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Abstract

Historical water management infrastructures, often comprising underground environ-
ments, represent a significant example of the interplay between built heritage and the
natural substrate. This study proposes an interdisciplinary, integrated and multi-scalar
investigative methodology for such structures. Through the analysis of the case study
of Palombaro Purgatoro Vecchio, a large historical public water cistern located in Matera
in Italy, this paper presents a rigorous methodology replicable in different contexts. Bib-
liographic and archival research establish the knowledge base regarding the structure’s
historical evolution; territorial and hydromorphic analyses, supported by GIS, highlight the
dynamics of the surrounding watersheds. Meanwhile, a digital survey integrating SLAM
and photogrammetry provides geometric-dimensional data, serving as the foundation for
analysing construction techniques and materials. The selection of accessible and manage-
able technologies promotes a practical, replicable investigative methodology aimed at the
protection, comprehension, enhancement and dissemination of water UBH.

Keywords: underground built heritage; interdisciplinary analysis; historical water
infrastructures; 3D digital survey; historical materials and techniques

1. Introduction

Underground built heritage (UBH) encompasses anthropogenic structures and infras-
tructures located in subterranean environments, created through excavation or combined
excavation and masonry techniques. Including rock-cut dwellings, quarries, hypogeal
religious spaces, and hydraulic systems, UBH preserves evidence of long-term settlement,
production, and infrastructural practices. As an integral component of cultural heritage,
it embodies historical, technical, social, and identity values, often reflecting the interplay
between geological conditions, natural resources, and human adaptive strategies.

Despite its significance, UBH is affected by a dual inaccessibility. On the one hand, it
remains culturally and epistemically underexplored, with limited documentation, analysis,
and dissemination compared to above-ground heritage, resulting in persistent knowledge
gaps. On the other hand, it presents material and operational challenges, as underground
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environments are difficult to access and survey due to safety constraints and adverse
conditions—such as the absence of natural light, high humidity, confined spaces, and
restricted mobility—which hinder complex data acquisition processes.

Addressing these limitations requires systematic documentation and analysis to sup-
port conservation and valorisation. In this context, digital technologies have become
fundamental, with the scientific community consolidating rigorous methodologies based
on terrestrial laser scanning and photogrammetry, capable of ensuring high geometric
accuracy. Given the constraints of hypogeal environments, research has emphasised multi-
sensor approaches, metric control, and validation procedures. Notable examples include the
integrated documentation of Palaeolithic caves in Asturias [1] and the multi-scale survey of
the Les Fraux cave [2], both demonstrating the effectiveness of combining complementary
acquisition techniques.

More recently, methodological advancements have focused on efficiency through mo-
bile mapping systems and SLAM-based technologies [3-6], particularly suited to complex,
GNSS-denied environments. Studies specifically addressing UBH have highlighted both
the potential and limitations of these approaches, stressing the importance of trajectory
planning, loop closure, and reliability assessment to ensure robust 3D datasets [7], as well as
the need to control drift in rapid acquisition workflows [8]. Within this evolving framework,
the use of non-professional devices—especially smartphones—represents a promising yet
still underexplored frontier, enabling broader access to documentation processes and foster-
ing the democratisation of heritage knowledge [9]. Recent studies have proposed low-cost
photogrammetric and videogrammetric workflows, identifying critical issues such as mo-
tion blur, exposure control, repetitive geometries, and low-light performance [10], while
quantitative assessments have demonstrated that within a fit-for-purpose perspective, such
methods can yield acceptable results [11].

This study aims to demonstrate that accessible technologies, when embedded within
a rigorous methodological framework and applied with awareness of their limitations, can
produce reliable outcomes for the knowledge and enhancement of UBH, with particular
reference to hydraulic systems. The karst landscape of Matera provides a significant case
study, where human adaptation to environmental conditions has generated an integrated
system of excavated spaces, channels, and cisterns for water management.

Within this context, the Sassi preserve an exceptional network of underground infras-
tructures for water interception, conveyance, decantation, and storage, recognised as a
UNESCO World Heritage Site (1993). Among these, the palombari—monumental excavated
cisterns—represent outstanding examples of hydraulic architecture, conceived as public
infrastructures for water collection and fundamental to the functioning of the historic urban
system [12].

The research proposes an interdisciplinary and replicable methodological framework
based on a multi-scale analysis integrating historical-evolutionary, geographical, urban,
architectural, hydraulic, and material-constructive aspects. The Palombaro Purgatorio Vecchio
(Figure 1) was selected as a representative case study due to its exceptional historical
and architectural significance. Its analysis enables a critical interpretation of the urban
evolution of Matera, highlighting how the construction and use of such infrastructures
are intrinsically linked to local morphological, geological, and hydrological conditions. In
this perspective, the palombari respond to the need for efficient water management within
a complex environment and provide key insights into settlement dynamics, revealing
the structural relationship between terrain morphology, water availability, and historical
habitation patterns [12].
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Basilicata Region in Italian territory Province of Matera in Basilicata

Aerial photography of Matera urban area

Aerial photography of the Sassi of Matera

Figure 1. Geographic setting of the historical Palombaro Purgatorio Vecchio infrastructure.

Consequently, the investigation of this heritage emerges as a priority, providing a
knowledge base for future strategies of conservation, enhancement, and adaptive reuse.

2. Materials and Methods

The research is structured in three macro-steps, organised according to an integrated
methodological sequence (Figure 2), designed to ensure replicable interdisciplinary and
multi-scale knowledge for historic water infrastructures. Indirect Knowledge is devoted to
the reconstruction of preliminary knowledge, which is foundational for comprehending
the general aspects of the object under scrutiny. In this context, Archival Research and a
Systematic Literature Review, together with the critical analysis of documentary sources
and geographical context, allow for the construction of a robust historical and thematic
framework, which is an essential prerequisite for any historical-evolutionary reconstruction.
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Figure 2. Methodological Workflow.

In Indirect Knowledge, it is imperative to undertake a thorough examination of the ex-
tant documentation pertaining to urban water management. This should be complemented
by preliminary research addressing Territorial and Urban Inspection, encompassing the
geology, morphology, as well as the hydrology that influence the study area.

Direct Knowledge is supported by advanced digital technologies and is articulated into
three interconnected steps: Data Capture, Data Processing, and Data Extraction [13]. Data
Capture consists of on-site surveys carried out through the integrated use of Image-Based
Modelling (IBM) and Range-Based Modelling (RBM), aimed at acquiring high-resolution
datasets, alongside the collection of material samples for stratigraphic analysis. Data Pro-
cessing entails the filtration, optimisation and integration of data through the utilisation of
specialised softwares. This progression occurs from raw point clouds to processed datasets
and ultimately to a textured mesh, resulting in an accurate and functional three-dimensional
model. This model serves not only as a representation of the current state but also as an
analytical tool for investigating material, structural, and hydraulic dynamics. Finally, Data
Extraction enables the production of two-dimensional drawings, geometric information,
and the interpretation of the hydrological context and water management system.
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Within Integrated Knowledge, the outcomes of the previous steps are synthesised into
a coherent interpretative framework. The integration of Indirect and Direct Knowledge
enables complementary results: the former supports the historical reconstruction of the
system and its diachronic evolution, while the latter provides the analytical basis for un-
derstanding water management practices, usage patterns, and material and construction
techniques. This approach allows for a comprehensive interpretation that combines histori-
cal, functional, and constructive analyses within a unified methodological framework.

Overall, the process demonstrates that the proposed integrated, multi-scale methodol-
ogy constitutes a robust and replicable model for the study of underground built heritage.

2.1. Indirect Knowledge

The step of Indirect Knowledge acquisition was developed through a structured
process of bibliographic and archival research, with the aim of reconstructing the historical,
technical and cultural framework of the water underground built heritage (Figure 3), with
particular reference to the public cistern known as Palombaro Purgatorio Vecchio.

Wl E} crTTA o) maTERA » - —
|| i h Sl CITTA D1 marera

o : Ty -

Figure 3. (a) Photographs of the commemorative monument of Palombaro Purgatorio Vecchio consulted
at the private archive of the Mattia Antonio Acito Architect. (b) Photographs of the historical
documents consulted at the State Archive of Matera.

2.1.1. Archival Research and Systematic Literature Review

The bibliographic analysis was grounded in a preceding systematic literature re-
view [14] that established the theoretical and methodological framework for the entire
research endeavour. This review enabled the identification of the principal lines of inquiry,
recurrent disciplinary approaches, and existing knowledge gaps concerning the relationship
between Matera and water, as well as its underground hydraulic heritage.

Concurrently, archival research constituted a pivotal element in achieving historical
and documentary comprehension of the structure. The investigation was carried out
in several archival institutions, selected according to the typology and relevance of the
preserved sources: the Municipal Historical Archive of Matera, the State Archive of Matera,
the Diocesan Archive, the private archive of Mattia Antonio Acito and the Archive of
the Superintendency.

The analysis of the collected documents encompassed administrative records, carto-
graphic sources, technical documentation, historical accounts, and interpretative materials,
allowing for the reconstruction of the phases of construction, management, and transfor-
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mation of the underground water system, as well as the role of the cistern within the urban
and social context. The critical integration of bibliographic and documentary sources was
instrumental in consolidating the knowledge base of the case study, thereby providing
essential support for the subsequent steps of direct and interdisciplinary analysis.

2.1.2. Territorial and Urban Inspection: Geology, Morphology and Hydrology

The territorial analysis was conducted through the examination of a Digital Elevation
Model (DEM) obtained from the RSDI Basilicata platform [15], with subsequent process-
ing carried out using QGIS 3.4.13 [16] and GRASS GIS 7.2.0 [17]. These tools enabled a
detailed investigation of the morphological and hydrological characteristics of the study
area, supporting the derivation of a consistent representation of potential hydrography.
Hydrological modelling based on DEMs is widely acknowledged as a robust and replicable
approach for territorial, environmental, and landscape analyses. Nevertheless, its relia-
bility is strongly contingent upon the resolution and quality of the Digital Terrain Model
(DTM), as well as on the methodological choices adopted, all of which must be explicitly
documented in scientific applications [18].

Within this framework, the extraction of hydrographic networks from the DTM fol-
lows a sequence of well-established raster-based hydrological procedures grounded in
the fundamental assumption that topography governs surface runoff [19]. The initial
phase involves the hydrological correction of the DTM through the removal of spurious
depressions (sinks), which are recognised as a primary source of error in the delineation
of drainage systems. The application of pit-filling or depression-breaching algorithms is
therefore considered an essential prerequisite for ensuring flow continuity and analytical
reliability [18].

Subsequently, flow direction is computed by assigning each raster cell the direction
of steepest descent, a fundamental step in hydrological modelling. Building upon this,
flow accumulation is calculated to quantify the upstream contributing area for each cell.
This parameter is crucial for identifying drainage pathways, as high accumulation values
typically correspond to valley bottoms and zones of concentrated runoff [19]. The hydro-
graphic network is then delineated by applying an accumulation threshold, which defines
the minimum contributing area required for a flow path to be classified as a channel. The
selection of this threshold represents a critical methodological decision, closely related to
the DTM resolution and the spatial scale of analysis [20,21].

The resulting drainage network, initially generated in raster format, can be converted
into vector data to facilitate advanced spatial analyses and comparisons with existing
cartographic or observed hydrographic features. In parallel, the delineation of drainage
basins is achieved by integrating flow direction data with predefined outlet points, thereby
identifying the areas contributing runoff to specific closure sections. This DEM-based
approach to basin delineation has become a standard methodology in hydrological and
quantitative geomorphological research [20,21].

2.2. Direct Analysis: Data Acquisition, Data Processing and Data Extraction

The intricacy of the architectural heritage, wherein each artefact represents a distinct
case due to historical modifications and stratifications over time, necessitates a knowledge-
based and conservation-oriented approach capable of identifying, safeguarding and en-
hancing the identity-defining features and intrinsic values [22]. In this context, knowledge
processes supported by innovative digital data-acquisition techniques must account for
site-specific characteristics, delivering high-resolution and accurate datasets within limited
timeframes [3].
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The Data Acquisition process commences with the design of the survey campaign,
which is pivotal to the success of data collection. The definition of the level of detail,
precision and accuracy required is crucial for selecting acquisition techniques and defining
alignment strategies for different datasets. Concurrently, analysis of the operational con-
text, environmental conditions and preliminary inspections allows for the assessment of
constraints and critical issues that may affect geometric and informational quality, as well
as the final graphic output.

Within the decision-making framework, the literature identifies two methodologies
for documenting built heritage that are capable of generating 3D models from in situ data
(Figure 2): image-based modelling (IBM) and range-based modelling (RBM). IBM analyses
two-dimensional images using Structure from Motion (SfM) and Multi-View Stereo (MVS)
algorithms to reconstruct high-resolution 3D models. RBM employs active sensors on static
or mobile devices to measure distances and produce precise 3D models within reduced
timeframes [23]. Compared with static devices such as Terrestrial Laser Scanners (TLSs),
mobile SLAM-based systems offer shorter acquisition times and greater spatial coverage.

RBM systems based on SLAM consist of a frontend module for real-time data acqui-
sition and motion estimation, and a backend module that optimises mapping and pose
estimation, correcting drift errors and ensuring consistency and accuracy [3]. However, al-
though RBM ensures high metric accuracy and operational efficiency, it presents limitations
in surface graphic detail, particularly in representing textures, colours, and micro-surface
features essential for material interpretation and conservation analysis [3].

Digital photogrammetry through SfM enables the production of 3D models with high
visual detail and photorealistic appearance. Compared with laser systems, the image-
based approach is particularly effective for documenting surfaces due to the association of
chromatic information with geometric elements [23]. However, photogrammetry is more
sensitive to lighting conditions, surface texture and repetitive geometries and, if used alone,
may be less reliable metrically.

Integration of SLAM and photogrammetry enables the leveraging of the strengths
inherent in both technologies, resulting in a synergistic effect. This integration allows for
the utilisation of the metric robustness and spatial coherence of laser surveying, alongside
the informational and graphic richness of photogrammetric data. Operationally, the SLAM
point cloud can be used as a metric reference and constraint system for registering and
scaling the photogrammetric model. This process allows the creation of a final 3D model
that is more accurate, readable, and suitable for multiple analytical and conservation
purposes [3].

The decision to adopt cost-effective and efficient processes, utilising a non-professional
camera, is driven by the necessity to enhance the accessibility and replicability of the
digitalisation process. Modern cameras integrated into smartphones offer high-resolution
sensors, advanced stabilisation systems, and an image quality that is generally adequate
for photogrammetric applications in the architectural domain, especially when supported
by a correct acquisition workflow [24].

The primary advantage of this choice is the substantial reduction in costs, the expedited
acquisition process, and the ease of use, which facilitate operation in complex or inaccessible
contexts. Furthermore, the high chromatic quality of the images facilitates the production of
detailed textures, which are conducive to material interpretation and qualitative analyses.
In contrast, limitations are associated with diminished control over optical parameters in
comparison to professional cameras, heightened sensitivity to lighting conditions (a critical
consideration in indoor and hypogeal environments), and intrinsic metric inaccuracy,
which necessitates integration with a reliable metric dataset, such as that provided by
SLAM surveying.
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In conclusion, the integration of RBM and IBM through low-cost equipment is therefore
proposed as a balanced solution in terms of quality, time, and cost. Individually, the
two technologies present specific limitations; integrated within a single workflow, they
combine geometric precision, graphic detail, and economic sustainability, responding to
contemporary needs for knowledge and conservation of architectural heritage.

The substantial volume of data engendered by RBM and IBM acquisitions necessitates
a subsequent and articulated data-processing phase, aimed at optimising datasets through
the implementation of cleaning and structuring processes on raw survey data. This step
is of crucial methodological significance in ensuring the reliability and effectiveness of
subsequent analyses. In this context, a significant number of software tools, grounded in
open-source logics, facilitate research in the development of replicable and interoperable
methodologies and workflows. Furthermore, the open-source paradigm offers the possi-
bility to adapt and customise processing algorithms to meet specific needs and targeted
research objectives.

CloudCompare v.2.6.1 [25] and MeshLab v.2025.07 [26] are two open-source software
programs that are both highly established and widely utilised. Despite exhibiting divergent
operational characteristics, both software programs furnish a suite of sophisticated tools
for the processing of point clouds and meshes, respectively. In addition to these solutions,
there are other freely distributed software packages, such as RealityScan 2.1 [27], which
integrate into operational workflows with a view to strengthening the replicability and
methodological consistency of the proposed approaches.

The final output of data processing is a clean, structured, lightweight, and accessi-
ble dataset, a prerequisite for the subsequent Data Extraction phase. This stage enables
extraction of the informational values contained within complex 3D datasets, translating
geometric and radiometric complexity into formats suitable for the interpretation, analysis
and management of built heritage [28,29].

Through segmentation and semantic enrichment, survey outputs are structured into
interoperable information systems, transcending descriptive representation of raw data [30].
In this context, data extraction represents the transition from survey to knowledge, orienting
digital models towards interpretation and management processes [31].

3. Results
3.1. Historical Knowledge

The management of water resources has historically constituted a fundamental pre-
requisite for the establishment and continuity of human settlements, particularly within
environmentally constrained contexts [14]. In Matera, characterised by alternating peri-
ods of intense rainfall and prolonged drought, the development of the historical urban
fabric is intrinsically linked to the implementation of complex and sustainable water sys-
tems [14,32,33]. Situated at approximately 400 m above sea level, between the Matera
Hills and the Apulian MurgePlateau, the Sassi of Matera urban districts represent an ex-
emplary case of long-term human adaptation, where infrastructures for water capture,
conveyance, sedimentation, storage, and reuse were progressively integrated into the built
environment [34].

The excavation of hypogean dwellings within the calcarenitic slopes facilitated both
habitation and the implementation of a water harvesting system [32]. This integrated
system operated at multiple scales: private cisterns, typically located within or adjacent
to dwellings, collected rainwater for domestic and livestock use, while potable water was
supplied through public fountains fed by groundwater captured via wells in the upper
parts of the city [32,35]. The resulting urban configuration reflects a sophisticated balance
between natural morphology and anthropogenic intervention, wherein the typology and
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distribution of hydraulic infrastructure were directly conditioned by the geomorphological
context [36].

However, demographic growth during the sixteenth century led to the progressive
conversion and occlusion of numerous private cisterns into residential spaces, thereby
compromising the equilibrium of the water system and necessitating the construction of
large public storage infrastructures, known as palombari [32,35,37].

Among these, the construction of the Palombaro Purgatorio Vecchio in 1844 under Arch-
bishop Antonio di Macco (Figure 3a) demonstrated a continued adaptive response to
increasing water demand. This large cistern, with a capacity of approximately 1.5 million
litres, functioned as a terminal reservoir for potable water conveyed from the surrounding
hills, embodying both technical innovation and the reuse of pre-existing hypogean struc-
tures [34]. Even after the integration of Matera into the Apulian Aqueduct network in 1927,
such infrastructures retained a strategic role in ensuring water supply continuity during
periods of service interruption, as documented by archival records [34] (Figure 3b).

3.2. Hydromorphic Knowledge

The territory of Matera is characterised by a marked morphological and geological
heterogeneity, configuring itself as a transitional “hinge” between two distinct landscape
systems: the western hills—Cimitero, Macamarda, Serra Venerdi, and Lapillo, belonging to the
Avanfossa Bradanica, and the karst environment of the Gravina Stream [37] (Figure 4). This
duality has exerted a decisive influence on landscape configuration, settlement patterns,
and the historical strategies developed for water resource management [38—40].

I-HOOO mas.l
+50ma.s.l.

Morphology of the Municipality of Matera territorial area

P MURGIA TIMONE

Morphology and surface water bodies of urban area Morphology, surface water bodies, landscape typologies and urban fabri

Figure 4. Morphological and landscape characteristics of the urban area of Matera.

Matera is located along the south-western margin of the Apulian Carbonate Platform
and is characterised by a Plio-Pleistocene sedimentary cover of calcarenites, sands, and
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clays [39,41]. In the Sassi, the presence of permeable calcarenite (commonly referred to by
labourers in the construction sector as tufo) facilitated excavation and the development of
hypogean and hydraulic systems while limiting the formation of continuous aquifers and
resulting in fragmented water resources [38,39]. The geomorphology is dominated by the
Gravina of Matera, an erosional incision acting as an episodic drainage system, which has
strongly influenced the settlement’s spatial organisation [38,39,41]. In a context of limited
rainfall, the lack of natural water availability led to the implementation of complex systems
for the collection and storage of meteoric and spring waters, transforming environmental
constraints into engineered hydraulic solutions, such as rock-cut cisterns [33,42].

In this system, the western hills (Figure 4), despite their apparent aridity, played a
fundamental hydrological role. Due to their topographic position, they functioned as
primary interception zones for meteoric and spring waters, particularly where sandy and
clayey layers intersect, as observed near Castello Tramontano (the Renaissance castle of the
city). Through a network of channels and subterranean conduits equipped with settling
basins, these waters were conveyed towards the historical urban fabric, where they were
distributed to public fountains and stored in both public (palombari) and private cisterns,
before ultimately discharging into the Gravina gorge [33,36,43].

The apparent unity of the urban fabric conceals a more complex territorial articulation,
as evidenced by the existence of two distinct hydrographic watersheds corresponding to
the Sasso Barisano and the Sasso Caveoso [43] (Figure 5).

Geology and urban fabric

Morphology Morphology, urban fabric and hydrography Morphology, urban fabric and hydrography

wm Sassi of Matera mm Urban fabric Morphology = Limestone Calcarenitic rock Clay — — Hy pati

Figure 5. Schematic synthesis of the relationships between morphology, geologyand hydrography in
the territory of Matera.

The Sasso Barisano watershed, with an area of approximately 1.21 km?, collects runoff
from the Macamarda and Lapillo hills and channels it along via Fiorentini, its principal
drainage axis, towards the Gravina, with an average slope of 7%. Conversely, the Sasso
Caveoso watershed, extending over 0.66 km?, develops from via Castello to Piazza San Pietro
Caveoso, with its main drainage axis along via Bruno Buozzi and an average slope of 12% [43].

The analysis of these watersheds, supported by both contemporary data and historical
cartography, reveals how settlement organisation was closely aligned with hydrological
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dynamics, demonstrating a conscious and structured approach to water management
(Figure 6).

Grabiglions Caveoso  + Palombaro
Sasso Caveoso watershed with hydrospatial network, morphology and urban fabric Sasso Caveoso watershed with hydrospatial network, morphology and urban fabric

- Sassiof Matera wm Urban fabric  — Morphology — Watersheds  — Hydrospatial Networks

Figure 6. Comparative analysis of the current morphological and hydrographic setting of the Sasso
Caveoso urban watershed and the historical settlement configuration in 1875.

In this perspective, the urban configuration of the Sassi emerges as the outcome of an
intentional planning process, aimed at integrating systems of water collection, conveyance,
and storage within a challenging environmental context. The surrounding hills, despite
their limited permeability, were strategically incorporated into a hierarchical hydraulic
system, serving as key zones for water interception. The localisation of major underground
reservoirs, such as the palombari, was therefore strongly conditioned by the morpholog-
ical and hydrological characteristics of the respective watersheds, as exemplified by the
Palombaro Purgatorio Vecchio [33,43].

3.3. Geometric Knowledge

The operational steps undertaken to achieve the geometric knowledge of the case
study are summarised in the workflow shown in Figure 2, which schematically outlines
the adopted methodological sequence. Following a meticulously devised acquisition
campaign, the survey was conducted through a dual, integrated approach combining
RBM and IBM. A hybrid system was specifically implemented, involving the use of a
mobile sensor equipped with SLAM technology, the BLK2GO (Leica Geosystems S.p.A.,
Cornegliano Laudense, Italy), for the rapid and continuous acquisition of a point cloud.
This was complemented by IBM techniques based on the use of a smartphone camera
(iPhone 16 Pro) aimed at radiometric integration and supporting subsequent reconstruction
and texturisation processes.

Based on GrandSLAM technology, the BLK2GO is able to combine visual SLAM,
LiDAR SLAM, and an inertial measurement unit (IMU), ensuring an accuracy of £10 mm in
indoor environments, with an acquisition rate of 420,000 points/second and an operational
range spanning from 0.5 m and 25 m [44]. The entire Palombaro complex was captured
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through two scans: one of the Palombaro itself and one of the rooms above it. The most
significant data from the survey are reported below: 21 min of acquisition; 145 way-points
on 275 m of acquisition trajectory.

The acquired point cloud was initially processed using Leica Geosystems’ proprietary
software Cyclone Register 360 [45]. This approach enabled the alignment of the scanned
datasets with an overall error of 0.003 m and an alignment robustness of 82%. The re-
sultant dataset comprised a point cloud of 214,976,556 points, exported in.e57 format for
subsequent data-processing stages (Figure 7).

Figure 7. SLAM trajectory and scan waypoints on the left, and the two aligned point clouds on the right.

The subsequent data-optimisation step was carried out with the open-source software
CloudCompare (v.2.6.1) [25], which facilitated the enhancement of data quality by the
removal of noise and anomalies from the point cloud. The cleaning step was implemented
using two algorithms: SOR filtering (Statistical Outlier Removal) and noise filtering. Subse-
quent to the cleaning process, a spatial subsampling step was conducted utilising the spatial
model, with a minimum spacing of 0.01 m, to homogenise point density and optimise the
information volume, thereby reducing the overall weight of the dataset.

The final result of this process was a point cloud comprising 14,894,425 points, which
provides a robust foundation from geometric and dimensional perspectives, thereby estab-
lishing the foundation for subsequent steps of Data Extraction and analysis.

In order to address the limitations related to the radiometric output of RBM acquisition,
a complete photogrammetric modelling process based on Structure from Motion (5fM) was
employed using an iPhone 16 Pro smartphone as the sole acquisition tool. The workflow
was designed to be low-cost, fast, and easily replicable while maintaining methodological
rigor for applications in architectural surveying and built heritage documentation. The
survey comprised on-site Data Capture and Data Processing.

Image acquisition was performed using an iPhone 16 Pro smartphone camera config-
ured to ensure consistent, non-enhanced documentation. Settings included 24 mm (full-
frame equivalent) wide-angle with no zoom, JPEG format (5712 x 4284 px), autofocus en-
abled, flash disabled, and filters/automatic post-processing disabled. The lens aperture was
/1.8, while exposure parameters were adjusted as required by on-site lighting conditions.

Photographs were captured on site following continuous parallel and oblique strips
relative to the surfaces, maintaining an approximate 70-80% overlap both vertically and
horizontally. Images were acquired primarily by moving along the perimeter of the struc-
ture, with variable camera height where feasible to support volumetric reconstruction.
Additional coverage was dedicated to geometric discontinuities (e.g., edges, openings, and
section changes), which are critical areas for Structure-from-Motion (SfM) processing. A
total of 549 images were collected.

The dataset was imported into Reality Scan 2.1 for photogrammetric processing. Im-
ages underwent a preliminary quality check (sharpness, exposure, and coverage continuity),
followed by automatic alignment and generation of a sparse point cloud (1,095,703 points)
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and a dense point cloud (99,979,999 points). The resulting model was aligned and scaled
using metric references derived from the SLAM survey, then converted into a mesh con-
sisting of 83,981,195 polygons and 42,095,447 vertices, with subsequent texture generation.
Finally, orthophotos were exported for downstream analysis.

Starting from these high-resolution models, it became feasible to extract floor plans
(Figure 8), sections (Figure 9), and detailed orthometric views (Figure 10).

ground_floor plan

@ 0 2 5 10m
— —

8 (9 ; |

section_AA™ section_BB' section_CC' section_DD"

Figure 9. Significant sections of the Palombaro.

section_AA™

section_BB' section_CC'

Figure 10. Detailed orthometric views.

The subsequent step of the analysis of materials, construction techniques, and specific
functions of the water systems were facilitated as a result.
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3.4. Materials and Construction Techniques Knowledge

The constructive and material understanding of the Palombaro Purgatorio Vecchio was
significantly facilitated by the high-resolution Digital Survey carried out in the previous
step and by the metric and orthometric outputs derived from it. This enabled a systematic
reading of the spatial configurations and technical solutions of the underground infras-
tructure, providing an indispensable knowledge base for interpreting the construction
techniques and materials employed.

This direct reading was integrated with a critical review of the specialist literature
on the construction practices of the Sassi of Matera, allowing the observed material and
constructive evidence to be placed within a consolidated historical-technical framework.
The integration of geometric data, direct observation and historical sources thus made
it possible to achieve an in-depth understanding of the technical logics that guided the
construction of the Palombaro.

In the absence of the possibility of carrying out invasive sampling or direct strati-
graphic soundings on the structure, the construction analysis was based on a morphological,
geometric, and material reading of the accessible surfaces, formulating a hypothesis regard-
ing the traditional practices and techniques adopted.

The Palombaro can be understood as a complex semi-hypogeal architecture, predom-
inantly created through the subtraction of material within the calcarenite bedrock while
also incorporating spaces formed through additive construction processes (Figure 11).

Construction materials

Construction techniques Calcarenite

Rock-cut vault/arch in Calcarenite I Ashlar blocks in Calcarenite

Ashlar vault in Calcarenite | | Cocciopesto mortar

CEILING PLAN CEILING PLAN

Figure 11. Materials and construction techniques of the vaulted system.

The material analysis (Figure 11) made it possible to clearly distinguish areas coated
with cocciopesto-based mortars from those lacking such a coating. The localised absence
of cocciopesto allowed for the identification, on the excavated surfaces, of traces of manual
workmanship attributable to the use of traditional excavation tools such as the pickaxe [46],
as well as three vaults constructed with squared calcarenite blocks arranged according to
the traditional local masonry bonding commonly found in Materan dwellings (lamioni).

With regard to the constructed vaults, the central one is configured as a barrel vault
(a botte), while the two lateral ones take the form of ramped barrel vaults. The eastern vault
covers the last chamber of the Palombaro and incorporates the water-drawing opening built
with calcarenite blocks, now covered by a perforated reinforced-concrete slab (Figure 11). In
addition, three arched structural support elements formed through excavation are present.

The detailed analysis (Figure 12), corresponding to construction section B-B’, makes
it possible to understand the geometry of the vaults, the masonry bonding, the section of
the opening, and the dimensions of the calcarenite blocks. The observation of the section
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(Figure 12) shows that the springing levels of the constructed vaults were formed by three
courses of calcarenite blocks set on piers obtained directly by cutting into the rock mass; in
the other cases, the piers were entirely formed through material subtraction. The vaulted
system as a whole also constitutes the structural support for the overlying walkway along
via Purgatorio Vecchio.

CONSTRUCTION DETAIL

H

=1

0287

e : \ 1.Cocciopesto mortar

2. Calcarenite ashlar blocks
3. Stone-chip and mortar conglomerate
4. Lime-based mortar with tuff

CALCARENITE ASHLAR BLOCKS

CONSTRUCTION SECTION BB'

Figure 12. Construction section B-B’.

The closing wall on the eastern side, where the two overflow openings are located and
through which water is discharged toward the Grabiglione, corresponding to present-day via
Bruno Buozzi, has an overall thickness of approximately 90 cm, likely required to counteract
internal hydrostatic pressure.

Based on the analysis of the graphic outputs and comparison with the specialist litera-
ture [47], this wall can be interpreted as a multi-leaf masonry constructed with calcarenite
blocks and found directly on the rock substrate. Accordingly, the dimensions of the blocks,
consistent with those documented for Sassi architecture, are approximately 25-27 cm in
height, 20-25 cm in width, and 45-60 cm in length [47]. Observation of both faces of the
wall revealed an alternation between blocks laid as stretchers and blocks laid as headers,
the so-called diatoni, identifiable on the facing by dimensions close to 20 x 25/27 cm, while
the stretcher blocks exhibited greater lengths.

The wall section is composed of spaced blocks achieving the overall thickness by
means of an internal infill made of stone chips and mortar poor in lime or earth. In this
configuration, the header blocks ensure transverse connection between the outer faces,
contributing to the monolithic behaviour of the masonry, despite having a length shorter
than the total wall thickness [47].

The analysis of the waterproof coating system was based on observation of a sample
collected in situ (Figure 13). Sampling was limited exclusively to a very small portion of
coating already in a state of deterioration and detachment from the substrate, in compliance
with conservation requirements.
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Figure 13. Cocciopesto mortar sample.

By analogy, the analysed sample can be attributed to a cocciopesto-type coating, a
material traditionally used for waterproofing historic cisterns, as extensively documented
in the Materan context and, in particular, in the Palombaro Lungo. Comparison with the
stratigraphic description proposed for the Palombaro Lungo [12], however, highlights signifi-
cant differences in the overall thickness of the coating, suggesting the existence of different
construction practices for cisterns in Matera or subsequent maintenance interventions.

In the absence of extensive stratigraphic investigations and direct sections across the
full development of the coating, the proposed interpretation therefore remains comparative
in nature, grounded in the detailed analysis of the available sample.

In order to systematically investigate the nature of the coating and verify the proposed
hypothesis, future laboratory analyses are planned to examine the sequence of coating
layers, the chemical, granulometric, and mineralogical composition of the mortar, as well
as the binder-aggregate ratio. These investigations will be conducted through observations
using optical microscopy and scanning electron microscopy (SEM), with the aim of precisely
characterising the cocciopesto and identifying the possible presence of salts responsible for
coating disintegration and detachment phenomena.

The expected results will allow for refinement of the reconstruction of the waterproof-
ing system of the Palombaro Purgatorio Vecchio and its inclusion within a broader comparative
framework concerning waterproofing techniques in historic water infrastructures of the
Sassi of Matera.

3.5. Integrated Knowledge

The systematisation of the outputs derived from the different steps enabled a transver-
sal and multi-layered reading of the study area, making explicit the structural and functional
relationships between the built fabric, the street network, and the infrastructures dedicated
to water resource management. The critical integration of historical documentary source
analysis, direct surveys, analyses of materials and historical construction techniques, and
territorial analyses made it possible not only to identify the individual components of the
system, but above all to reconstruct its overall articulation and modes of operation, thus
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restituting the image of an integrated hydraulic organism, intrinsically connected to the
site’s morphology and to the historic urban layout (Figure 14).
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Figure 14. Technical drawings and analysis of the historical water systems.

The analytical technical drawings (Figure 14) allowed for an integrated interpreta-
tion of the water system in both plan and section, clarifying the altimetric arrangement,
constructive geometry, and specific function of each element. This representation high-
lights how the hydraulic system cannot be interpreted as a mere assemblage of ancillary
devices, but rather as a foundational infrastructure of the settlement, expressing advanced
technical knowledge and a profound understanding of the geological, hydrological, and
topographical characteristics of the territory.

The close relationship between architecture, ground, and water reveals a conscious
design approach aimed at maximising water collection, regulating flows, and ensuring
long-term hydraulic safety. Within this articulated system, several functional elements
have been identified, hierarchically and functionally interconnected:

o  The Palombaro, configured as the principal public water storage reservoir (Figure 15a),
represents the core of the entire system. Its dimensions and underground location
attest to its strategic role in collective water supply, plausibly linked both to the needs
of the local community and to the central role of the Church of Purgatorio Vecchio
within the urban context (Figure 15a);

[ ]

The water conveyance system, consisting of an underground conduit designed to
channel and convey potable water towards the private cisterns (Figure 15b), constitutes
an element of particular interest from a constructional perspective. The infrastructure
presents, on its eastern side, a path directly excavated into the bedrock, while on
the western side, it is defined by a masonry structure built of squared calcarenite
blocks, revealing a mixed technical solution that combines excavation and masonry
construction in response to local geological conditions;
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Figure 15. Photography of the historical water systems: (a) Palombaro; (b) underground conduit;
(c) private cistern; (d) dug channel; (e) the two overflow systems; (f) cistern mouth.

e  Three private cisterns, directly connected to the surrounding buildings (Figure 15c),
testify to a widespread and integrated management of water, in which domestic
and public dimensions coexist within the same infrastructural system. These de-
vices were most likely pre-existing to the construction of the Palombaro, suggesting
a gradual consolidation of the hydraulic system through the integration of earlier,
smaller-scale facilities;

e A dug channel, exploiting the natural slope of the rock upon which the architectural
complex is founded, enables the transfer of water from the private cisterns to the
Palombaro (Figure 15d). This device confirms the adoption of a gravity-driven flow
system, which is energetically efficient and fully integrated with the site’s orography;

e  The two distinct overflow systems of the Palombaro, probably constructed in different
chronological steps (Figure 15e), play a fundamental role in regulating water levels
and ensuring the hydraulic safety of the entire system. The overflow located at the
higher elevation can be attributed to the original configuration, as it allowed for
the accumulation of the maximum possible volume of water within the Palombaro.
The second overflow system, positioned at a lower elevation near Via Bruno Buozzi,
appears instead to respond to the need to reduce the water level inside the cistern,
likely in relation to changing patterns of use, structural concerns, or new hygienic and
sanitary requirements. Both overflow systems ultimately conveyed excess water into
the GrabiglioneCaveoso, underscoring how water management was conceived in close
continuity with the natural dynamics of the territory. This direct relationship between
artificial infrastructure and natural watercourse confirms the existence of a systemic
approach to water management, in which the control of water does not imply its
separation from the environmental context, but rather its conscious regulation within
a balanced interaction between nature and the built environment;

e The cistern mouth, functioning as an access, inspection, and control element
(Figure 15f), is clearly recognisable within the urban space and was constructed using
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squared calcarenite blocks. Its visibility and constructional quality suggest not only a
technical function, but also a symbolic and urban value, acting as a point of mediation
between public space and underground infrastructure.

Through a typological and constructive analogy with the Palombaro Lungo, it is possible
to hypothesise that the current configuration of the Palombaro Purgatorio Vecchio is the result
of a process of aggregation and refunctionalisation of multiple pre-existing underground
spaces, originally intended for residential use, productive activities (such as cellars), or
small domestic cisterns. These spaces, progressively interconnected and enlarged, would
have been incorporated into a unified system dedicated to the collection and management
of water, according to an incremental logic typical of the evolutionary development of the
rock-cut fabric of the Sassi.

In this sense, the Palombaro Purgatorio Vecchio represents a paradigmatic example of
stratified architecture, in which excavation techniques and masonry construction coexist
and integrate, resulting in a structure where form, material, and function are the outcome
of a long-term adaptive process.

4. Discussions

The application of the methodology enabled a comprehensive interpretation of the
investigated infrastructure, supporting its historical and functional reconstruction through
the systematic integration of data derived from Indirect Knowledge and in situ surveys
within Direct Knowledge. The results demonstrate that a framework originally developed
for above-ground architectural heritage can be effectively extended to underground built
heritage (UBH), provided that targeted adaptations are introduced, particularly in the early
steps of the knowledge process, where the specific conditions of hypogeal environments
significantly affect data acquisition and interpretative strategies [29,30,48-50].

Within the Indirect Knowledge step, territorial analysis emerges as a fundamental
component. The geomorphological and hydrological characterisation of the context is
essential for understanding materials and construction techniques, as well as the natural
processes that have influenced urban transformations and enabled excavation practices.
However, integrating data from the Systematic Literature Review with territorial and urban
analyses may reveal inconsistencies, necessitating explicit cross-validation procedures to
ensure the reliability and coherence of the knowledge framework.

In the Direct Knowledge step, methodological refinements are required due to the
intrinsic complexity of UBH, characterised by irregular geometries, absence of conventional
architectural references (such as verticality and orthogonality), and challenging environ-
mental conditions, including limited lighting, high humidity, and restricted accessibility.
These factors affect all stages of data acquisition, processing, and interpretation, requiring
calibrated instrumentation and structured workflows capable of managing heterogeneous
and incomplete datasets [1,2].

A comparison with Scan-to-BIM and HBIM workflows highlights both continuity and
limitations. While these approaches—based on the integration of TLS and photogrammetry,
semantic modelling, and, increasingly, automated classification and Machine Learning
techniques—have proven effective for architectural heritage [29,30,48], and have evolved
towards complex information systems for conservation and management [49,50], they
are primarily suited to regular geometries and well-defined architectural elements. Their
application to hypogeal environments remains problematic due to irregular morphologies,
lack of architectural semantics, and difficult survey conditions, thus revealing a significant
methodological gap.

Conversely, survey methodologies developed for caves and underground environ-
ments have consolidated multi-sensor approaches combining TLS and photogrammetry,
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demonstrating their effectiveness in capturing complex geometries and high-resolution
data [1,2]. However, these approaches are often focused on geometric documentation at
the site scale. The methodology proposed in this study builds upon these contributions by
explicitly structuring Integrated Knowledge as a central component and incorporating a sys-
tematic analysis of territorial and urban contexts, typically marginal in geomorphological
or speleological studies.

The increasing adoption of SLAM-based mobile mapping systems further expands
the methodological framework, enabling rapid and flexible data acquisition in complex
and constrained environments. Although these systems generally provide lower accuracy
compared to static laser scanning, they allow for the efficient generation of dense point
clouds and demonstrate clear operational advantages in underground contexts [3-6,51].
Their integration with photogrammetric models constitutes an effective strategy, combining
rapid acquisition with high-resolution geometric and material information.

Regarding metric restitution, the generation of orthophotos, plans, and sections re-
mains a fundamental step in heritage documentation, with SfM-based photogrammetry
proving particularly effective. However, in underground environments, irregular geome-
tries and the absence of reference planes complicate these processes, requiring flexible
projection strategies and adaptive workflows. The proposed methodology addresses these
challenges through the integration of multi-source datasets and tailored procedures for
metric extraction.

A further key aspect is the replicability and accessibility of the methodology, which
incorporates low-cost and non-expert-friendly photogrammetric solutions, thereby facilitat-
ing its application in diverse contexts and promoting a more inclusive approach to heritage
documentation [52]. Interdisciplinarity constitutes a core principle, enabling the integration
of architectural, geomorphological, and territorial analyses across multiple scales, from the
territorial dimension to architectural and morphological detail.

The principal contribution of the study lies in the combined adoption of a multi-scale
and interdisciplinary framework, the explicit structuring of Integrated Knowledge, and
the emphasis on methodological replicability through accessible tools. In particular, the
formalisation of the integration step represents a distinctive element, conceived not merely
as a technical operation but as a critical interpretative process in which heterogeneous data
are validated, correlated, and synthesised within a coherent knowledge system, thereby
contributing to bridging a significant methodological gap in both architectural heritage
documentation and the study of underground environments.

5. Conclusions

The present study demonstrates that the UBH of Matera, and in particular the Palom-
baro Purgatorio Vecchio, isnot a marginal element but a structuring component of a resilient
urban system, deeply rooted in the geomorphological, hydrological, and cultural charac-
teristics of the territory. Through the adoption of an interdisciplinary, multi-scale, and
replicable methodological framework, the research enabled the reconstruction of the his-
torical, spatial, material, and functional complexity of a major underground water infras-
tructure, restoring its role within the broader system of water management that shaped the
development of the Sassi.

The integration of Indirect Knowledge—derived from historical sources, territorial
analyses, and hydro-morphological studies—with Direct Knowledge based on digital sur-
vey, geometric modelling, and material-constructive analysis proved essential to achieving
a comprehensive understanding of the structure. The results confirm that this Palombaro can
be interpreted as an integrated hydraulic system, coherently responding to site morphology,
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lithology, water availability, and urban dynamics, and embodying adaptive strategies
capable of transforming environmental constraints into spatial and technical opportunities.

From a methodological perspective, the study validates the transferability of ap-
proaches developed for above-ground architectural heritage to underground contexts,
provided that appropriate adaptations are introduced. In particular, the centrality of terri-
torial and hydrogeological analysis in the early steps of the knowledge process, together
with the integration of complementary digital survey techniques—such as SLAM-based
systems and image-based photogrammetry—emergedas fundamental for addressing the
complexity of subterranean environments.

At the same time, the research highlights critical issues requiring further investiga-
tion, notably the integration and cross-validation of heterogeneous sources, ranging from
historical documentation to GIS-based territorial models and high-resolution 3D datasets.
Ensuring coherence across multiple scales and domains remains a key challenge, especially
in the analysis of stratified underground structures subject to continuous transformation.

The results also suggest several directions for future development. A priority concerns
the consolidation and progressive standardisation of the methodological workflow through
the definition of shared protocols for Data Capture, Data Processing, and Data Extraction,
specifically calibrated for UBH, in order to ensure comparability among case studies and
support interoperable digital archives. Furthermore, extending the approach to other
underground hydraulic systems would enable comparative analyses, contributing to the
identification of recurring typologies, shared construction logics, and adaptive strategies,
and supporting the definition of a taxonomy of historic underground water systems.

At the same time, the research underlines the potential for enhancing accessibility
and cultural valorisation through digital tools, virtual environments, and educational
applications capable of making otherwise inaccessible spaces available to a broader public,
thereby fostering awareness of the infrastructural dimension of cultural heritage.

Finally, the study highlights the relevance of historic underground water systems
for contemporary debates on sustainable water management. Principles such as dis-
tributed collection, runoff control, and integration with natural processes—intrinsic to these
infrastructures—represent resilient models that can inform current environmental strategies.
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