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Introduction

In recent decades, the documentation and management of built heritage have undergone a profound

transformation due to the rapid development of digital surveying technologies. Architectural and struc-

tural environments, once documented through manual measurement and traditional representation, are

now increasingly analyzed using three-dimensional (3D) data acquisition and processing techniques.

Situated at the intersection of geomatics, architectural drawing, and numerical analysis, this research

investigates how advanced 3D surveying techniques—such as terrestrial laser scanning (TLS) and

digital photogrammetry—can support both geometric reconstruction and diagnostic analysis of built

structures in heritage conservation and civil engineering.

The field of architectural and engineering surveying has evolved significantly from its origins in

analogue photogrammetry and manual drafting. Today, integrated survey methods based on active

optical sensors—such as TLS systems or airborne LiDAR—and passive techniques—such as multi-

view photogrammetry from terrestrial or aerial platforms—allow for the rapid collection of vast

amounts of spatial information. These data, generally encoded as 3D point clouds, have not only

revolutionized how we record material culture but have also introduced new potential for quantitative

evaluation and decision-making. The point cloud model, conceived as a multidimensional and

multisource dataset, is no longer limited to visualization purposes; instead, it provides the basis

for integrated analyses in which geometry, semantics, and performance evaluation support informed

interventions on the built environment.

The increasing availability and scale of point cloud datasets have, however, generated new challenges.

While acquisition technologies have become more accessible and automated, the post-acquisition pro-

cessing and interpretation of geometric data remain complex and labor-intensive tasks. In particular,

the transformation of raw 3D points into meaningful numerical representations—profiles, sections, de-

viation maps, and surface descriptors—often relies on fragmented workflows that lack standardization

and are poorly integrated with diagnostic or design processes. This fragmentation becomes especially

problematic in contexts where metric accuracy, procedural repeatability, and interoperability between

different disciplines (e.g., surveying, structural analysis, or materials science) are essential.

In this light, the central objective of the present research is to address the methodological and

technological gap between the creation of 3D point clouds and their analytical exploitation in built

heritage and civil engineering contexts. The research aims to enable new connections between

surveying and structural disciplines, promoting an approach where the geometry derived from digital
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models can directly support maintenance, conservation, and monitoring. By fostering an integrated

workflow—from survey acquisition to numerical analysis—the present work contributes to both

theoretical and applied advances in the representation and interpretation of 3D data.

To this end, the thesis is structured around three core axes of development: (i) the analysis and

synthesis of current survey methodologies based on TLS and photogrammetry; (ii) the establishment

of a standardized workflow for extracting and analyzing metric information from 3D datasets; and (iii)

the development of specific tools and scripts—primarily in Python and MATLAB—to support the

processing, segmentation, and geometric comparison of point clouds.

The first axis addresses the state of the art in 3D surveying within the built environment, focusing

on the technical characteristics, acquisition principles, and integration potential of active and passive

optical sensor systems. Particular attention is given to their ability to generate high-resolution, dense

geometric datasets suitable for detailed architectural and structural analysis. The review also highlights

critical gaps in current representation methodologies, especially regarding the lack of unified visual

conventions and analytical standards for point-based datasets.

The second axis proposes and tests a workflow that facilitates both graphical and numerical repre-

sentation of point clouds. Central to this contribution is the application of surface geomorphom-

etry—typically used in natural terrain modelling—to built geometry for the purpose of automated

diagnostic analysis. Metrics such as slope, curvature, and topographic indices are adapted to archi-

tectural forms and reinterpreted in terms of their potential for detecting deformation, material loss,

geometric deviation, and other morphological anomalies.

Finally, the third axis focuses on the development of an operational pipeline that enables the differential

analysis of point clouds against reference or design geometries. Through custom scripts and graphical

user interfaces designed within the CloudCompare, Python, and MATLAB environments, the research

formalizes a repeatable process for extracting profiles and cross-sections, fitting analytical curves using

spline-based methods, and computing variance between “as-built” and “as-designed” conditions.

This contribution is validated through an array of case studies, including the analysis of a reinforced

concrete bridge in Nembro and the post-load assessment of a scaled laboratory model in a geotechnical

centrifuge test, each reflecting a different phase of the survey-analysis integration continuum.

The findings suggest that differential and derivative-based analysis of point clouds offers a promising

pathway toward the numerical expression of geometric configurations. By quantifying curvature,

gradients, and profile deviation, the workflow demonstrated in this thesis enables a shared analytical

language that can link structural behaviour, material diagnostics, and graphic representation. Slope and
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curvature, when understood as geometric invariants, become universal measures of shape—bridging

modelling, geotechnical assessment, and structural inquiry.

Beyond technical contributions, the research also advocates for a mindset shift in how point cloud

models are perceived and utilized. Rather than being viewed as static outputs of a survey campaign,

point clouds are understood here as dynamic repositories of knowledge, capable of informing analytic

inquiry and fostering interdisciplinary collaboration. The implications of this paradigm extend from

heritage conservation policies to the design of engineering management systems, emphasizing the

value of digitization not only as documentation but as the substrate for predictive and performance-

based analysis.

The conclusion of the thesis reflects on the limitations of current computational routines in relation

to professional practice and identifies future directions for more robust integration of artificial in-

telligence, automated feature extraction, and open-source pipelines. The proposed methodology is

scalable and adaptable, opening a pathway for future developments in surveying education, diagnostic

automation, and data-driven conservation strategies.

This doctoral research contributes to a growing field of inquiry at the crossroads of 3D surveying,

technical drawing, and numerical modelling, confirming the relevance of integrated workflows for

the contemporary management of built heritage and engineered structures. By rethinking the role

of metric representation within the survey process and equipping it with computational tools for

direct analysis, the present work affirms the essential unity between measurement, representation, and

interpretation in the digital age.
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Chapter 1. Theoretical framework and state of the art

1.1 Surveying techniques for built heritage

Surveying techniques applied to built heritage have progressively evolved in response to increasing

demands for geometric reliability, completeness of documentation, repeatability of measurements,

and multi-scale representation. Early direct methods—such as manual measurement and tachymetric

surveys—provided the first systematic metric descriptions of architectural artefacts, establishing foun-

dational procedures for geometric control and dimensional verification. In contemporary practice,

however, indirect digital approaches based on image- and range-based sensing technologies have be-

come predominant, fundamentally transforming the scale, density, and analytical potential of acquired

data [1].

Image-based techniques, particularly close-range photogrammetry—including UAS-assisted acqui-

sition—enable high-resolution surface reconstruction and radiometric documentation, facilitating

detailed material and morphological analysis. Range-based methods, most notably terrestrial laser

scanning (TLS), generate dense and metrically robust point clouds capable of accurately capturing

complex geometries and irregular architectural configurations. The complementary characteristics

of these techniques have encouraged the widespread adoption of multi-sensor acquisition strategies,

integrating photogrammetric and laser-scanning datasets to enhance completeness, redundancy, and

geometric reliability [2].

Recent contributions in the literature indicate that the primary challenges in heritage surveying are no

longer limited to data acquisition itself, but rather concern the rigorous management of geometric ac-

curacy, registration consistency, uncertainty quantification, and methodological reproducibility. Sys-

tematic reviews emphasize the necessity of structured control network design, explicit error modelling,

and transparent reporting of accuracy indicators, particularly in applications involving deformation

assessment and long-term structural monitoring [3, 4]. Such considerations reinforce the transition

from descriptive documentation toward metrically validated measurement frameworks.

Moreover, ongoing research trends focus on increasing the level of automation within processing

workflows, including advanced point-cloud segmentation, feature recognition, and machine-learning-

assisted classification. These developments aim to reduce operator subjectivity, enhance processing

efficiency, and improve the consistency of extracted geometric information while preserving metric

robustness [3]. Within this evolving context, surveying is increasingly conceptualized not merely as
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geometric recording, but as a structured, traceable, and repeatable measurement process supporting

conservation diagnostics, structural interpretation, decay analysis, and multi-temporal comparison.

Accordingly, state-of-the-art heritage surveying can be characterized by four interrelated principles:

(i) multi-scale acquisition strategies; (ii) sensor integration and methodological redundancy; (iii)

explicit accuracy validation and uncertainty management; and (iv) reproducible and traceable digital

workflows. Collectively, these principles define the contemporary methodological framework within

which built-heritage documentation and analysis are situated.

1.2 Data acquisition in Structural Health Monitoring

The digitization of the built environment has become a fundamental pillar in contemporary Structural

Health Monitoring (SHM) and architectural documentation. The transition from manual measure-

ments and point-based sensor networks to full-field monitoring is driven by the emergence of three-

dimensional (3D) point cloud technology [5]. A point cloud is defined as an unordered collection of

discrete 3D points within a coordinate system, where each point is characterized by spatial coordinates

(𝑋,𝑌, 𝑍) and may include additional attributes such as intensity, 𝑅, 𝐺, 𝐵 colour values, or thermal data

[6, 7]. This chapter discusses the taxonomy of surveying techniques available to reconstruct models

of reality across diverse spatial scales, ranging from localized architectural elements to expansive

landscapes.

1.2.1 Active sensing technologies: laser scanning and LiDAR

Light Detection and Ranging (LiDAR), commonly referred to as 3D laser scanning, represents a

predominant active sensing methodology. It operates by emitting high-frequency laser pulses and

measuring the time or phase shift of the reflected signal to calculate distances with millimeter-level

precision [8, 6]. LiDAR systems are categorized based on their deployment platforms, which dictate

the scale of the reconstructed reality.

Terrestrial Laser Scanning (TLS)

TLS is a stationary method typically mounted on a tripod. It provides the highest accuracy and

measurement rate among LiDAR systems, making it the preferred tool for high-fidelity documentation

of architectural elements and buildings [8]. In construction management and facility diagnostics, TLS

is utilized to capture as-built geometries, allowing for quality inspection and the detection of surface

defects such as concrete spalling [6, 5].
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Mobile and Airborne Laser Scanning (MLS and ALS)

For larger spatial scales, such as infrastructures and urban landscapes, mobile and airborne systems

provide the necessary mobility. MLS involves sensors mounted on vehicles or robots to map road

networks and tunnels [8]. Conversely, ALS—mounted on aircraft or Unmanned Aerial Vehicles

(UAVs)—facilitates the acquisition of city-scale terrain models [6]. While ALS may offer lower

accuracy compared to TLS, its ability to capture hard-to-reach areas, such as roofs and bridge decks,

is vital for holistic structural assessments [8, 5].

1.2.2 Vision-based passive sensing techniques

Passive methodologies rely on capturing ambient light to infer 3D geometry. These techniques are

highly scalable and have gained popularity due to the widespread availability of high-resolution digital

cameras and advanced processing algorithms [9].

Close-range and UAS photogrammetry

Photogrammetry involves the reconstruction of 3D point clouds from a series of overlapping 2D

images captured from different perspectives. The core algorithms, Structure from Motion (SfM)

and Multi-View Stereo (MVS), estimate camera poses and triangulate keypoints to generate dense

datasets [9, 6]. UAS photogrammetry has revolutionized the inspection of large-scale infrastructures

like bridges and dams, providing a cost-effective alternative to LiDAR while offering high-resolution

texture information [5, 7].

Stereo vision and RGB-D Sensing

Real-time 3D reconstruction is increasingly supported by stereo cameras and RGB-D sensors (e.g.,

Microsoft Kinect). These devices utilize binocular parallax or integrated depth sensors to generate

coloured point clouds [6]. While their range is limited, they are instrumental in robotic navigation and

the detailed dimensional analysis of indoor environments [9].

1.2.3 Hybrid approaches and multi-scale fusion

The complexity of modern infrastructure often requires a hybrid strategy to bridge the gap between

macroscopic structures and microscopic defects [10]. Multi-sensor fusion acquisition integrates data

from LiDAR, photogrammetry, and even thermal imagers to create a comprehensive digital twin [5].
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A notable development in this field is the integration of infrared (IR) imaging with SfM. By using

thermograms as input for SfM algorithms, researchers can generate 3D thermal renderings that

identify subsurface defects—such as moisture infiltration or poor insulation—which are invisible in

the traditional spectrum [7]. Furthermore, multi-scale robotic approaches now combine low-resolution

LiDAR for global environment mapping with high-resolution laser line scanners for the sub-millimeter

measurement of hairline cracks (< 0.01 mm) [10]. These hybrid workflows ensure that high-resolution

data is prioritized for regions of interest (ROI), optimizing computational resources [10].

1.3 The point cloud as an analytical dataset

Regardless of the acquisition methodology, the final output shares consistent characteristics: a dense

3D point cloud. This consistency allows point clouds to serve as a common dataset for advanced

quantitative analysis central to structural engineering [5, 6].

1.3.1 Geometric interpretation and dimensional analysis

Point clouds provide the raw data required for geometric morphology analysis. This involves direct

measurement of structural dimensions, checking construction quality against as-designed BIM models

(scan-to-BIM comparison), and performing accessibility diagnoses [6, 5].

1.3.2 Deformation and structural interpretation

For SHM, multi-temporal differential analysis is used to monitor structural changes over time. By align-

ing point clouds from different epochs (Registration), analysts can quantify displacements, settlements,

and tilt angles [5]. The point cloud acts as a substrate for Finite Element Method (FEM) updating,

enabling the simulation of mechanical performance based on as-is geometry [5, 7]. In conclusion, the

homogeneity of the point cloud output enables a standardized processing pipeline—including clean-

ing, registration, and segmentation—that supports the complex structural interpretations required for

modern asset management.

1.3.3 Local and global referencing elements

The positioning of three-dimensional data within a coherent spatial framework is a fundamental

requirement for the utility of point clouds in structural analysis and reality modelling [5]. Surveying

sensors generate data within varied coordinate systems depending on their internal capabilities and

the presence of positioning modules. As established in recent literature, the choice between local and
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global referencing is dictated by the specific analytical objectives of the survey, ranging from broad

territorial mapping to high-precision structural diagnostics [8, 6].

1.3.4 Global geospatial frameworks and GNSS integration

Global referencing relies on the integration of Global Navigation Satellite Systems (GNSS) to place

surveyed models within a geospatial reference framework. This is particularly prevalent in mobile and

airborne platforms, such as Airborne Laser Scanning (ALS) and Mobile Laser Scanning (MLS), which

incorporate GPS receivers and Inertial Measurement Units (IMU) to record absolute coordinates and

system orientation (roll, pitch, and yaw) [8, 5].

The adoption of georeferenced systems offers significant advantages when datasets must be incorpo-

rated into broader territorial analyses or compared with external geospatial information. Furthermore,

global referencing is essential for multi-temporal differential analysis, where point clouds acquired

across different epochs must be precisely aligned to monitor structural changes, such as settlements

or volumetric variations, over time [7, 5]. In scenarios where sensors lack native GNSS capabilities,

global referencing can be achieved through the integration of Ground Control Points (GCPs)—distinct

markers with known global coordinates that allow the transformation of the model via translation and

rotation matrices [7, 6].

1.3.5 Local coordinate systems and structural logic

Despite the benefits of georeferencing, geometric and structural interpretations of the built environment

often necessitate the use of local coordinate systems. Civil infrastructures and architectural elements

typically exhibit high degrees of regularity, symmetry, and orthogonality, reflecting construction logics

based on rectilinear components [11]. Measurements conducted within a global system can introduce

unnecessary complexity when the primary goal is to evaluate the relative geometric relationships of a

specific asset.

Local treatment allows for the alignment of the point cloud with the structural logic of the building.

For instance, converting data from a sensor-centric coordinate system to a structural coordinate

system facilitates the interrogation of dimensional characteristics along principal axes [11, 5]. This

approach is highly efficient for detecting out-of-plane displacements, tilt angles, and the deformation

of predominantly orthogonal elements such as beams, walls, and columns [11, 10].
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1.4 Workflow for point cloud processing

The workflow proposed in this research primarily relies on the local processing of point clouds to

optimize the measurement and interrogation of surveyed data. By adopting a local reference system,

the analytical procedures focus on evaluating geometric characteristics along principal directions

aligned with the building’s layout.

This strategy supports a standardized processing pipeline—including registration, segmentation, and

semantic classification—where elements are identified based on their orientation and position relative

to the structural framework [6, 10]. Specifically, the use of local systems enhances the accuracy of

sub-millimeter measurements, such as crack widths and surface irregularities, by ensuring that the

analysis remains focused on the intrinsic geometry of the structural member rather than its global

geospatial position [10, 11]. In conclusion, while global frameworks provide essential context for

territorial integration, the local treatment of point clouds provides the precision and efficiency required

for the advanced structural analyses central to this thesis.

1.4.1 Point cloud segmentation for structural analysis

Point cloud datasets acquired through terrestrial laser scanning (TLS), mobile mapping systems, or

photogrammetric reconstruction provide dense geometric representations of built environments. These

datasets are widely used in structural health monitoring (SHM), deformation analysis, and heritage

documentation because they capture spatial information with high geometric accuracy and full-field

coverage. Recent developments in three-dimensional sensing technologies have significantly expanded

the role of point cloud data in engineering analysis workflows, enabling non-contact inspection and

digital documentation of structural elements [11, 12]. In this context, segmentation represents a

fundamental processing stage that enables the extraction of meaningful subsets of data from large and

complex point cloud scenes.

The general processing pipeline for point-cloud-based structural monitoring typically includes data

acquisition, registration, filtering, segmentation, and subsequent geometric analysis or modelling [5].

Within this pipeline, segmentation acts as an intermediate step that separates the point cloud into

smaller and more manageable components based on geometric, radiometric, or semantic character-

istics. As highlighted in recent reviews of point-cloud-based structural monitoring methodologies,

segmentation is essential for transforming raw spatial datasets into analyzable geometric entities [5].
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Role of segmentation in structural monitoring

In many structural monitoring studies, segmentation is used to identify features such as cracks, material

deterioration, or geometric anomalies through automated classification algorithms. These approaches

often rely on surface descriptors, colour attributes, or intensity values to classify points belonging

to specific structural components or damage patterns [12]. However, the objective of segmentation

within the scope of the present doctoral research differs from typical feature-detection tasks.

Rather than identifying damage patterns directly within the entire dataset, segmentation is primarily

employed to isolate specific portions of the point cloud that will subsequently undergo detailed

quantitative analysis. In other words, the segmentation process is intended to extract geometrically

coherent subsets of data corresponding to architectural or structural elements. These subsets can

then be analyzed independently using dimensional or geometric evaluation techniques. This approach

allows the reduction of dataset complexity and enables more targeted analyses of structural components

without relying on automated feature classification.

Such a strategy is particularly useful when dealing with dense point clouds generated from laser

scanning or photogrammetric surveys. These datasets often contain millions or billions of points

representing multiple structural and environmental elements. Without segmentation, performing pre-

cise geometric analysis on selected structural components becomes computationally inefficient and

methodologically impractical. Consequently, segmentation can be regarded as a necessary prepro-

cessing step that facilitates subsequent quantitative investigations.

Traditional segmentation approaches

Early segmentation approaches relied on geometric heuristics or region-based methods. Algorithms

such as region growing, clustering, or model fitting are frequently employed to separate surfaces based

on local geometric continuity. These methods typically exploit spatial proximity, surface normals,

curvature values, or planarity indicators to group neighboring points that belong to the same structural

surface.

Region growing techniques represent one of the most widely used approaches in engineering applica-

tions. Starting from seed points, neighboring points are progressively aggregated if their geometric

properties satisfy predefined similarity criteria. These criteria may include thresholds on normal ori-

entation, curvature, or point-to-plane distance. Such techniques have been applied in various studies

focusing on infrastructure monitoring and geometric assessment of structural elements [13].
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Another commonly used strategy involves clustering algorithms that group points based on similarity

in spatial or radiometric attributes. These approaches are particularly useful when dealing with

heterogeneous datasets containing multiple structural components. Clustering-based segmentation

has been successfully applied in several point cloud damage detection workflows, where geometric

descriptors or intensity attributes are used to distinguish damaged areas from intact surfaces [12].

While these methods can achieve reliable results, they often require careful parameter tuning and may

struggle in highly complex scenes.

Deep learning-based segmentation methods

Recent advances in machine learning and artificial intelligence have introduced a new class of segmen-

tation methods based on deep neural networks. Architectures such as PointNet and PointNet++ process

raw point clouds directly and learn hierarchical geometric features for classification or segmentation

tasks. These approaches have demonstrated significant potential in automatically identifying structural

components and damage patterns from large datasets [14].

Deep learning-based segmentation models are capable of producing results more rapidly once trained,

especially when applied to large-scale datasets. By learning geometric patterns from annotated

datasets, neural networks can automatically classify points according to structural categories or damage

indicators. This capability has stimulated extensive research in automated infrastructure inspection

and disaster assessment [14].

Nevertheless, despite their efficiency and growing adoption, these models still present several practical

limitations. Training deep neural networks requires large labeled datasets that are often difficult to

obtain in engineering contexts. Moreover, the reliability of the results depends strongly on the

quality and representativeness of the training data. As a consequence, automated segmentation

results frequently require expert supervision, verification, and validation before they can be used

in engineering analysis. For this reason, current workflows in structural monitoring often combine

automated segmentation with manual verification steps to ensure the reliability of the extracted features.

Segmentation strategy adopted in this research

Considering the advantages and limitations of existing methods, this research adopts a hybrid seg-

mentation strategy combining manual operations and region-of-interest (ROI) extraction techniques.

Manual segmentation allows the precise identification of structural elements based on expert inter-

pretation of the dataset and reference graphical information derived from architectural drawings or
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survey documentation. Although this process requires a higher level of user interaction, it provides a

high degree of control over the selection of structural components.

Complementary to manual segmentation, ROI-based extraction techniques are employed to isolate

specific subsets of the point cloud based on geometric reference features. In this approach, graphical

elements such as reference points, polylines, or surfaces are used to define spatial boundaries that

delimit the portion of the point cloud to be extracted. This method enables the rapid selection of

structural elements corresponding to predefined geometric references while preserving the spatial

accuracy of the dataset.

The integration of these two approaches supports a workflow that is both flexible and reliable. Manual

segmentation ensures accurate interpretation of complex architectural geometries, while ROI-based

extraction facilitates efficient data handling when working with large point cloud datasets. Ultimately,

the segmented point clouds obtained through this process serve as the basis for the subsequent

geometric and dimensional analyses presented in the following sections of this study.

1.5 Segmentation strategies

In the context of SHM and architectural heritage preservation, the processing of three-dimensional (3D)

datasets begins with the fundamental task of segmentation. As systematically reviewed by [5], point

cloud segmentation is the process of partitioning a global dataset into distinct regions characterized by

specific geometric or semantic properties. Within this doctoral research, segmentation is not merely

viewed as a classification or feature detection exercise, but rather as a critical preparatory phase

designed to isolate specific portions of the point cloud. These isolated sub-datasets, or Regions of

Interest (ROI), are subsequently subjected to high-fidelity analytical routines to quantify structural

pathologies or geometric anomalies.

1.5.1 Manual and assisted partitioning via CloudCompare

While automated workflows are increasingly prevalent, manual and assisted segmentation remain

indispensable for complex datasets, particularly in the field of cultural heritage where unique ar-

chitectural elements defy standardized algorithmic rules [15]. CloudCompare serves as a primary

open-source platform for these tasks, providing a robust suite of tools for the interactive manipulation

of 3D data.

Researchers frequently utilize CloudCompare’s polyline selection and segmentation tools to manually

delineate elements, a process that is essential for creating high-quality ground truth labels for subse-

quent machine learning evaluation [14]. Beyond purely manual intervention, assisted methods—such
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as scalar field thresholding and spatial cropping—allow for the efficient extraction of structural com-

ponents based on intensity, colour, or geometric descriptors. Despite being more time-consuming

than fully automated approaches, manual segmentation ensures a level of precision and quality control

that is currently unmatchable by unsupervised algorithms in unstructured environments [5].

1.5.2 Deterministic ROI extraction and geometric analysis

For many SHM applications, segmentation can be achieved through deterministic rule-based methods

that leverage the inherent geometric properties of the point cloud, such as surface normals, curvature,

and local point density. Recent advancements in automation for construction components have

demonstrated that normal vector-based filtering can effectively isolate target surfaces for flatness

assessment and deformation monitoring [13].

This research emphasizes ROI-based methods that extract elements by identifying reference graphic

features. For instance, statistical outlier removal (SOR) and voxel-grid downsampling are utilized to

regularize datasets, followed by curvature analysis to locate potential surface anomalies irrespective

of the underlying geometry [12]. Such approaches are particularly effective for identifying spalling

or material loss in masonry and reinforced concrete structures, where the deviation from a reference

plane or fitted primitive serves as a proxy for damage [16, 13].

1.5.3 Deep learning paradigms: complexity vs. supervision

The emergence of Deep Learning (DL) has shifted the paradigm of segmentation toward end-to-end

models capable of processing raw coordinates directly. Architectures such as PointNet++ and GNN-

based models enable the rapid semantic segmentation of large-scale datasets, significantly reducing

the time required for data processing. However, the implementation of these models introduces

considerable complexity.

As noted by [14], while DL models like CrackEmbed can achieve high precision in segmenting cracked

regions from disaster sites, they require extensive annotated datasets and significant computational

resources. Furthermore, a critical limitation remains: the outputs of DL models often require expert

supervision and validation to mitigate false positives caused by environmental noise or incomplete

scanning [5]. In high-stakes SHM scenarios, the lack of transparency in "black-box" models necessi-

tates a hybrid approach, where automated results are cross-verified against manual or geometry-based

segmentations to ensure data integrity.

The segmentation strategy adopted in this thesis combines the efficiency of automated ROI extraction

with manual refinement procedures. By integrating rule-based geometric filtering with assisted tools
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like CloudCompare, the research enables a scalable yet accurate workflow for isolating structural

elements, laying the foundation for advanced displacement and damage quantification.

1.6 Software environments for 3D point cloud visualization and processing

The rapid diffusion of terrestrial laser scanning (TLS), image-based photogrammetry, and mobile

mapping systems has resulted in an exponential increase in the availability of three-dimensional (3D)

spatial datasets. These point cloud datasets are widely used for applications such as structural moni-

toring, heritage documentation, infrastructure inspection, and environmental modelling. However, the

efficient interpretation of such datasets requires specialized software tools capable of handling large

volumes of spatial information and supporting different stages of the processing workflow [17].

Rather than being used independently, these tools typically form part of a broader computational

ecosystem in which multiple software platforms interact within the same processing pipeline. Modern

workflows commonly include stages such as data acquisition, preprocessing, registration, segmenta-

tion, model generation, and visualization. Consequently, different software environments have evolved

to address specific phases of this workflow.

1.6.1 Data processing and editing platforms

A first group of tools focuses on direct manipulation and inspection of raw point cloud data. These

environments provide functionalities such as filtering, registration, coordinate transformations, and

statistical analysis of geometric attributes. Among them, CloudCompare represents one of the most

widely adopted open-source platforms in geomatics and engineering research. The software supports a

wide range of formats and provides interactive tools for editing and analyzing point clouds or triangular

meshes [18]. Because of its flexibility and lightweight architecture, CloudCompare is frequently used

for exploratory analysis and preprocessing operations in survey-based research workflows.

Although similar functionalities are available in several platforms, software packages differ signif-

icantly in their ability to process extremely large datasets. Tools such as ParaView, for example,

are specifically designed for high-performance scientific visualization. Unlike conventional point

cloud editing software, ParaView relies on parallel computing architectures and can process datasets

containing billions of points. This makes it particularly suitable for multidisciplinary simulations

or large-scale environmental models, although it may require greater technical expertise to operate

effectively.
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1.6.2 Image-based reconstruction environments

A second category of software focuses on the generation of point clouds from image datasets. These

systems typically rely on Structure-from-Motion (SfM) and Multi-View Stereo (MVS) algorithms

to reconstruct 3D geometry from overlapping photographs. The open-source software COLMAP

is a widely used example of such pipelines. COLMAP implements a complete SfM reconstruction

workflow that estimates camera poses and produces sparse and dense point clouds from unordered

image collections [19]. Incremental SfM pipelines such as those implemented in COLMAP remain

among the most accurate and robust approaches for image-based 3D reconstruction, although they

may require substantial computational resources when applied to very large image sets.

Commercial photogrammetric platforms offer similar functionalities but typically provide more inte-

grated workflows and optimized performance. For instance, Agisoft Metashape (formerly PhotoScan)

and RealityCapture combine camera alignment, dense reconstruction, mesh generation, and texture

mapping in unified software environments. Their graphical interfaces simplify parameter configura-

tion and enable faster processing pipelines, particularly when GPU acceleration is available. Because

of these characteristics, such tools are frequently adopted in professional applications including drone-

based mapping, architectural documentation, and film production.

Despite their different implementation strategies, both open-source and commercial photogrammetry

tools share common algorithmic foundations. They rely on feature detection, image matching, and

bundle adjustment to estimate camera geometry and reconstruct the three-dimensional structure of the

scene. These techniques remain central to modern image-based modelling workflows and continue to

evolve through improvements in feature extraction and multi-view optimization algorithms.

1.6.3 Mesh processing and visualization tools

Beyond point cloud generation and editing, many workflows require the creation of polygonal surfaces

and realistic visual representations. Mesh-oriented software environments therefore play a comple-

mentary role in the visualization and interpretation of survey results. MeshLab, for example, provides

advanced tools for mesh simplification, topology correction, and texture mapping. Such capabilities

are particularly important in cultural heritage documentation, where high-quality surface models are

needed to represent complex architectural geometries.

Other visualization platforms emphasize rendering capabilities rather than geometric processing.

Blender represents a notable example in this category. Although originally developed for computer

graphics and animation, Blender has increasingly been used in scientific visualization and digital

heritage reconstruction. Its physically based rendering engines allow the production of photorealistic
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images and animations derived from survey datasets, supporting both communication and dissemina-

tion of 3D documentation results.

A different visualization paradigm is introduced by real-time interactive platforms such as Unity3D.

In contrast to traditional modelling environments, these systems enable immersive exploration of

spatial datasets through virtual and augmented reality technologies. Such approaches have recently

gained attention in fields such as engineering training, infrastructure inspection, and cultural heritage

communication, where interactive visualization can enhance user engagement and understanding of

complex spatial environments.

1.6.4 Specialized platforms for survey data management

In addition to general-purpose tools, some software platforms are designed to manage datasets pro-

duced by specific scanning hardware. For example, Faro SCENE is optimized for processing terrestrial

laser scanning data acquired with FARO instruments. Its functionalities include scan registration,

multi-station alignment, and quality assessment of point cloud datasets. Similarly, Autodesk ReCap

facilitates the integration of point cloud data within Building Information Modelling (BIM) environ-

ments, supporting workflows such as scan-to-BIM and digital twin creation.

These specialized environments often provide highly optimized algorithms for specific sensors or

file formats. However, they may also introduce interoperability limitations due to proprietary data

structures. For this reason, many workflows combine specialized acquisition software with open

processing platforms such as CloudCompare or MeshLab to enable broader data exchange.

1.6.5 Comparative considerations

Although the point cloud tools serve similar overarching purposes, their design philosophies differ con-

siderably. Open-source platforms tend to prioritize transparency and flexibility, enabling researchers

to experiment with new algorithms and processing strategies. In contrast, commercial platforms

typically focus on performance optimization and user-friendly interfaces, making them attractive for

industrial applications where efficiency and reliability are critical.

Another important distinction concerns scalability. Some environments are optimized for editing indi-

vidual point clouds or mesh models, while others are designed to process massive datasets or integrate

heterogeneous information sources. As point cloud datasets continue to grow in size and complexity,

future software developments will likely emphasize high-performance computing, automated feature

extraction, and machine-learning-based analysis methods.
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Overall, the diversity of available software platforms reflects the multidisciplinary nature of point

cloud research. Rather than competing directly, many of these tools complement one another within

integrated workflows that combine acquisition, processing, modelling, and visualization capabilities.

1.7 Automation in surveying processes: existing solutions and gaps

Automation has increasingly permeated surveying workflows, aiming to reduce operator dependency

and accelerate data processing. Automated feature extraction, scan registration, and image orienta-

tion tools have significantly improved efficiency in digital surveying pipelines. Recent developments

in photogrammetry and laser scanning software have introduced automated procedures for camera

alignment, point cloud classification, and surface reconstruction, allowing large datasets to be pro-

cessed with minimal manual intervention [20, 21]. In particular, modern photogrammetric pipelines

based on Structure-from-Motion (SfM) and Multi-View Stereo (MVS) algorithms enable the automatic

generation of dense point clouds and textured 3D models from large image collections.

Furthermore, software packages increasingly incorporate machine learning and artificial intelligence

techniques to support advanced processing tasks such as semantic segmentation, automatic mesh

generation, and object detection in point cloud datasets. Deep learning approaches have demonstrated

promising results in automatically identifying structural elements, architectural features, and damage

patterns within complex spatial datasets [22]. These approaches can significantly reduce the time

required for manual classification and annotation, particularly when applied to large-scale surveying

campaigns.

Despite these advances, several limitations persist, particularly in heritage contexts characterized by

architectural complexity, ornamental richness, and material heterogeneity. Cultural heritage sites often

present irregular geometries, high levels of decorative detail, and non-standard construction materials

that challenge conventional automation algorithms. As highlighted in recent studies on 3D digitisation

workflows, automated classification models frequently struggle to correctly interpret intricate geomet-

rical patterns or to separate overlapping architectural elements [21]. Occlusions, lighting variability,

and incomplete datasets may further reduce the reliability of automated reconstruction pipelines.

Another challenge concerns the quality and consistency of the datasets themselves. Heritage surveys

frequently contain noise, missing regions, or inconsistencies resulting from acquisition constraints

such as limited accessibility or unfavorable environmental conditions. Such issues may significantly

affect the performance of automated algorithms, particularly when dealing with high-resolution point

clouds derived from terrestrial laser scanning or UAS photogrammetry [5]. In these cases, expert

intervention remains necessary to validate results and refine processing parameters.
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Additional gaps remain within the broader surveying workflow, which is typically distributed across

multiple software environments specialized in different processing stages. While some tools excel at

image-based reconstruction, others are optimized for point cloud processing, visualization, or mesh

editing. As a result, interoperability issues and fragmented workflows often arise, requiring manual

data exchange between software platforms [23].

Post-processing operations also remain only partially automated. Tasks such as mesh cleaning, topol-

ogy optimization, texture refinement, and metadata attribution still require significant user interaction,

particularly when high geometric fidelity is required for documentation or conservation purposes.

Consequently, current research efforts increasingly focus on the development of hybrid approaches

combining automation with expert supervision. These approaches include context-aware algorithms,

interactive machine learning systems, and semi-automated workflows that allow operators to guide the

processing pipeline while maintaining high computational efficiency [22].

Overall, while automation has significantly improved the efficiency of modern surveying processes,

the complexity of heritage environments continues to require a careful balance between automated

procedures and expert-driven interpretation. Future research is therefore expected to focus on the

development of adaptable AI models capable of integrating geometric, semantic, and contextual

information to improve the robustness and reliability of automated survey workflows.

1.8 Data post-processing and dimensional analysis in built heritage studies

Post-processing of surveying data represents a fundamental stage in the digital documentation workflow

of built heritage. Following data acquisition through terrestrial laser scanning (TLS), photogrammetry,

or hybrid survey techniques, raw datasets must undergo a sequence of processing operations aimed

at improving data quality and enabling meaningful geometric interpretation. Typical post-processing

procedures include noise filtering, outlier removal, point cloud registration, meshing, and the deriva-

tion of geometric measurements from spatial datasets [21]. These operations transform raw spatial

observations into structured datasets suitable for geometric analysis, conservation assessment, and

architectural interpretation.

Dimensional analysis techniques play a central role in extracting quantitative information from three-

dimensional survey models. Orthogonal projections, cross-sectional profiles, and deviation mapping

are commonly employed to evaluate geometric properties and structural conditions of architectural

elements. Such analyses allow researchers to derive accurate measurements of structural components,

document morphological irregularities, and identify deviations from theoretical geometries. In her-
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itage contexts, dimensional analysis supports not only metric documentation but also the interpretation

of historical construction practices and structural transformations over time [24].

The integration of geometric analysis within digital survey workflows has significantly enhanced the

ability to detect deformation phenomena and structural anomalies. Advanced software environments

enable the comparison between survey datasets and reference geometries through best-fit models or

parametric surfaces. Deviation analysis based on such models is particularly effective for identify-

ing patterns of structural displacement, including wall bulging, column misalignment, or foundation

subsidence in historical structures [22]. These techniques allow the quantitative evaluation of geomet-

ric discrepancies between measured surfaces and idealized reference geometries, thereby providing

objective indicators of structural deformation.

Visualization tools further support the interpretation of these analyses by generating colour-coded

deviation maps that highlight geometric discrepancies across architectural surfaces. Such graphical

representations allow conservation professionals and engineers to quickly identify areas affected by

deformation, material loss, or structural instability. When combined with statistical descriptors such

as mean deviation, standard deviation, and spatial distribution metrics, deviation maps provide a

robust framework for assessing structural conditions and communicating results to multidisciplinary

stakeholders involved in conservation projects [25]. Consequently, these visualization techniques play

an important role in bridging the gap between technical analysis and decision-making processes in

heritage management.

Recent methodological developments have expanded the capabilities of post-processing techniques

through the integration of advanced computational approaches. Cloud-to-cloud comparison algo-

rithms, for instance, allow the direct comparison of two point clouds without the need for intermediate

surface reconstruction. These approaches have proven particularly useful for detecting small geomet-

ric changes and monitoring deformation patterns in large datasets acquired during successive survey

campaigns [5]. By comparing spatial datasets collected at different times, researchers can quantify

structural evolution and identify progressive deterioration processes affecting heritage structures.

Another important methodological trend concerns the integration of multi-temporal datasets for long-

term monitoring. Multi-temporal data fusion techniques combine information from repeated surveys

in order to detect structural changes or environmental impacts over time. These approaches have

been successfully applied to the monitoring of historical buildings, archaeological sites, and cultural

landscapes, providing valuable insights into the dynamic behaviour of heritage structures under

environmental and anthropogenic pressures [26]. The integration of temporal datasets further enhances

the potential of digital survey methods for preventive conservation and risk assessment.
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Parametric modelling environments also play an increasingly important role in post-processing work-

flows. Parametric and procedural modelling techniques enable complex geometries captured through

survey operations to be translated into simplified analytical representations. These models facilitate the

abstraction of architectural elements into geometrically meaningful components that can be analyzed

within Building Information Modelling (BIM) or Heritage-BIM (HBIM) frameworks [27]. Through

this process, point cloud data can be transformed into semantically structured models integrating

geometric, historical, and material information, thus supporting advanced heritage documentation and

conservation planning.

Despite these methodological advancements, the reliability of post-processing results remains strongly

dependent on the quality of the initial survey data. Factors such as sensor accuracy, acquisition

geometry, spatial resolution, and environmental conditions may significantly influence the precision

of derived measurements. Moreover, operator decisions related to filtering strategies, registration

methods, and modelling parameters may affect the reproducibility and reliability of the resulting

analyses. Consequently, careful survey planning and methodological transparency remain essential

components of any digital heritage documentation workflow.

Overall, post-processing and dimensional analysis constitute critical phases in the interpretation of

digital survey data. By combining advanced computational tools with rigorous methodological frame-

works, researchers can derive meaningful quantitative insights into the geometry, structural behaviour,

and historical evolution of built heritage. Continued research in this area is expected to further enhance

the integration of automated analysis methods, multi-temporal monitoring strategies, and semantically

enriched modelling environments in support of heritage conservation and management.

1.9 Geomorphometry and curvature analysis

The numerical examination of point clouds represents a fundamental stage in digital surveying

and three-dimensional representation within architectural and structural studies. Contemporary 3D

datasets are characterised by a high density of spatial information, improved metric reliability, and

an increasing level of internal coherence [28]. Spatial data no longer function solely as a geometric

depiction of reality. Instead, they constitute a structured source of information that supports the

interpretation of morphological features and spatial relationships. A point cloud should therefore not

be regarded simply as a collection of discrete coordinates. Instead, it can be understood as an ana-

lytically exploitable dataset that enables analytical procedures extending beyond purely descriptive or

figurative purposes, facilitating a deeper investigation of the built environment. The point represents

the discrete sampling of a surface and, through abstraction, can be interpreted as an algebraic entity
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suitable for conceptual and mathematical analysis. Consequently, the reconstructed surface is not

merely a geometric output but becomes itself an analytical object through which spatial behaviour

can be examined. First-order derivatives describe local variations within a neighbourhood and are

typically associated with parameters such as slope and aspect. Second-order derivatives, in con-

trast, provide insight into intrinsic geometric behaviour through curvature, allowing the identification

of planar areas, concave and convex regions, as well as transitional zones and geometric discontinuities.

This analytical framework originates from the tradition of differential geometry, whose foundations

were laid by Carl Friedrich Gauss. In his work, Gauss demonstrated that the understanding of a surface

does not primarily depend on its global configuration but rather on the way it varies locally [29]. From

this perspective, a surface becomes geometrically meaningful only when its infinitesimal variations are

numerically described and interpreted. Derivative-based parameters should therefore be considered

not merely as additional attributes but as conceptual instruments that enable a rigorous interpretation

of geometric structures. Building upon this line of thought, Bernhard Riemann emphasised that the

geometric properties of space arise from local relationships between neighbouring elements, meaning

that metric characteristics are determined by infinitesimal relations within the continuum [30]. Felix

Klein later reinforced this conceptual shift by proposing that geometry should be interpreted as the

study of invariant properties under transformation rather than the description of rigid figures [31]. Al-

though these ideas were originally developed in a theoretical framework, they have clear implications

for digital surveying. In this context, analytical tools derived from differential calculus provide the

means to interpret spatial data: slope expresses the magnitude and direction of local variation, while

curvature reveals intrinsic geometric behaviour and structural stability. Numerical analysis, there-

fore, should not be viewed merely as a computational procedure but as a methodological approach

that makes explicit and measurable the infinitesimal variations which, according to the tradition of

differential geometry, contain essential information about the structure of the built environment.

1.9.1 Theoretical foundations and evolution of the discipline

Geomorphometry serves as the quantitative interface between landform description and mathematical

modelling. Historically rooted in the transition from qualitative geomorphology to numerical terrain

analysis during the late 20th century [32], it has evolved from 2D cartographic analysis into the

complex processing of high-density 3D datasets. Central to this field is the conceptualization of a

surface not as a static geometric entity, but as a queryable structure whose local behaviours reveal

intrinsic morphological properties [28].
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This perspective is anchored in classical differential geometry, drawing heavily from the Gaussian

paradigm that a surface’s identity is defined by infinitesimal local changes rather than its global

arrangement. In contemporary surveying, this allows point clouds to transcend their role as simple

coordinate sets, becoming informative resources for diagnosing structural health and architectural

transformations.

1.9.2 Differential descriptors: slope, aspect, and curvature

The characterization of a digital surface is primarily achieved through the computation of first and

second derivatives.

First-order derivatives: gradient and direction

First-order descriptors include slope and aspect, which collectively represent the local gradient vector.

Geometrically, the slope angle (𝛽) defines the intensity of elevation change relative to the tangent

plane. In geomorphometric workflows, the slope magnitude can be expressed as:

𝑆 =

√︄(
𝜕𝜁

𝜕𝑥

)2
+
(
𝜕𝜁

𝜕𝑦

)2
(1.1)

where 𝜁 represents the elevation function. In architectural contexts, these descriptors are vital for

identifying intentional discontinuities, such as moldings, or incidental irregularities like settlement-

induced deformations [33].

Second-order derivatives: the curvature

Second derivatives provide measures of curvature, which capture the rate of change of the tangent

plane and distinguish between concave, convex, and planar regions [34]. Curvature is not a single

value but a set of directional metrics:

• Profile Curvature: Measures the rate of change of slope along the direction of the gradient,

highlighting ridges and depressions.

• Plan Curvature: Quantifies the divergence or convergence of flow across the surface.

• Gaussian (𝐾) and Mean (𝐻) Curvatures: Derived from principal curvatures (𝜅1, 𝜅2), these

provide intrinsic shape descriptors. Gaussian curvature is defined as:

𝐾 = 𝜅1 · 𝜅2 (1.2)
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The mean curvature is:

𝐻 =
𝜅1 + 𝜅2

2
(1.3)

These metrics are essential for detecting material loss, localized stress concentrations, and anisotropic

deformation patterns in built structures [28].

1.9.3 Scale dependencies and computational constraints

A defining challenge in curvature analysis is the influence of scale and resolution. Because differential

quantities depend on the configuration of neighboring points rather than isolated coordinates, the

choice of neighborhood size (𝑘 or radius 𝑟) significantly impacts the stability of the estimate [35, 33].

• Noise and Smoothing: Second-order derivatives are highly sensitive to sensor noise. In-

adequate smoothing can lead to instability, while excessive smoothing may obscure critical

structural details.

• Sampling Density: Non-uniform point distribution, common in photogrammetric or laser

scanning datasets, requires robust regularization to ensure comparable results across different

survey epochs.

1.10 Research gaps in 3D surveying and representation

These technologies allow the generation of dense point clouds and high-resolution models capable

of supporting a wide range of applications, from conservation planning to structural assessment

and virtual dissemination [36, 37]. The increasing accessibility of these methods, together with

the development of automated photogrammetric pipelines and improved scanning hardware, has

progressively transformed 3D surveying into a fundamental component of contemporary heritage

documentation workflows.

However, the technological maturity of these methods should not be interpreted as a state of method-

ological closure. On the contrary, the consolidation of TLS and photogrammetry has revealed several

unresolved challenges that extend beyond the acquisition phase and concern the entire survey process,

including data integration, information modelling, analysis, and long-term management of digital

heritage datasets. These challenges highlight the necessity for more integrated, systematic, and stan-

dardized approaches capable of bridging the gap between data acquisition and knowledge extraction,

in particular in the representation of data analysis.

24



Theoretical framework and state of the art

A central issue concerns the integration of heterogeneous survey outputs into unified and interop-

erable digital frameworks at different scales and disciplines. The inherent complexity of built her-

itage—often characterized by irregular geometries, stratified construction phases, and heterogeneous

materials—frequently requires the combined use of multiple surveying techniques, such as terrestrial

laser scanning, close-range photogrammetry, and UAS-based photogrammetry. Each technique pro-

vides complementary information but also introduces specific limitations related to scale, resolution,

or acquisition conditions [38, 39]. The effective fusion of these heterogeneous datasets into coherent

and semantically structured three-dimensional models therefore remains a major research challenge.

Addressing this issue would facilitate the development of more comprehensive digital representations

capable not only of capturing geometric accuracy but also of embedding historical, material, and

interpretative information within a unified digital environment.

Equally significant is the need to transform 3D survey models from static repositories of geomet-

ric data into dynamic, information-rich platforms. Contemporary research increasingly emphasizes

the potential of digital models to integrate multiple layers of knowledge, including conservation

records, material diagnostics, historical documentation, and monitoring data acquired through sensors

or diagnostic investigations [40]. In this perspective, the 3D model evolves from a purely geomet-

ric representation into a knowledge infrastructure capable of supporting interdisciplinary analysis.

Nevertheless, the integration of such heterogeneous information raises several technical and method-

ological challenges, including software interoperability, data structuring, metadata management, and

the definition of standardized protocols for updating and validating survey datasets over time.

Another critical issue concerns the limited standardization of survey workflows. In many cases, sur-

vey procedures remain strongly project-specific, with acquisition strategies, processing methods, and

data interpretation practices tailored to individual case studies. While this flexibility can be advanta-

geous in dealing with complex heritage contexts, it also limits the reproducibility and comparability

of results across different projects. Several studies have highlighted the need for transparent and

replicable workflows that encompass the entire survey pipeline—from acquisition planning and data

registration to modelling, representation, and analytical interpretation [41]. Establishing generalized

protocols would significantly enhance the scientific robustness of survey methodologies and facilitate

the development of shared digital repositories and collaborative research infrastructures.

Within this framework, the role of architectural representation remains central. Despite the increasing

diffusion of three-dimensional models, two-dimensional drawings derived from metric data continue

to play a fundamental role in the interpretation and communication of survey results. Architectural

drawings, when rigorously generated from point clouds or photogrammetric models, represent not

25



Pietro Azzola

only graphical outputs but also analytical tools capable of synthesizing complex spatial information

and supporting critical interpretation of architectural form and construction techniques. In this

sense, drawing acts as an interpretative bridge between digital measurement and historical knowledge,

enabling the transformation of raw geometric data into structured architectural information.

Particular attention should also be devoted to the development of analytical methodologies derived

from three-dimensional survey data. Metric analyses extracted from point clouds and digital models

provide essential insights into construction techniques, geometric regularities, deformation patterns,

and dimensional relationships within historic structures. Such analyses are increasingly employed in

structural assessments, conservation diagnostics, and the reconstruction of building phases. Neverthe-

less, systematic procedures for performing dimensional and geometric analyses from survey datasets

are still relatively underdeveloped, and the interpretation of point cloud data often depends on manual

or semi-manual procedures that limit reproducibility.

In this context, the development of computational tools capable of automating specific stages of the

analytical workflow represents a promising research direction. The integration of scripting environ-

ments and numerical analysis tools with digital survey data offers new opportunities for extracting

quantitative information from point clouds and derived models. Automated or semi-automated pro-

cedures may support the identification of geometric patterns, the extraction of architectural elements,

and the analysis of dimensional relationships within complex architectural systems. Such approaches

can significantly enhance the interpretative potential of survey data, transforming digital models into

analytical instruments for architectural and engineering research.

Finally, emerging developments in digital heritage research suggest the need to further explore the

integration of 3D survey data with advanced digital environments such as HBIM platforms, digital

twins, and immersive visualization systems. These approaches aim to connect geometric documenta-

tion with information modelling and real-time monitoring, enabling more effective management and

interpretation of heritage assets. However, the methodological integration of accurate survey data

within such environments remains an open challenge, particularly with regard to data structuring,

semantic enrichment, and the preservation of metric reliability.

In parallel, there is an increasingly evident need for a standardized framework for the analysis of survey

outcomes that goes beyond purely visual and graphical inspection of 2D drawings or 3D renderings.

While visualization remains indispensable for interpretation and communication, it is often insufficient

to reveal subtle geometric features, construction defects, and irregularities embedded in the measured

data. These aspects frequently cannot be inferred from the sole observation of 2D imagery and instead

require a more rigorous, analytic reading of the point cloud itself, capable of quantifying deviations,
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discontinuities, and geometric anomalies through reproducible metrics and dedicated processing

strategies.

Such a shift also highlights the importance of multidisciplinary collaboration, since the interpretation

of complex geometric evidence is inherently linked to structural behaviour, material technologies,

conservation knowledge, and historical construction practices. Consequently, future research should

aim to develop a methodological approach that is both multidisciplinary and multiscale, enabling the

interrogation of point cloud datasets at different levels of detail and supporting the extraction of new

information through innovative analytical tools.

Overall, addressing these research gaps will be essential in order to fully exploit the potential of

consolidated surveying technologies and to extend their role beyond documentation. The future

development of the field will increasingly depend on the ability to integrate acquisition technologies,

analytical methodologies, and digital representation systems into coherent workflows capable of

supporting both scientific investigation and heritage conservation practices.
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Chapter 2. Integrated surveying in built heritage: case

studies

2.1 Framework comparison

This chapter builds upon the theoretical framework and state-of-the-art discussion developed in Chap-

ter 1, where contemporary surveying paradigms were framed in terms of accuracy control, multi-

sensor integration, interoperability, and the disciplined transition from three-dimensional acquisition

to drawing-based communication. The present chapter operationalises those principles through a

structured set of case studies collected during the author’s doctoral programme. Rather than isolated

demonstrations, the examples constitute a curated record of survey campaigns designed to generate

metrically reliable point clouds and mesh models that will form the core datasets for the numerical

analyses presented in the subsequent chapters of the thesis.

The chapter is organised around four applied studies that span complementary domains of the built and

physical environment: (i) a high-altitude First World War military settlement at Filon dei Mot (Stelvio

Pass, Bormio, Italy), where extreme logistics, environmental hazards, and rapid landscape change

demand robust and repeatable documentation workflows; (ii) an early twentieth-century reinforced-

concrete arch bridge in Nembro, Italy, surveyed under severe occlusion conditions within a narrow

gorge; (iii) the remains of the Gleno Dam in Vilminore di Scalve, Italy, a complex infrastructure

fragment embedded in an unstable alpine valley, documented through corridor-oriented UAS pho-

togrammetry and comparative processing strategies; and (iv) a controlled laboratory scenario in

which close-range photogrammetry is used to reconstruct and compare pre-/post-test geometries in

geotechnical centrifuge experiments. Together, these studies are intended to illustrate how state-

of-the-art methods can be adapted to heterogeneous constraints—from inaccessible alpine ridges

to confined infrastructure sites and reproducible experimental environments—while maintaining a

coherent standard of metric control.

Across the case studies, particular emphasis is placed on integrated acquisition and referencing

strategies that combine range-based and image-based sensing. Terrestrial laser scanning (TLS) is

adopted where dense, stable metric baselines are required for architectural detail and dimensional

verification, while terrestrial and UAS photogrammetry are employed to extend coverage, reduce

occlusions, and enhance textural legibility. Where appropriate, GNSS and total-station networks are

used to establish a shared geodetic frame (GCPs and independent check points), ensuring that multi-
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source datasets are co-registered, comparable, and reusable. The chapter also documents processing

decisions that directly influence the quality and analytical readiness of the outputs, including the

selection of reconstruction parameters, the export of interoperable formats, and the management of

resolution and scale consistency for drawing-grade deliverables.

In line with the representational focus established in Chapter 1, the chapter presents a set of graphical

outcomes that demonstrate the practical results obtainable from these workflows. Beyond immer-

sive 3D inspection, the models are deliberately translated into two-dimensional products that remain

central to architectural and engineering communication: orthophotos, elevations, and sections, to-

gether with axonometric and perspective visualisations. In the Filon dei Mot study, for instance,

co-registered TLS–UAS point clouds and textured meshes support the production of high-resolution

plates and “tomographic” Monge-derived views that enhance the reading of out-of-plane deviations

and wall deformations. In the Nembro bridge and Gleno Dam studies, disciplined 3D→2D pipelines

yield drawing-scale outputs (e.g., 1:50) suitable for metric annotation, comparative readings against

historical documentation, and the mapping of discontinuities. In the centrifuge case, the generation

of strictly co-registered pre-/post-test meshes enables quantitative differencing and the extraction of

displacement fields, slope/gradient indicators, and section-based measurements.

The ultimate function of this chapter is therefore twofold. First, it establishes a transparent and

replicable methodological foundation for producing coherent, metrically controlled 3D datasets from

heterogeneous survey contexts, providing concrete evidence of achievable outputs, limitations, and

best practices. Second, it prepares the analytical transition that motivates the remainder of the

thesis: the point clouds and mesh surfaces produced in the present chapter are not treated solely

as representational artefacts, but as analysis-ready geometries. They will serve as the input for the

differential and curvature-based investigations developed in the following chapters, where local surface

behaviour—expressed through derivatives, slope, and curvature—will be quantitatively examined to

support morphological interpretation, diagnostic assessment, and comparative evaluation of the built

environment.

2.2 Case study 1: Military village of Filon dei Mot (Stelvio Pass, Italy)

2.2.1 Site conditions

The Filon dei Mot military village occupies a precipitous ridge above the Stelvio Pass within the

Ortles-Cevedale massif, a theatre of the so-called “White War” (1915-1918) where extreme altitude

and climate conditioned military logistics, settlement patterns, and constructional choices [42]. Italian
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defences in this sector privileged forward positions and lightweight works rather than massive forts,

resulting in a network of small “military villages” linked by trenches and firing posts; two nuclei were

established, one on the Filon dei Mot crest and another on the Buse plain below, with layouts adapted

to topography (irregular, ridge-conforming plan at Filon; circular scheme at Buse) (Figure 1) [42].

The ridge location—though spatially constrained—was selected for offensive/defensive advantages:

continuous visual control of enemy movement and favourable artillery geometry from elevation [42].

In situ remains document accommodations and service structures (dormitories, armoury, infirmary,

canteen, kitchen with oven, cistern), largely in dry-stone masonry with internal timber linings and

insulating fillings, protected on the eastern side by a substantial wall with loopholes; trench walkways

connected the village to artillery emplacements, the cableway to Buse, and a circular lookout post

[42]. The site’s historical visibility has increased as glacier retreat progressively exposes artefacts,

underscoring the urgency of documentation and conservation planning [42].

Figure 1: Stelvio Pass: overview of high-altitude military works. Composite view with a satellite basemap
highlighting the principal First World War installations in the Ortles–Cevedale sector, including Filon
dei Mot, Le Buse, Rese Alte Scorluzzo, Rese Basse Scorluzzo, Riparo Scorluzzino, Fort Goldsee, Goldsee
Stellung, and Lempruch Lager. The lateral photographic strips provide on-site views and documentary
frames that contextualise the remains and illustrate their current state of preservation. The figure
establishes the spatial framework adopted in the chapter and locates the Filon dei Mot survey within its
territorial setting and historical landscape. Image credit: [42].

2.2.2 Description of the integrated survey methodology adopted

Fieldwork was scheduled within the narrow seasonal window between late-summer thaw and early-

winter snowfall (late summer–early autumn 2022), balancing access, safety, and data quality [42].

Given high-altitude hazards (steep, unstable slopes, permafrost, strong wind, high radiance) and lo-
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