainable through tools based on SLAM technology is borderline for applications in the 426 

built heritage documentation. 427 

The relationship between geometric resolution and texture resolution assumes par- 428 

ticular importance: a denser point cloud does not always guarantee a more effective rep- 429 

resentation, due to noise effect, and the availability of high-definition images play a key 430 

role, considering that the overall interpretation of the 3D model depends not only on the 431 

point density but also on the quality and coherence of the textures applied. 432 
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The tested software offers different solutions to address this problem: some make use 433 

of automatic densification functions; others propose controlled resampling techniques. 434 

However, as discussed in the further, these approaches are partially effective, since the 435 

increase in density does not necessarily lead to a significant improvement in the readabil- 436 

ity of architectural details on the recorded data.  437 

Promising perspectives also emerge from innovative approaches, such as Gaussian 438 

Splatting, which exploit panoramic images and camera positions to build immersive 3D 439 

representations. To this end, MMSs are used to define the external orientation of images, 440 

thereby reinterpreting the SLAM paradigm, which was initially developed for the simul- 441 

taneous solution of localisation and mapping problems. Localisation then becomes instru- 442 

mental in the production of the map. Finally, the map (as a point model) becomes almost 443 

negligible compared to the Gaussian Splatting derived from the localisation of the cam- 444 

eras, whose orientation is defined precisely through “localisation”. 445 

The post-processing phase, for all software analysed, took between one and five 446 

hours for each path detected, depending on the survey duration, the environment com- 447 

plexity, and the texture calculation, included in the elaboration time (Table 3). The data 448 

processing time of VLX 3 and Lixel L2 Pro is higher, as the routes include both survey of 449 

the exterior and interior of the church, while the X70GO datasets include shorter paths 450 

(Table 4). 451 

Table 3. Time for the acquisition and the post-processing (it also includes the initialization time, if 452 

present). 453 

 X70GO VLX 3 Lixel L2 Pro 

Paths 6 2 1 

Acquisition time 6 – 12 min 18 – 25 min 20 min 

Processing time 1 – 2 hours 4 hours 2 hours 

LixelStudio for Lixel L2 Pro provides advanced tools for point cloud optimization: it 454 

is possible to automatically remove dynamic objects, thus improving the cleanliness of the 455 

scene and reducing interference caused by the presence of moving elements. Furthermore, 456 

it is possible to carry out resampling (specifically, oversampling), to obtain a uniform and 457 

regular point cloud, and therefore a more defined texture. In our case, a 5 mm pitch has 458 

been adopted; however, the system allows for a resolution of up to 1 mm to be achieved. 459 

The NavVis IVION software, used for VLX 3 data processing, also allows defining the 460 

resolution of the point cloud, with a resolution that can reach up to 5 mm (adopted value). 461 

The 3D model shows some relevant differences in point density, as better described in 462 

section 4.3. 463 

In the GOpost software for X70GO, the workflow consists of calculating the cloud 464 

from SLAM data, then optimizing it with a noise-reduction filter. In this step, there is an 465 

option for “densification,” an oversampling method that depends on the resolution of the 466 

original cloud and produces a model three times denser. In the software version adopted 467 

for the data processing presented here (November/December 2024), this option was not 468 

optional.  469 

In the GOPOST software, the settings include the option to generate the optimized 470 

point cloud, but it is not possible to specify its resolution. However, in the version used 471 

for processing the analysis data (November/December 2024), this densification function 472 

was active by default and could not be turned off.  473 

NavVis IVION enable the automatic blurring of people’s faces and plates on the tex- 474 

ture, a key aspect when privacy protection is crucial, while GOpost and LixelStudio in- 475 

cludes automatic removal of people and moving objects.  476 
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In addition to these features, both LixelStudio and NavVis IVION support the gen- 477 

eration and management of 360° panoramic images. These panoramas are captured dur- 478 

ing the scan and provide an immersive visual context of the environment, which can be 479 

navigated interactively and used to support the interpretation of the point cloud.  480 

Figures 7 and 8 show a view of the final data acquisition result. 481 

 482 

Figure 7. Sorano Church: data acquired respectively with the X70GO and VLX 3. 483 

 484 

Figure 8. Vallecchia Church: data acquired respectively with the X70GO, VLX 3 and Lixel L2 Pro. 485 

4. Results 486 

Until relatively recently, SLAM-based systems were generally considered borderline 487 

technology for applications requiring a high level of detail, due to limitations in sensor 488 

quality and algorithmic maturity [48]. However, recent advancements in both hardware 489 

and software have significantly improved their performance. Today, SLAM is increas- 490 

ingly competitive with well-established techniques such as TLS, particularly in terms of 491 

resolution and ease of use [49]. At the same time, accuracy, although improved compared 492 

to the first products marketed, continues to be an aspect that is not always appropriate in 493 

many applications. 494 

This section examines and evaluates the 3D point clouds generated by the SLAM- 495 

based system through both quantitative and qualitative analyses. As a first point, it is 496 

worth mentioning how drift effects can affect the trajectory, suggesting the use of looped 497 

paths and GCPs to strengthen it. GCPs, at the same time, allow for georeferencing [20] or 498 

at least to reference data in a common reference system in case of control network meas- 499 

ured by total station.  500 

In the case studies, the georeferencing of the point clouds has been carried out using 501 

GNSS data acquired during the SLAM survey conducted on both churches. At the same 502 

time, several targets placed on the site (inside and outside) have been measured with the 503 

total station. To also bring datasets recorded without GNSS (but with TS surveyed targets) 504 

into the same reference system, one point cloud was referenced based on the GNSS and 505 

on the TS target as well, and then aligned each other (fixing the GNSS-based dataset as 506 

the reference); the alignment was performed in CloudCompare [50] software and 507 
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optimized with the Iterative Closest Point (ICP) algorithm. The resulting transformation 508 

matrices were then applied to translate and rotate the GCPs acquired during the topo- 509 

graphic survey into the global reference system, enabling the georeferencing of the dataset 510 

acquired without GNSS support as well. 511 

4.1. Analysis of Georeferencing Accuracy 512 

To evaluate the influence of the GCPs configuration on the accuracy of georeferenc- 513 

ing, acquisitions with different characteristics were carried out. as illustrated in Figure 5 514 

and 6, with and without GNSS, always following closed paths, and using a variable num- 515 

ber of GCPs along the trajectory, to analyze the mapping performance in indoor and out- 516 

door environments.  517 

Several datasets have been acquired by the X70GO, starting both inside and outside 518 

the churches, and recording data indoor and/or outdoor. Lixel L2 Pro and VLX 3 always 519 

start outside and scan the buildings, both indoors and outdoors, with a single, closed path. 520 

The paths followed for data acquisition are illustrated in Figures 5 and 6; the use of 521 

GPS and the number of targets are summarized in Table 4. It summarizes the datasets 522 

acquired on both churches, with different instruments and georeferencing strategies: 523 

some have been georeferenced by GNSS, while others by targets. Even though all targets 524 

available along the trajectories were captured during all acquisitions, when processing 525 

data considering GNSS support, the software does not provide residuals on targets. There- 526 

fore, in order to evaluate the contribution of the RTK module, the models obtained with 527 

GNSS-supported georeferencing and those with target-supported georeferencing were 528 

compared (Section 4.2). 529 

Table 4. Summary of the acquisition paths considered in the test and the georeferencing strategies 530 

adopted. 531 

 Instrument Path Georeferencing # Target Trajectory 

S
o

ra
n

o
 C

h
u

rc
h

 

VLX 3 S01/25 Targets 10 500 m 

X70GO  

S03/24 Targets 
9 

140 m 
4 

S04/24 Targets 6 140 m 

S05/24 Targets 3 70 m 

S01/25 
Targets 

10 
180 m 

5 

RTK GNSS - 180 m 

S02/24 RTK GNSS - 300 m 

S06/24 RTK GNSS - 150 m 

V
al

le
cc

h
ia

 

C
h

u
rc

h
 

VLX 3  V01/25 Targets  9 450 m 

X70GO  V01/25 
Targets 

10 
 

340 m 
4 

RTK GNSS - 

Lixel L2 Pro V01/25 Targets 9 450 m 

 532 

In the processing of some datasets acquired with X70GO, the orientation of the point 533 

cloud was carried out by using some targets as check points (CPs) to better evaluate the 534 

trajectory accuracy (S03/24 and S01/25 Sorano Church; V01/25, Vallecchia Church). The 535 

georeferencing accuracy assessment was conducted through the residuals of targets 536 

which have been independently measured, considering planimetric residual and those 537 

along vertical direction (Table 5). 538 
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Table 5. Residual distances on targets. 539 

 

Path Target 

Planimetric residuals (XY, absolute values) 

[m] 

Vertical residuals (Z, 

signed values) [m] 

 Mean Me-

dian 

RMSE 68th 

%tile 

95th 

%tile 

Mean σ RMSE 

S
o

ra
n

o
 C

h
u

rc
h

 

VLX 3 

S01/25 

GCPs 10 0.003 0.001 0.004 0.002 0.013 0.000 0.001 0.008 

CPs - - - - - - - - - 

X70GO 

S03/24 

GCPs 9 0.014 0.013 0.015 0.015 0.025 0.000 0.008 0.008 

CPs - - - - - - - - - 

GCPs 4 0.008 0.008 0.009 0.010 0.013 0.000 0.002 0.002 

CPs 5 0.015 0.013 0.012 0.013 0.015 -0.004 0.006 0.007 

X70GO 

S04/24 

GCPs 6 0.006 0.006 0.006 0.007 0.008 0.000 0.002 0.002 

CPs - - - - - - - - - 

X70GO 

S05/24 

GCPs 3 0.007 0.006 0.008 0.008 0.010 0.000 0.000 0.000 

CPs - - - - - - - - - 

X70GO 

S01/25 

GCPs 10 0.013 0.011 0.017 0.014 0.032 0.000 0.006 0.006 

CPs - - - - - - - - - 

GCPs 5 0.024 0.017 0.026 0.035 0.038 0.000 0.004 0.004 

CPs 5 0.017 0.014 0.020 0.017 0.036 -0.003 0.008 0.009 

V
al

le
cc

h
ia

 C
h

u
rc

h
 

 

VLX 3 
GCPs 9 0.001 0.001 0.004 0.001 0.002 0.000 0.001 0.001 

CPs - - - - - - - - - 

X70GO 

V01/25 

GCPs 10 0.011 0.010 0.013 0.010 0.031 0.000 0.010 0.010 

CPs - - - - - - - - - 

GCPs 4 0.006 0.006 0.007 0.007 0.008 0.000 0.000 0.000 

CPs 6 0.013 0.011 0.016 0.014 0.031 -0.003 0.015 0.016 

In both case studies, around ten targets were distributed across the scene, all of which 540 

were initially used in the computation. The average planimetric residuals are about one 541 

centimeter, with RMSE between 12 and 15 mm. The highest values at the 95th percentile 542 

are around 3 cm. No bias on vertical direction, as demonstrated by all the mean values 543 

around 0.  544 

The paths S04/24 and S05/24 in Sorano Church are wholly or almost indoor: they 545 

cover the same area, the former following a more articulated path, the latter a linear closed 546 

path. The horizontal and vertical residual distances, although calculated only with respect 547 

to the GCPs, are completely negligible. 548 

In a second series of processes, only those pathways that had acquired almost all the 549 

available targets were considered, so that half of them could be kept as CPs. The statistical 550 

parameters referring to the CPs are very close to those characterizing the GCPs, with dif- 551 

ferences of less than one centimeter. In the last path (Vallecchia Church V01/25), one of 552 

the targets (considered as CP in the second processing) shows a planimetric residual of 553 

approximately 3 cm, suggesting an outlier in the topographic measurements, as evidenced 554 

by larger deviations and a higher dispersion, despite similar maximum values. 555 

4.2. Analysis of 3D Models Accuracy 556 

As already mentioned, the accuracy evaluation of the acquired dataset is performed 557 

by referencing to a ground truth made by a sparse point cloud measured by total station. 558 

Due to the reference dataset having a very different density from that of the datasets to be 559 

tested, the nearest-neighbor distance would yield incorrect results [51,52]: in fact, for each 560 

point of the tested cloud, the algorithm implemented in CloudCompare searches the near- 561 

est point in the reference cloud and computes the Euclidean distance, which in these 562 
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conditions can be influenced more by the different spacing between the points than by the 563 

distance between the models. However, the software offers the possibility of defining a 564 

shape model, albeit very approximate, with respect to which the distance from the refer- 565 

ence is calculated for each point in the test dataset, thus providing reliable results [53]. 566 

Each point is colored based on the computed distance, adopting a color ramp from 567 

blue (minimal discrepancies) to red (larger discrepancies) [54] (Figure 9).  568 

Also here, comparisons are made considering both datasets aligned with all available 569 

targets and those with a reduced number of targets, as well as those referenced with 570 

GNSS. The numerical results of these comparisons are presented in Table 6, while Figure 571 

9 shows the distribution of the 3D residual distances across the datasets considered. In 572 

Sorano Church, the reference topographical data are distributed both inside the building 573 

and on its façade, while in Vallecchia Church, they are only on the façade and bell tower. 574 
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(b)  576 

Figure 9. Residual distances between SLAM-based point cloud and the topographic survey: (a) Sorano Church and (b) 577 

Vallecchia Church. 578 

The Sorano church presents systematically significant residues in the apse, an aspect 579 

that deserves further investigation, given the simple geometry and limited acquisition 580 

distances. For those points, the Z component shows mean values smaller than 1 cm, but 581 

XY components reach up to ten centimeters. This could be related to the topographic 582 

measurements, carried out for those points according to very foreshortened lines of sight. 583 

In general, the maps show a slight increase in residues in the upper parts of the 584 

churches, which is more evident on the outside (on the façade) than on the inside, where 585 

the geometry available for reconstructing the scene is more complex. The comparison be- 586 

tween the performance of the three instruments used is highlighted by the results on the 587 

facade of Vallecchia Church: homogeneous and limited residues for the VLX 3 dataset, 588 

partly affected by the scene's geometry for the X70GO, and on average higher for the data 589 

collected with Lixel L2 Pro. Table 6 shows the relevant statistics, distinguishing between 590 

the planimetric and altimetric components. 591 
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Table 6. Comparison of SLAM-based 3D models with respect to a total station measured sparse 592 

point cloud: the table summarizes the results of 3D models processed following different strategies: 593 

supported by GNSS or by target (only with GCPs and with CPs). 594 

 

Path 

Target 

(GCPs/CPs) 

or GNSS 

Planimetric residuals (XY, absolute 

values) [m] 

Vertical residuals (Z, 

signed values) [m] 

 Mean Me-

dian 

RMSE 68th 

%tile 

95th 

%tile 

Mean σ RMSE 

S
o

ra
n

o
 C

h
u

rc
h

 

X70GO 

S02/24 
GNSS 0.004 0.014 0.006 0.020 0.039 0.000 0.005 0.005 

X70GO 

S03/24 

9/0 0.019 0.010 0.025 0.017 0.040 0.008 0.021 0.023 

4/5 0.020 0.012 0.029 0.019 0.051 0.009 0.022 0.024 

X70GO 

S04/24 
6/0 0.017 0.014 0.024 0.020 0.039 0.008 0.022 0.024 

X70GO 

S05/24 
3/0 0.015 0.007 0.021 0.014 0.041 0.007 0.018 0.020 

X70GO 

S06/24 
GNSS 0.017 0.017 0.019 0.021 0.030 0.000 0.010 0.010 

X70GO 

S01/25 

10/0 0.020 0.012 0.026 0.020 0.047 0.008 0.020 0.022 

5/5 0.018 0.010 0.024 0.017 0.046 0.009 0.022 0.024 

GNSS 0.025 0.021 0.033 0.037 0.058 -0.003 0.020 0.014 

VLX 3  

2025 
10/0 0.015 0.007 0.024 0.019 0.052 0.009 0.022 0.025 

V
al

le
cc

h
ia

 c
h

u
rc

h
 

X70GO 

V01/25 

10/0 0.011 0.005 0.018 0.009 0.030 0.000 0.005 0.005 

4/6 0.007 0.005 0.009 0.010 0.018 0.000 0.001 0.001 

GNSS 0.016 0.013 0.020 0.018 0.036 -0.003 0.015 0.015 

VLX 3  

2025 
9/0 0.005 0.004 0.006 0.006 0.015 0.000 0.001 0.001 

Lixel L2 Pro  

2025 
9/0 0.074 0.080 0.075 0.085 0.088 0.003 0.010 0.011 

In both case studies, when the same route was processed with both targets and GNSS, 595 

the latter solution produced slightly worse results, demonstrating the better accuracy pro- 596 

vided by georeferencing supported by a topographic survey compared to the GNSS op- 597 

tion. However, it is important to consider that this approach is more streamlined in the 598 

field and significantly reduces working times. At the same time, it must be taken into 599 

account that the churches covered by this study require most, if not all, of the trajectories 600 

to be indoors, which means that GNSS support is lost. In paths that are partly indoor and 601 

partly outdoor, the starting point was always set outdoors; in all cases, there were diffi- 602 

culties in reconnecting to the GNSS signal once back outside after travelling indoors. The 603 

idea of starting the survey outside, then proceeding inside the building and finally con- 604 

cluding with a further outdoor route was tested in route S01/25 (Sorano Church), which, 605 

however, presents the worst results among the acquisitions with X70GO. This approach 606 

obviously solves the need to georeference the indoor survey, but it compromises the ac- 607 

curacy of the model to some extent. 608 

About the reduction in GCPs, from about ten to about half, carried out in the pro- 609 

cessing of some routes (S03/24, S01/25 in Sorano Church and V01/25 in Vallecchia Church), 610 

the results of the comparison with the reference dataset show high stability, both in the 611 

first two routes, which are mainly indoor and have a high overlap of data recorded during 612 

acquisition, and in the last one, which has also a significant outdoor section. In all these 613 

cases, the residual planimetric distances have a median between 5 mm and 12 mm, and at 614 

the 95th percentile, the values do not exceed 5 cm.  615 
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Comparing the three instruments tested, the VLX 3 achieved the best results. It 616 

should be noted that, in both churches, the survey was carried out with highly redundant 617 

trajectories, defining multiple loops. Lixel L2 Pro, on the other hand, achieved the worst 618 

results, showing significant planimetric residuals, although the altimetric residuals are 619 

minimal, as for the other two instruments. 620 

The X70 scanner, tested more thoroughly with the acquisition of redundant scans in 621 

the case of Sorano Church, when used with the RTK module, has a median just above 2 622 

cm in only one case and values above 5 cm at the 95th percentile (S01/25 in Sorano Church, 623 

already discussed above); considering target-based referencing, the median falls below 624 

1.5 cm, but at the 95th percentile, the values are still in the order of 5 cm. 625 

Only one point cloud was acquired by the Lixel L2 Pro; the residues in that dataset 626 

have the highest values, reaching the order of the decimeter. 627 

The results indicate that the derived geometry is sufficiently accurate to extract the 628 

data required for the computation of simplified vulnerability indices [45], for which it is 629 

essential to know the surface areas of load-bearing walls in the x and y directions, the 630 

heights and plans of structural elements such as walls and columns, and the total weight 631 

of the structure. Regarding the index based on the analysis of collapse mechanisms [44], 632 

one key requirement is knowledge of masonry slenderness, which can be easily assessed 633 

using 3D models by comparing them with vertical reference surfaces. 634 

4.3. Analysis of 3D Model Density and Resolution 635 

Point cloud density is a critical factor for determining the ability to read minute de- 636 

tails on the point cloud: too low a density results in striping artifacts and the omission of 637 

small features.  638 

Point cloud density is a critical factor in determining the ability to read fine details in 639 

the point cloud: too low a density results in striping artifacts and small features may be 640 

missed. Some methods are proposed to determine the “appropriate point cloud density” 641 

(as the point at which the data quality can no longer be significantly improved by increas- 642 

ing the point cloud density, all other conditions being held constant), as stated in [55] 643 

where airborne LiDAR point cloud are considered. The huge variability of conditions in 644 

the field of built heritage generally leads to the optimal sampling rate being defined on an 645 

empirical basis, as also suggested in [56]. Moreover, as mentioned in section 3.2.1, com- 646 

mercial software that processes the sensor data tested in this work frequently oversamples 647 

the points. 648 

While “density” represents how dense the points are in space, and is therefore an 649 

objective data, “resolution” is related to the level of detail that can be distinguished and 650 

is therefore affected by a subjective component. 651 

The following paragraphs, therefore, propose a separate assessment of these two as- 652 

pects. 653 

4.3.1. Point Cloud Density 654 

The purpose of this analysis is to evaluate the quality of the obtained scans from a 655 

local-scale perspective, considering the point clouds exported by the processing software, 656 

avoiding oversampling whenever possible.   657 

The density values were calculated locally on selected test areas, with the aim of eval- 658 

uating the ability of the system to correctly reconstruct all the geometric characteristics of 659 

the documented spaces. 660 

To estimate point cloud density, the precise density computation procedure offered 661 

by CloudCompare is applied, giving as a result the count of points within a defined neigh- 662 

borhood around a central point. 663 
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The left wall of the Sorano Church was initially analyzed, both for the X70GO dataset 664 

and for the VLX 3 dataset, since the acquisition path in both cases is very similar and the 665 

dataset can be considered as acquired from a single “run”. (Figure 10). As mentioned be- 666 

fore, both datasets during the processing underwent a resampling process to regularize 667 

and densify the data, with minimal room for operator intervention. Despite this, there are 668 

clear differences in the amount of data referring to the same portion of the building, alt- 669 

hough these are also obviously influenced by other parameters, such as acquisition dis- 670 

tance and travel speed. For this reason, the two maps and their histograms cannot be di- 671 

rectly compared. However, when considered individually, they show that the data from 672 

VLX 3 is mainly affected by the acquisition distance (Figure 10 (b)): in fact, it has a higher 673 

density at human height, where the sensor-wall distance is minimal, and increases to- 674 

wards both the floor and the ceiling as this distance increases; the histogram (Figure 10 675 

(d)) shows a bimodal distribution. The dataset from X70 (Figure 10 (a)), on the other hand, 676 

appears to be influenced by the acquisition speed, or more specifically, by variations in 677 

this speed.  678 

  679 
(a) X70GO S06/24 – point cloud (363,576 points)   (b) VLX 3 V01/25 – point cloud (2,895,334 points) 680 

 681 
(c) X70GO S06/24       (d) VLX 3 V01/25  682 

Figure 10. Density evaluation results: Sorano Church - external right wall. 683 

Subsequently, the left inner wall of the church was also analyzed for both datasets; 684 

the area was crossed several times during the acquisition, and the total amount of point is 685 

similar in the X70GO and VLX 3 datasets the area was scanned multiple times with both 686 

instruments, following homogeneous acquisition paths, obtaining a similar total number 687 

of points in the X70GO and VLX 3 datasets (Figure 11). This time, the bimodal distribution 688 

is what makes the X70GO histogram stand out, showing how scanning the same area mul- 689 

tiple times (in this case, the part of the wall on the right in Figure 11 (c)) affects it. In this 690 

case, the NavVis dataset presents a much more concentrated distribution: indeed, the map 691 

shows an almost uniform distribution, reduced only at the top of the wall (Figure 11 (b)). 692 
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 693 
(a) X70GO S04/24 – point cloud (1,607,365 points)  (b) VLX 3 V01/25 – point cloud (1,829,662 points) 694 

 695 
(c) X70GO S05/24     (d) VLX 3 V01/25 696 

Figure 11. Density evaluation results: Sorano Church - internal left wall: (a) X70GO data, acquired 697 

in the path S04/24; (b) VLX 3 data, acquired in the path V01/25. The graphs (c) and (d) show the 698 

number of neighborhood points within a 5 cm radius sphere: the less dispersed the Gaussian distri- 699 

bution, the more homogeneous the point density.  700 

As expected, the analysis of SLAM point cloud density reveals a direct correlation 701 

between density values and the distance from the sensor to the scanned surface. This re- 702 

lationship is influenced by the operator’s trajectory and the amount of time spent scanning 703 

specific areas. 704 

The point cloud acquired with VLX 3 exhibits a more homogeneous density distribu- 705 

tion (Figure 11 (d)) compared to the X70GO dataset (Figure 11 (c)). In the VLX 3 case, 706 

lower density values are found only in the upper portions of the wall, likely due to the 707 

increased distance between the sensor and those areas during acquisition. Conversely, the 708 

X70GO dataset shows greater variability in density. Resampling applied during data pro- 709 

cessing can strongly affect the resulting point models.  710 

Similar considerations come taking into account the surface density parameter in- 711 

stead of the number of neighbors. In general, cloud density varies and it does not consider 712 

the distribution of points on the object surfaces. As a result, it is not an exhaustive param- 713 

eter for expressing the quality of a model, although it is a key factor for 3D data interpre- 714 

tation. 715 

4.3.2. Point Cloud Resolution 716 

To further study the ability of different SLAM systems to capture complex architec- 717 

tural features, a detailed analysis was conducted on selected portions of the churches, 718 

where significant structural and decorative elements are present, thus enabling a more 719 

accurate assessment of the system's ability to document geometry and surface details, par- 720 

ticularly about structural evaluation and heritage conservation needs. Across all datasets, 721 

architectural details are more clearly discernible when surfaces are scanned from multiple 722 

angles, highlighting the importance of the acquisition strategy. For structural studies, the 723 
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model must accurately represent discontinuities and defects, as well as model arcs, vaults, 724 

and other load-bearing elements that influence load distribution. 725 

At the architectural scale, the point cloud generated by the X70GO system does not 726 

capture geometric features such as wall texture or architectural details (Figures 12, 13, and 727 

14). Nevertheless, the overall data quality is sufficient to support architectural represen- 728 

tations enabling structural evaluations relevant to restoration and consolidation planning. 729 

In contrast, the higher density of the VLX 3 dataset allows for a more detailed exam- 730 

ination of architectural elements (Figures 12, 13, and 14). Although density and, therefore, 731 

readability tend to decrease with distance (and, therefore, elevation), the VLX 3 system 732 

maintains a higher level of quality in the upper portions of the structure compared to the 733 

X70GO, providing more reliable data for documentation and analysis even at greater 734 

heights. In the VLX 3 datasets, the original facade (Figure 12), the traces of previous open- 735 

ings on the left side of the church (Figure 13) and the bell tower (Figure 14) clearly register 736 

the variety of materials used, as evidence of the different phases of renovation that the 737 

building has undergone. 738 

  739 
(a) 740 

 741 
(b) 742 

Figure 12. Sorano Church: point cloud of the top part of the facade and detail of the entrance door: 743 

(a) X70GO (435,576 points and 155,504 points ) and (b) VLX 3 (1,149,693 points and 694,997 points). 744 

  745 
(a)         (b) 746 

Figure 13. Sorano Church: left wall point cloud: (a) X70GO (467,387 points) and (b) VLX 3 (3,675,141 747 

points). 748 
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  749 
(a)         (b) 750 

Figure 14. Sorano Church: points cloud of the bell tower: (a) X70GO (538,570 points) and (b) VLX 3 751 

(5,670,750 points). 752 

The higher point density of both VLX 3 and Lixel L2 Pro (Figures 15, 16 and 17) allows 753 

for a more detailed reading of architectural features, which become significantly more 754 

legible when scanned from multiple angles. However, readability tends to decrease with 755 

height, due to the increased distance between the sensor and the scanned surfaces. Among 756 

the tested systems, VLX 3 demonstrates the highest consistency in data quality at longer 757 

distances, outperforming both Lixel L2 Pro and X70GO in the acquisition of upper-level 758 

details. Despite having a lower point density than the L2PRO dataset, the VLX3 acquisi- 759 

tion exhibits superior visual interpretability of architectural details. This improved read- 760 

ability is attributed to higher local geometric consistency and reduced spatial noise, which 761 

enhance the definition of edges, surface continuity, and decorative elements. Conversely, 762 

the higher point density of the L2PRO data tends to amplify residual SLAM misalign- 763 

ments and measurement noise, resulting in thicker surfaces and less distinct fine details. 764 

These results indicate that point density alone is not a reliable indicator of data quality for 765 

detailed architectural analysis. 766 

 767 
(a) 768 
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 769 
(b) 770 

 771 
(c) 772 

Figure 15. Vallecchia Church: point cloud of the left side elevation of the church: (a) X70GO 773 

(3,275,499 points), (b) VLX 3 (5,827,879 points), and (c) Lixel L2 Pro (9,773,859 points). 774 

 775 
(a)      (b)      (c)  776 

Figure 16. Vallecchia Church: point cloud of the tympanum of the triumphal arch: (a) X70GO 777 

(834,096 points), (b) VLX 3 (3,141,418 points), and (c) Lixel L2 Pro (6,747,285 points). 778 

 779 
(a)      (b)      (c)  780 

Figure 17. Vallecchia Church: point cloud of the bell tower frame: (a) X70GO (62,051 points), (b) 781 

VLX 3 (126,674 points), and (c) Lixel L2 Pro (818,727 points). 782 

The type and quality of the data may directly affect the structural reading. The de- 783 

tailed point clouds allow for the analysis of the irregularities of historical walls, highlight- 784 

ing elements such as misalignments, changes in thickness, or anomalies. For example, if 785 

high-resolution 3D data can capture the morphology of cracks or fissures in masonry, it is 786 

possible to map their extent, width, and orientation. If the tower is slightly sloping, skew- 787 

ing, or warped outside the lead, an effective 3D point model allows these anomalies to be 788 

identified precisely. 789 

The comparison between the instruments illustrates the significant impact of data 790 

density and resolution on the reliability of the evaluations. Considering the texturized 3D 791 

model appearance, the Lixel L2 Pro software's upsampling techniques offer a considerable 792 
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advantage, ensuring greater uniformity in the point cloud in a way similar to what re- 793 

searchers describe in [57]. However, the increase in density does not automatically trans- 794 

late into an increase in the level of architectural detail and it does not necessarily add 795 

descriptive valuable information to the reading of architectural elements. In the VLX 3 796 

model (Figure 13 (b) and 14 (b)), despite the greater density of the point cloud, some tex- 797 

turing problems are highlighted, particularly in the lower part of the wall, related to var- 798 

iations in lighting during acquisition and insufficient photographic coverage by of the in- 799 

strument.  800 

The interpretation of decay and structural irregularities to support seismic vulnera- 801 

bility analyses and conservation strategies is not always immediate or clearly visible, par- 802 

ticularly in datasets acquired with the X70GO system. Surface irregularities, cracks, and 803 

material loss can be identified and, albeit in a summary manner, quantified directly in the 804 

point cloud acquired with VLX 3, thanks in part to the integration of color information 805 

and intensity values. 806 

The integration of information on degradation and structural irregularities into numerical 807 

models enables a more accurate representation of the building's actual state. Point clouds, 808 

therefore, demonstrate a non-invasive and visually supportive tool for the joint assess- 809 

ment of the geometry and degradation of structures. 810 

4.4. Analysis of 3D Model Completeness 811 

Capturing a complete building point cloud is a challenging task in most real-world 812 

situations. Techniques have been developed to make effective the digitization of small 813 

objects, generally using robotic systems that move the object and/or sensor to optimize 814 

their relative positions [58]. With drone photogrammetry, it is possible to set a flight plan 815 

based on a coarse model of the object being surveyed to limit lacunae in the 3D model as 816 

much as possible [59], and deep learning techniques can refine poor textured surfaces in 817 

image-based digitization projects [60]. Advanced reconstruction techniques based on ge- 818 

ometric primitives, such as those proposed in [61], offer a tool for improving the continu- 819 

ity and integrity of 3D models by exploiting the presence of regular surfaces to complete 820 

mesh surfaces, thus facilitating structural interpretation and simplification of computa- 821 

tional models. Generative approach [62] and data-driven methods have also shown prom- 822 

ising results in this area: [63] proposes a neural network-based approach for archaeologi- 823 

cal artefacts shape completion and virtual restoration, which would be promisingly ex- 824 

tended to broader fields of study. 825 

In general, however, for a building 3D survey with either TLS or DP, constraints come 826 

from the conformation of the site, the characteristics of the instruments, and the need to 827 

operate both indoors and outdoors, which means that some parts of the object are not 828 

recorded.  An incomplete surface coverage entails missing feature detection and de- 829 

manding post-processing. It is also not easy to assess how complete a point model is, as 830 

the element of comparison should be the object itself [60]. Several solutions have been 831 

developed for small object and artifact digitization, and no-reference methods are pro- 832 

posed to assess the point cloud quality [64]. 833 

To assess the geometric completeness of the digital acquisition of the church in Val- 834 

lecchia and its bell tower, a metric comparison was conducted between an ideal recon- 835 

structed 3D model and the point clouds. In particular, a threshold in a cloud-to-cloud dis- 836 

tance analysis was set to assess the point model completeness, assuming that the portions 837 

of the reconstructed model that are beyond the set threshold correspond to ‘missing’ data 838 

in the point model [65]. The object geometry has been reconstructed, disregarding minor 839 

details, and, depending on the object tested over time, based on geometrical and structural 840 

assumptions. The NURBS surfaces initially used for object reconstruction The 841 
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reconstructed surfaces, generated by profile extrusion, have then been transformed into 842 

point clouds, with a resolution comparable to that of the models to be tested.  843 

The C2C comparison was performed using the reconstructed model as the reference, 844 

while the point clouds served as the test datasets. The results are visualized through a 845 

color-coded map of absolute distances, with a maximum threshold set at 5 cm. Consider- 846 

ing that points in the reference (and complete) 3D model farther than the threshold didn’t 847 

have any correspondence, the corresponding area on the test model (the SLAM-based) is 848 

missing. Points beyond this threshold were highlighted in pale brown to indicate critical 849 

areas with missing data (Figure 18). 850 

Reference models of the bell tower of Vallecchia Church were built based on the re- 851 

spective point cloud, with the intention here of testing only completeness and, therefore, 852 

intending to avoid the influence of inaccuracies and possible deformations. 853 

As presented in section 4.2, despite the very high density of the Lixel L2Pro point 854 

cloud (over 21 million points), it provided a less accurate 3D model. Since its deformations 855 

exceed the threshold used to assess data completeness, comparison with the reference 856 

model constructed from X70 and VLX3 data yields insignificant results for completeness 857 

assessment. In this case, as we only wanted to consider the completeness, not the accuracy, 858 

of the model, the reference surfaces were adapted to the Lixel data. Moreover, to optimize 859 

processing time while preserving geometric detail, the Lixel point cloud was downsam- 860 

pled to approximately 10 million points, ensuring sufficient resolution for reliable com- 861 

parison. The point clouds acquired with the X70GO and VLX 3 instruments did not re- 862 

quire any downsampling, as their density and data distribution were already suitable for 863 

efficient processing. 864 

 865 

(a) 866 

 867 
(b)      (c)      (d)  868 
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Figure 18. Completeness assessment of the bell tower of Vallecchia Church point clouds: (a) refer- 869 

ence model (b) X70GO, (c) VLX 3 and (d) Lixel L2 Pro. 870 

The results obtained with X70GO, VLX 3, and Lixel L2 Pro are shown in Table 7. In 871 

all datasets, the percentage of missing data ranges from 13% in the VLX 3 dataset to 12% 872 

in both the X70GO and Lixel L2 Pro datasets. The missing data are primarily located in 873 

the upper part of the tower, where occlusions and scanning angles reduce the ability of 874 

the instruments to capture complete information. Despite this, the overall completeness 875 

of the datasets remains high. 876 

Table 7. Vallecchia Church – Belltower: results of the analysis performed; points beyond the set 877 

threshold (5 cm) are considered to correspond to ‘missing’ data in the point model. 878 

 Dataset Missing dataset 

X70GO 4,487,135 926,905 (12%) 

VLX 3 6,951,798 1,048,059 (13%) 

Lixel L2 Pro 10,027,081 982,476 (12%) 

 879 

For the Vallecchia Church, the completeness analysis was conducted exclusively on 880 

the exterior of the building; therefore, interior areas were removed from all datasets ac- 881 

quired with the three systems (Figure 19). The reference models of the Vallecchia Church 882 

were constructed based on their respective point clouds, for the same reasons outlined 883 

previously Two reference 3D models were created, one from the VLX 3 dataset, which 884 

was also used for X70GO dataset testing due to data consistency, and the other from the 885 

Lixel L2 PRO dataset (Figure 20). 886 

  887 
(a) 888 

 889 

(b)      (c)      (d)  890 

Figure 19. (a) Reference 3D model points cloud and dataset of (b) X70GO, (c) VLX 3 and (d) Lixel L2 891 

Pro. 892 
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 893 
(a)      (b)      (c)  894 

Figure 20. Density evaluation results: (a) X70GO, (b) VLX 3 and (c) Lixel L2 Pro. 895 

The results obtained with X70GO, VLX 3, and Lixel L2 Pro are shown in Table 8. As 896 

observed in the bell tower analysis, the missing data are predominantly located in the 897 

upper sections of the church and on the roof, where the limited scanning distance made it 898 

difficult to fully capture these areas. Among the three datasets, the VLX 3 dataset is the 899 

most complete, with 50% missing data, while the X70GO and Lixel L2 Pro datasets exhibit 900 

slightly higher proportions of missing data, at 55% and 54%, respectively. 901 

Table 8. Vallecchia Church – Church: results of the analysis performed. 902 

 Dataset Missing dataset 

X70GO 12,932,352 4,370,866 (55%) 

VLX 3 22,099,022 4,011,038 (50%) 

Lixel L2 Pro 19,294,359 4,332,166 (54%) 

To specifically consider the effect of 3D model completeness on structural elements, 903 

a detailed C2C analysis was also performed on the truss of the Sorano Church. A 3D model 904 

was generated from the VLX 3 dataset, selected for its uniform density and good overall 905 

coverage (Figure 21). 906 

 907 

(a)         (b) 908 

Figura 21. (a) Reference 3D model and (b) points cloud (299,988). 909 

 910 
(a)         (b) 911 
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 912 
(a)         (b) 913 

Figure 22. Testing dataset from (a) X70GO (183,775 points) and (b) VLX 3 (299,421 points) 914 

The results obtained with X70GO and VLX 3 are shown in Table 9. 915 

Table 9. Sorano Church, truss: results of C2C analysis. 916 

 Dataset Missing dataset 

X70GO 145,903 75,370 (25%) 

VLX 3 225,472 73,187 (24%) 

The C2C analysis proved to be an effective tool for detecting critical areas in the da- 917 

tasets and for verifying the geometric accuracy and completeness of the surveyed models. 918 

The results confirmed a high level of point cloud completeness, meeting the accuracy 919 

standards required for advanced modelling and structural simulation. 920 

Figures 18, 20, and 22, along with Tables 7, 8 and 9 show that all three instruments 921 

yielded broadly comparable results in all three cases considered. The most significant dis- 922 

crepancies were observed in the upper portions of the tower, on the roof of the church, 923 

and in areas where the acquisition distance was too great or acquisition was not feasible. 924 

The variability of the paths followed during field acquisition, therefore, seems to have a 925 

limited influence on completeness in these cases, unlike the construction characteristics of 926 

the objects to be surveyed. Furthermore, the technological differences between the instru- 927 

ments considered are minimal in terms of the position of the “viewpoint” in relation to 928 

the surfaces to be surveyed, with the highest elements (and therefore those that are not in 929 

sight from the ground) remaining the most critical. 930 

The completeness of the acquired point clouds, despite localized areas of missing 931 

data, is sufficient to derive 3D models suitable for numerical simulations. These models 932 

capture the essential geometry of the structural elements, which is all that is required for 933 

accurate numerical analysis, without the need to represent detailed architectural features. 934 

This demonstrates that even point clouds with partial data loss can provide a reliable basis 935 

for structural and geometrical assessments. Furthermore, features such as façade and lat- 936 

eral wall openings, the presence of buttresses, and vaults can all be identified from the 937 

point clouds and are necessary for the calculation of vulnerability indices. 938 

Conclusions 939 

Historic buildings require careful intervention to preserve both their formal and ma- 940 

terial aspects. Vulnerability risk assessment proceeds from preliminary analyses based 941 

primarily on direct observation and the collection of available documentary material, 942 

gradually moving towards more detailed numerical analyses that sometimes require in- 943 

vasive diagnostic investigations, such as soundings and corings, to correctly define the 944 

characteristics of the materials used in construction. Knowledge of the building is 945 
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generally gained through direct in situ observation. This approach has certain limitations, 946 

including the need to reach the buildings, subjectivity in interpretation, and limitations in 947 

accessibility regarding viewpoint, lighting conditions, etc. This work proposes applying 948 

modern 3D surveying techniques at the early stages of investigation to overcome the lim- 949 

itations mentioned above. In fact, the 3D model can be considered as the digital repre- 950 

sentative of the real building and it can be shared offline or online to be observed simul- 951 

taneously by several experts, allowing for a comparison of opinions and training activities 952 

for less experienced staff; the information provided by the intensity of the reflected signal 953 

allows details, textures, and materials to be recorded even in low light conditions; further- 954 

more, the 3D data acquired can be used to obtain the metric information necessary for 955 

more detailed structural analysis and simulations.  956 

Technological research oriented to the use of advanced techniques, increasingly effi- 957 

cient and at the same time easily accessible, is encouraging the development and experi- 958 

mentation of innovative operational tools for the documentation of cultural heritage. In 959 

recent years, rapid mapping has revolutionized surveying with the introduction of port- 960 

able solutions, transforming the perspective of traditional 3D data acquisition methodol- 961 

ogies. 962 

Considering the objective of supporting structural analyses on the churches in the 963 

Lunigiana region, all the systems tested proved to speed up the fieldwork: this is an im- 964 

portant element in this project, which intend to study over 27 churches in addition to the 965 

two cases presented in this paper and identified as prototypes. 966 

All of the 3D models obtained describe the main dimensions of the buildings and 967 

their elements (e.g. openings, lintels, trusses, etc.) that must be analysed for the assessment 968 

of seismic risk vulnerability; small details, often relevant for structural analysis (as it is for 969 

crack patterns), are, in general, not recognisable on the 3D model. Nevertheless, high-res- 970 

olution images profitably supply detailed surface interpretation. A common trend is to 971 

enhance images not only to obtain texturized 3D models but also to offer interactive model 972 

visualisation and exploration systems based on 360° panoramas or gaussian splatting 973 

technology, highlighting a notable complementarity between the metric and communica- 974 

tive value of the 3D models produced. 975 

While this study does not directly address the documentation of movable heritage 976 

within the churches, it recognizes that SLAM systems could have the potential to support 977 

the spatial localization and preservation of such movable assets, contributing to a more 978 

comprehensive protection strategy. 979 

Hardware systems require the use of proprietary software, which is characterised by 980 

a simple interface but offers limited control over the process and lacks technical documen- 981 

tation. Almost no settings are available to personalise the scan process in the field. The 982 

trajectory planning is based on common sense, on the need to ensure an overlap zone 983 

between the start and finish points (or to station exactly on the same marker as the start 984 

and end point), to repeat the scanning of relevant elements coming from multiple direc- 985 

tions, and to verify already during the survey that adequate coverage has been obtained. 986 

Residual distances referred to targets distributed across the sites are considered to be 987 

effective for evaluating different trajectory constraint methods and model georeferencing 988 

(section 4.1). Planimetric residuals are worse than vertical, which are almost negligible. 989 

Considering the absolute distances in XY, the higher residuals at the 95th percentile are 990 

slightly less than 4 cm (median values vary from 6 mm to 17 mm). It is worth mentioning 991 

that in some projects the same statistic is about 1.5 cm. 992 

To globally evaluate the model's accuracy, all the point clouds resulting from differ- 993 

ent sensors and georeferencing strategies are compared to a ground truth obtained 994 

through a total station survey (section 4.2). Also in this case, the planimetric residuals are 995 

more relevant than verticals, which are on the order of a centimetre. Moreover, 996 
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georeferencing via GCPs guarantees greater accuracy than using GNSS alone; an interest- 997 

ing approach could be to integrate both information into the processing phase, whereas 998 

currently the software tested only allows for their alternative use. 999 

This test highlights, from a metric point of view, the different performances of the 1000 

instruments considered: the best results are those obtained with the VLX 3, which, partic- 1001 

ularly in the Sorano Church, show residual distances similar to those expected from a TLS 1002 

system.  1003 

The X70GO was tested more thoroughly and in a wider variety of operating condi- 1004 

tions; the median residual distance reached 2 cm in only one case, with a corresponding 1005 

RMSE of approximately 3 cm. 1006 

The dataset acquired by the Lixel L2 Pro presents the highest residual, and the 3D 1007 

model appears slightly deformed. 1008 

Although this does not alter the metric characteristics of the 3D model, point over- 1009 

sampling is generally applied during the processing phase, thereby making the initially 1010 

detected points denser and allowing for better visualisation, particularly of the textured 1011 

model. It is challenging to recognise how the final model is affected by raw data (i.e., ef- 1012 

fects related to sensors) or by post-processing (i.e., effects related to software). For this 1013 

reason, assessments have been carried out considering self-reference aspects, as point 1014 

cloud density, and also subjective 3D model interpretations. Mains architectural elements 1015 

relevant for structural studies can be recognised (and measured) in all the dataset, but 1016 

their interpretation and detailed analysis was not always possible. More minute details, 1017 

which are nevertheless of interest for structural purposes, such as cracks and fractures, 1018 

are only recognisable in some cases. In general, it is beneficial to be able to assess defor- 1019 

mations, misalignments, and out-of-plumb of elements such as walls, columns, lintels, etc. 1020 

Among the tested systems, VLX 3 demonstrates the highest accuracy and consistency 1021 

in data quality, also considering longer distances, outperforming both Lixel L2 Pro and 1022 

X70GO. The data acquired by the Lixel L2 Pro instrument demonstrate a lower overall 1023 

accuracy compared to the other instruments used. Despite this, the data visualisation is 1024 

effective and point clouds are still acceptable for applications where high metric precision 1025 

is not required. 1026 
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