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Abstract

In response to the increasing demand for effective bridge management and the short-
comings of current proprietary solutions, this work presents an open-source, web-based
platform designed to support bridge inspection and data management, particularly for
small and medium-sized public administrations, which often lack personnel or funding
for implementing context-specific tools. The system addresses fragmented workflows by
integrating multi-format geospatial and 3D data—such as point clouds, CAD/BIM models,
and georeferenced imagery—within a unified, modular architecture. The platform enables
structured inventory, interactive 2D/3D visualization, defect annotation, and role-based
user interaction, aligning with FAIR principles and interoperability standards. Built entirely
with free and open-source tools, the P.O.N.T.I. prototype ensures scalability, transparency,
and adaptability. A multi-layer navigation interface guides users through asset exploration,
inspection history, and immersive 3D viewers. Fully documented and publicly available on
GitHub, the system allows for deployment across varying institutional contexts. The plat-
form’s design anticipates future developments, including integration with IoT monitoring
systems, AI-driven inspection tools, and chatbot interfaces for natural language querying.
By overcoming existing proprietary limitations and providing access to a versatile single
space, the proposed solution supports decision-makers in the digital transition towards a
more accessible, transparent and integrated infrastructure asset management.

Keywords: location-based services; geodata management; open source; bridge inspection;
geo-visualization; web-based platform

1. Introduction
In the last decade Italy experienced a series of tragic road bridge collapses, including

the Annone (2016) and Ancona (2017) overpasses, the Fossano viaduct (2017), and the
Polcevera bridge (2018). While resulting from diverse underlying causes, these failures
share a common theme: an insufficient understanding of the structure’s actual condition [1],
which in turn prevents the effective planning of maintenance interventions.

Problems such as missing as-built designs, inadequate construction and movement
precautions, lack of heavy vehicle checking, and insufficient material decay monitoring have
all contributed to inadequate data management and knowledge of what is occurring within

Geomatics 2025, 5, 68 https://doi.org/10.3390/geomatics5040068

https://doi.org/10.3390/geomatics5040068
https://doi.org/10.3390/geomatics5040068
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geomatics
https://www.mdpi.com
https://orcid.org/0000-0001-8502-7381
https://orcid.org/0009-0005-2525-6816
https://orcid.org/0009-0002-3427-4256
https://orcid.org/0000-0003-1262-9394
https://orcid.org/0000-0002-9559-4387
https://doi.org/10.3390/geomatics5040068
https://www.mdpi.com/article/10.3390/geomatics5040068?type=check_update&version=1


Geomatics 2025, 5, 68 2 of 28

these structures [2]. This underscores a significant challenge faced by Italian infrastructure,
which is characterized by a large number of crossing constructions due to the country’s
geography, many of which are aging and showing signs of deterioration [3]. Consequently,
there is a pressing need to address the preservation, restoration, or replacement of these
existing constructions, and to evaluate the safety of infrastructural assets within an updated
and organized regulatory framework.

The critical need for improved bridge management, highlighted by these events, is
driving many countries to seek innovative approaches and digital solutions capable of
handling the complex, heterogeneous data required for effective maintenance and safety
assessment [4]. Managing bridges throughout their lifecycle requires a comprehensive
understanding of their condition, which involves collecting and integrating data from
various sources and in multiple formats, often across different points in time [5]. For data
acquisition, Unmanned Aerial Vehicles (UAVs) are used for remote visual surveys and 3D
mapping, while Internet of Things (IoT) sensors provide continuous, real-time data for
Structural Health Monitoring (SHM). Collected data is then managed during processing
and advanced analysis, where Artificial Intelligence (AI) can be applied for tasks like auto-
mated defect recognition, and Building Information Modeling (BIM) provides a framework
for a detailed, semantic 3D model of the individual asset. Finally, for visualization and inte-
gration, Geographic Information System (GIS) and WebGIS platforms serve as the central
hub, managing the geospatial context of the whole asset network and integrating these
diverse data streams and sources into a unified environment. These digital tools promise
to enhance monitoring, defect detection, structural health assessment, and planning
for interventions.

The concept of bridge management systems (BMSs) was introduced in the last cen-
tury, introducing significant changes to asset administration [6]. Functionally, a BMS is a
decision-support tool that combines digital asset inventory, inspection data and mainte-
nance tools to preserve infrastructure value and ensure long-term safe serviceability [7].
However, practical implementation is often problematic due to fragmentation of software
and of regulations. This occurs at a regulatory level, with varying national guidelines, and
at a data level, where information modeling is not yet significantly embraced in holistic,
integrated frameworks [8]. Many asset managers rely on proprietary “black-box” systems
that are rigid and cannot be adapted to specific local needs. To address these needs, research
has focused on developing web GIS-based bridge management systems that allow for ad-
vanced geospatial visualization and data integration on centralized cloud platforms, with
first cases of implementation documented in the United States in the 90s and more recent
country-specific applications in Eastern Asia and Europe [9,10]. While these technologies
are foundational, it is important to distinguish their integration in a WebGIS environment
from a full bridge Digital Twin (DT), whereas a DT implies a live, bi-directional data
exchange with the physical asset for real-time operational control [11], WebGIS-based ap-
proaches primarily aims to manage and visualize static inspection data and their products,
optimizing the data collection and management workflow. However, despite decades of
effort and the increasing development of Information and Communication Technologies
(ICTs), there has not been a complete convergence towards the development of truly in-
teroperable and all-encompassing open-source solutions for bridge management [9,12,13].
Current BMSs often suffer from significant limitations, including a limited ability to re-
trieve and share data electronically, difficulties in visualizing geospatial information, and a
lack of comprehensive integration across different platforms. Traditional approaches and
existing systems often rely on standalone platforms or provide data in fragmented, isolated
formats (like disaggregated Excel files in the Italian context), preventing seamless data
exchange, orderly consultation, and full integration with collaborative BIM platforms and
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interoperable data models necessary for effective bridge management [3,14]. This fragmen-
tation and lack of comprehensive, integrated digital solutions represent a significant gap in
current practice.

This work presents the design and prototyping of an open-source, web-based ap-
plication aimed at supporting bridge inspection and data management. The platform is
conceived to address current limitations in fragmented workflows by outlining a unified
environment capable of integrating heterogeneous geospatial data—such as point clouds,
Computer Aided Design (CAD)-derived 3D models, and images. Specifically tailored to the
requirements of small and medium-sized public administrations, the system architecture
supports structured data organization, interactive 3D visualization, and role-based access
control. Aligned with digital transition goals, the prototype developed as part of the collab-
oration with the Province of Piacenza (Italy) emphasizes interoperability, transparency, and
scalability as foundational principles.

2. Current Technologies in Bridge Management
In response to the urgent need for more effective bridge governance, the landscape of

inspection and data management systems has evolved rapidly in recent decades [10–15].
Currently, modern approaches are based on a layered system of data acquisition, pro-
cessing, integration, and visualization, where the main objective is to generate usable
information-based environments to support timely and informed decision-making mainte-
nance operations.

2.1. Bridge Data Acquisition Techniques

In this framework, data acquisition can represent the first step of the management
process. Traditionally, bridge inspections have relied on visual surveys; however, these ap-
proaches often present technical challenges, as they can be time-consuming, costly and risky
for inspectors, particularly, when dealing with damaged or hard-to-reach structures [16,17].
In this context, geomatics techniques, combined with traditional non-destructive testing
(NDT) methods and sensor monitoring, have proven to be effective tools for the remote
acquisition of accurate data on the geometry and degradation state of structures, providing
a solid basis for 2D/3D reconstruction and analysis of phenomena such as deformations
and displacements [18]. The integration of these technologies provides an objective survey
of the assets’ structural condition, enabling the timely diagnosis of possible structural
anomalies and the planning of targeted maintenance interventions.

Photogrammetry is one of the techniques widely used in the geomatics field for built
environment surveying, especially with the development of UAV technology, as drones can
overcome some limitations that may arise during an inspection, such as site accessibility [19].
These instruments can rapidly acquire videos and images that are useful for digitally
reproducing the asset, gathering geometric and material-pathological information, also
thanks to integration with complementary technologies, such as thermography [16,19,20].

Another technique used to monitor bridges is laser surveying, which can be carried out
through static or mobile devices. Stationary instruments, such as terrestrial laser scanners
(TLS), can quickly and accurately acquire the geometric characteristics of bridges and mon-
itor structural deformation through time-series comparison analysis [21,22]. In addition
to TLSs, Simultaneous Localisation and Mapping (SLAM) mobile laser scanners, that are
equipped with an Inertial Measurement Unit (IMU) which traces the tool trajectory, allow
for faster acquisition, which can be useful for large, complex structures [23]. Furthermore,
LiDAR systems have been used to detect defects such as cracks, partly as they can be
integrated into mobile tools such as SLAM lasers, drones and vehicles [24–26].
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In addition to the previously cited tools, advanced bridge monitoring relies on satellite
and remote sensing technologies to expand spatial and temporal analysis capabilities. For
example, Global Navigation Satellite System (GNSS) allows for geo-oriented surveying
and monitoring of structural deformations or displacements via Global Positioning System
(GPS) networks [27,28]. Another well-established technology is Synthetic Aperture Radar
Interferometry (InSAR), which uses satellite radar to detect structural issues related to
spatial phenomena such as displacements induced by thermal variations [29,30]. These ad-
vanced tools complement traditional Structural Health Monitoring (SHM) methods, where
data collection can be either point-based or continuous: in fact, SHM has relied on non-
destructive techniques [20,31,32] and the integration of various sensory systems [33–35], all
of which are now established in civil engineering to ensure the safety and reliability of in-
frastructure. In this context, the geomatic and structural techniques mentioned allow for the
acquisition of raw data that can be subsequently processed by proprietary software [36–38],
open-source programs [39,40] or innovative methods [41–43] for the generation of various
outputs, which allow for the digital visualization of the asset.

2.2. Output Types for Bridge Survey

A direct product of laser scanning or photogrammetric processing is the point cloud,
which represents the geometry of the surveyed structure with high density and additional
sensor data, such as intensity or number of returns, or chromatic information [44]. This
chromatic data, when properly calibrated, is critical for visual inspection as it allows for
the identification of bi-dimensional pathologies, such as humidity, molds, or efflorescence,
which are often not perceivable from the 3D geometry alone. From this dataset it is possible
to generate meshes, continuous surfaces suitable for material analysis and the detection
of structural defects [45,46]. The point cloud can also be used as the basis for developing
CAD [47,48], BIM [49,50] and Industry Foundation Classes (IFC) [51,52] models used
to improve static/phase-by-phase maintenance management. Furthermore, when these
models are integrated with IoT sensors that provide real-time data, they become digital
twins (DTs), virtual replicas that enable comprehensive and dynamic lifecycle management
of the assets [53,54]. Additional information can be obtained from the survey technologies
themselves, including oriented images produced by photogrammetry, which maps the
locations of UAV photos [55], and data from non-destructive testing (NDT), which can be
integrated into the final visualized model, providing a detailed digital representation of the
asset condition [56].

2.3. Bridge Data Management and Visualization Solutions

While the acquisition and processing of heterogeneous data are the first step in the
digitization of civil assets, an equally important challenge is the effective management
and visualization of this information. To ensure that infrastructure owners, engineers
and decision-makers have a complete and up-to-date understanding of the assets to be
maintained, it is crucial to adopt interoperable systems that can integrate different data
sources. In this context, digital platforms that consolidate geometric and parametric, visual
and physical datasets have become one of the focuses of both research and practice.

Currently, BIM models are often managed within the same authoring software used to
develop them, where geometric, semantic, and asset data are integrated [57,58]. However,
dependence on proprietary solutions can limit the system’s interoperability, as accessing
and modifying information usually requires the same software environment. To overcome
this, BIM models are increasingly being exported in the open IFC format and displayed
using free desktop viewers, which allow users to visualize the model without commercial
licensing [59,60]. Nevertheless, it is now recognized that BIM/openBIM models alone
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cannot encompass the full range of data required for the long-term management of assets:
overloading the model with heterogeneous information would reduce its usability and
increase the complexity of the system.

With the recognized limitations of standalone BIM models, the challenge of effective
infrastructure management is increasingly being overcome by WebGIS solutions [4,61]
which integrate GIS with web technologies, allow users to access, visualize, and analyze
complex spatial data through a simple web browser. This architecture emerged to overcome
the limitations of traditional BMSs, which often suffered from flat graphics, user-unfriendly
interfaces, and a limited capacity for visualizing geospatial data [4,9,62]. In this model, the
WebGIS platform becomes a centralized cloud-based environment that supports advanced
geospatial visualization and data integration. To address the need for comprehensive and
decentralized access, research has focused on developing multiscale WebGIS-based man-
agement systems for roads [25,63], railways [64] and power and supply networks [65–67].
These platforms typically feature an upper level to manage the overall bridge network
using 2D vectors, and a lower level designed to handle 3D spatial information and real-time
data streams for single structures. The ability of the 3D component to rapidly convey bridge
features and exploration scenarios is essential for managers [9].

Consequently, some infrastructure managers and researchers have adopted more ad-
vanced, integrated commercial management system solutions: these platforms enable the
combination of digital models with inspection data [57,68], summary graphs of asset condi-
tions [69], and condition records via analytical outputs such as degradation mapping [70].
Additionally, emerging commercial cloud-based solutions [71] or game-based solutions [72]
are being used to visualize sensor data via digital devices such as computers or immersive
devices. This enables real-time condition monitoring and augmented reality interactions in
situ [72,73]. In particular, the comprehensive tools and combinations developed by Esri
and Bentley Systems in recent years have explored the development of fully integrated
digital twin-like platforms involving the adoption of ArcGIS and iTwin [63,74,75]. Despite
their capabilities, these commercial systems often have limitations in terms of dashboard
customization and are inherently proprietary, raising issues about long-term flexibility, cost,
and data ownership.

Due to the increasing complexity and heterogeneity of data, some authors have be-
gun developing customized solutions using open source: these systems aim to provide a
flexible and scalable environment for managing structured data, overcoming the limita-
tions imposed by commercial platforms. These solutions have proven to be effective and
versatile, with applications documented in the literature ranging from cultural heritage
promotion [76,77] and power supply management [66,67] to environment and sustain-
ability monitoring [78,79]. In this context, some authors have proposed BMSs based on
Free and Open-Source Software (FOSS) platforms for defining their architecture: in fact, in
this framework, data are usually organized through relational databases, which allow for
efficient storage and retrieval, while spatial mapping of infrastructure assets is managed
through GISs, which can provide a complete overview of the infrastructure network [4].
Finally, visualization of individual assets is performed using dedicated open-source view-
ers, which support consultation of BIM/IFC models, point clouds and other surveys, and
monitoring outputs [5–80]. This integrated, modular approach enables the creation of an
interoperable, extensible, and accessible digital ecosystem for infrastructure monitoring
and management.

Based on the overview and key points highlighted in the introduction, it is crucial
to develop a comprehensive framework for creating a visualization platform suitable for
bridge management. This system should be able to integrate different data sources and



Geomatics 2025, 5, 68 6 of 28

adapt to a wide range of real-world scenarios, from environments with a large amount of
data to those requiring the incorporation of entirely new information.

3. Platform Design
The proposed solution aims at supporting the complexity of the variety of product for-

mats resulting from bridge inspections with dedicated workflows, leveraging the potential
of open-source software. This section outlines the key steps involved in designing a WebGIS
platform prototype for bridge inspection data management, including user requirements
analysis, software architecture design choice, and functional modules overview.

3.1. User Requirements

In order to design and implement platform functionalities effectively, it is necessary to
evaluate the needs of the target users, as the dimensions of resources and managed assets
can vary significantly at different scales (Figure 1). Indeed, in the last decade, the digital
transformation phenomenon led government organizations and public administration
bodies to rethink their traditional documentation and data management workflows, often
relying on highly detailed proprietary e-solutions [81]. In this constantly evolving scenario,
the European Commission highlighted the potential of open-source tools to enhance trans-
parency and reusability, recommending their adoption in its Open-source software strategy
2020–2023 [82]. This was also remarked upon by country members such as Italy [83].
However, the transition is ongoing and faces obstacles, as proprietary solutions are still
heavily relied upon due to their perceived reliability. Differences in financial resources
and technical expertise lead to discrepancies at both the national level and among small
and medium-sized entities, which often lack the specialized personnel or funding required
to implement context-specific tools [84,85]. In this context, an easy-to-implement and
adaptable combination of FOSS tools could represent an opportunity for a more efficient,
digitalized approach for smaller agents [86].

Considering the current challenges in data management software adoption, the target
users for this study are the road asset managers of medium and small size administrative
divisions. In particular, the case studies illustrated in this paper specifically cover the
examples of the Italian Province, as the WebGIS prototype illustrated in this paper has
been developed as part of a collaboration with the Province of Piacenza (Italy). Since the
formulation of the multi-level Guidelines for Risk Classification and Management [87]
and their subsequent implementation [88], such entities have been required to carry out
periodic inspections to assign an “Attention Class” to each managed structure, assessing
the possible need for more detailed inspection or monitoring procedures. Similarly to
regulations in other countries, the initial stage consists of a visual inspection, in which
operators in the field collect large amounts of data and observations. These are usually
stored fragmentarily on personal memory disks, thus increasing the risk of data loss and
misinterpretation. In addition, given the extent of infrastructure networks and possible
limited internal resources, small/middle administrations are often unable to carry out
systematic inspections: consequently, they turn to specialized external entities to ensure
consistent and adequate data monitoring and management. Similarly, the results of process-
ing steps such as laser scanning or photogrammetric reconstruction, including geometrical
models, are often archived in disorganized system local folders. This makes it impossible
to preserve both thematic and geospatial components in a coherent common and queryable
space. As a result, data managers experience difficulties in retrieving information. This is
because relevant information is dispersed in duplicated text or spreadsheet files [89].
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Figure 1. The inverted pyramid visualizes a progressive refinement from broader issues—data
storage, inspection, and retrieval—down to the core solution implementation phase. This structure
reflects the priorities and practical needs expressed by infrastructure stakeholders and guides the
system design from problem identification to functional response.

Therefore, the designed platform requires the ability to manage and interactively
query the geodata and products that are traditionally acquired during the periodical
inspections, the processed output resulting from them as well as historical data (e.g., digi-
tally scanned report or document) related to the structure design or existing time-series
of observations from sensors previously installed on the bridge. In the case of the Ital-
ian Province administration, this usually consists of CAD 3D drawings, point clouds,
georeferenced images or BIM models. This finding aligns directly with the outputs iden-
tified in the state-of-the-art overview in Section 2.2, such as point clouds [44], BIM/IFC
models [49–52] and oriented images [55], confirming that a primary requirement for the
platform is to ingest and manage such heterogeneous data types. Moreover, the proto-
type must enable and enhance interactivity and user-role-based access of interactions, as
well as support the filtering and annotation of visible defects detected on the structure
during exploration.

A key consideration in this design is defining the appropriate level of access for
different users. The user definition followed a preliminary step conducted in collaboration
with the Province of Piacenza, a local authority in the Italian region of Emilia Romagna
which required to conduct periodical inspection on bridges. Such collaboration helped
identifying the key personnel and their existing workflows: primarily, the staff responsible
for the current Road Cadaster inventory, already familiar with routine database and GIS
operations and editing, and the structural assessment group, which typically handles
separately defect recognition through fragmented visual inspections (e.g., written reports
and unstructured photo collection) lacking a unified geospatial context.

While future development may include public-facing access, the current prototype
focuses on the primary internal user groups within public administrations. These groups
require distinct permissions managed by a role-based access control system to ensure data
integrity. The three core user groups identified are: IT technicians, responsible for the
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system’s maintenance and user management; GIS specialists or data managers, responsible
for uploading and organizing geospatial data and inspection products; and bridge engi-
neers or inspectors, responsible for the technical assessment, defect annotation and rating
of the structures.

3.2. System Design Principles

The proposed system is designed to meet the following goals: modularity, geospatial
interoperability, user-centric design and re-adaptability.

Recent literature on the topic highlights the need for, and diffuse trend of, modular
bridge data management solutions [10]. It is now common practice to identify a strict
structure in operating solutions, which are mainly composed of four modules: inventory;
data integration; asset assessment and prognosis; decision-making support and forecast-
ing [4,11,25]. This choice allows users to clearly identify the functionalities of each distinct
component while supporting future scalability and extension.

As bridge management inherently involves spatial relationships, the system must
also handle georeferenced data through Open Geospatial Consortium (OGC)-compliant
services [63]. Spatial queries combine asset locations with regional infrastructure networks,
while coordinate reference system transformations ensure consistency across UAV survey
products (WGS84), CAD drawings and other geodata in different formats. An abstraction
layer uses dedicated pipelines to convert heterogeneous inputs, including point clouds
(LAS/LAZ) and BIM models (IFC), into unified, web-ready formats [90]. In this way, the
proposed prototype addresses the limitations of standalone platforms lock-in identified
in Section 2.3, adopting the more flexible, integrated WebGIS approach advocated in
recent research [4,14,63].

User-centric interface design is another guiding principle throughout the development
process. The interface shaped through iterative consultations with small or medium-size
local administrators has to be aligned with the practical workflows of different user groups,
especially simplifying the access to UAV-derived products and GIS-based services [91].
This approach results in a platform that adapts to the context of use, offering tailored
visualization presets for inspectors and planners, as well as streamlined access to advanced
tools only when required [92]. The design prioritizes clarity and usability, supporting
both desktop and mobile inspection activities, including scenarios where offline access is
necessary. In parallel, a role-based access control system is required in accordance with
established standards, allowing for precise management of permissions. This ensures that
data stewards, engineers, and public stakeholders interact with the platform according to
their specific responsibilities, thereby supporting secure and efficient collaboration as well
as operations tracking and versioning [93].

Re-adaptability and extensibility are addressed through the adoption of a micro-
services architecture, which enables individual components to be updated or replaced
without disrupting the overall system. The platform’s modular design needs to be com-
plemented with clear and up-to-date documentation and access points (e.g., database
connections, APIs), facilitating integration with external tools for advanced spatial analysis,
development of custom dashboards and reporting solutions. This architecture choice not
only supports the incremental enhancement of platform capabilities but also encourages
the adoption of open standards and the Findable, Accessible, Interoperable, and Reusable
(FAIR) data principles [94]. As a result, the system remains adaptable to evolving require-
ments and can be readily extended to accommodate new data types or functionalities as
bridge management practices continue to advance.
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3.3. Functional Modules Overview

In light of the underlying design principles, the proposed system comprises four
interconnected core modules: inventory and data storage; visualization and query interface;
annotation and update tools; a re-adaptability and documentation module. Defined based
on insights from a state-of-the-art review and user requirements, these modules form
the backbone of the system and provide a foundation for the development of additional
functionalities in the future (Figure 2).

Figure 2. Modular schema of the developed open-source platform for infrastructure data management.
The 4 modules support the full lifecycle of infrastructure inspection and monitoring data, from
storage to visualization and iterative updates. The circular layout emphasizes continuous feedback
and extensibility.

3.3.1. Inventory and Data Storage

This component deals with the inventory of the historical information on the asset
as well as data collected during inspections, continuous monitoring, and special field
operations. The database, which acts as the system’s memory, needs to preserve the logical
relationship between different bridge-related entities and manage various data types,
including descriptions, quantitative measurements, and multimedia attachments. However,
it is particularly important to manage geospatial data, as this is necessary for understanding
the geographical and geometric context of a given structure and its components at different
scales. Indeed, the underlying database has to organize a wide range of data associated with
each structure, including general information such as geometry, type and ownership, as
well as details about structural elements and their materials. The system records inspection
campaigns carried out over time, documenting any defects observed, their severity, and
their spatial location. In this way, when interacting with a connected viewer, users can also
annotate and save georeferenced defect recognized on the images or 3D products from
specific inspections. Such edits can then be flexibly retrieved with SQL queries thanks to
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the proposed database structure, whose Entity Relationship Diagram (ERD) is provided
in Figure 3. As the common practice for relational database design, the ERD is used
here to explicitly define the relationships between the spatial, temporal, and descriptive
components of the system. The schema is centered on the Structures table, which acts as
the main asset inventory. This table stores descriptive information (e.g., name, road_code),
key temporal data (e.g., prj_year), and its primary spatial location (the geom field) as a
2D point. This table has one-to-many relationships with its child tables. Regarding the
Inspections entity, it captures the main temporal component of the data, with each record
representing a single survey event defined by its date. Sub-elements, instead, define the
individual components of a structure (e.g., a specific pile or beam), each with its own
geometry—described as a 3D polygon—and descriptive attributes (material). Finally, the
Attachments table allows for linking any number of non-spatial documents (like PDF
reports or historical drawings) directly to the main asset.

Figure 3. Entity Relationship Diagram (ERD) for the platform made with MySQL Workbench.

The Inspections table acts as a key observation hub. Each inspection record is the
parent for the data collected during that event, including multiple 3D products (paths to
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point clouds or models), Images, with their camera poses saved as 3D points and linked to
a Cameras table storing their parameters, and Defects, archiving as 3D points.

The chosen essential schema consequently ensures that all data—from defects to
imagery—can be traced back to the corresponding structure and inspection event. This ar-
chitecture facilitates comprehensive condition assessments, supports digital documentation
workflows, and enables integration with geospatial and photogrammetric data sources.

3.3.2. Visualization and Query Interface

The visualization module is designed to help different users of the system plot and
query data from the underlying inventory module. This requires efficient, dedicated
tools and libraries to create interactive, user-friendly graphical user interfaces (GUIs) for
filtering relevant data at different spatial and semantic scales. When using this module, it
is important to consider data exploration and filtering at the level of individual structural
elements (e.g., beams and piles) and entire structures. This must take into account their
interaction with their immediate surroundings or their position within the road network.
Such an approach requires lightweight 2D maps with spatial filtering, overview dynamic
dashboards for single bridge inspection history, and 3D web-based viewers for detailed
product virtual exploration. The query interface leverages this relational structure to
execute powerful, cross-table queries. For example, the Home map interface runs a spatial
query to fetch all Structures within the current map view’s bounding box. When a user
selects a bridge, the Inspection history dashboard performs a query using the structure’s ID
to retrieve all associated Inspections records, ordered by date. The 3D viewer then executes
more complex joins, such as retrieving all Defects (and their geom columns) linked to a
specific Inspection ID to visualize them in 3D space.

The tools responsible for each database-reading functionality must be able to interact
with each other in a collaborative web space supporting different platforms, whether
desktop or mobile, without the need to install additional software locally.

3.3.3. Annotation and Update Tools

This component of the proposed system manages all user-platform interactions aimed
at creating, editing or deleting data and objects connected to the bridge inspection infor-
mation system. It complements the viewing capabilities of the visualization module by
providing full support for Create, Read, Update and Delete (CRUD) operations, as well
as enabling memory storage for user interaction. In addition, it facilitates the upload and
export of inspection reports, supporting documents, and survey outputs, thereby stream-
lining the documentation process and ensuring that all relevant materials are centrally
archived and easily retrievable. The annotation tools allow users to tag defects directly on
the 3D model or associated imagery, enhancing the precision of condition assessments and
enabling the integration of photographic evidence through image annotation features. All
editing and annotation functionalities are managed through a role-based access control
system, which ensures that only authorized users can modify or approve critical data, thus
maintaining data integrity and supporting collaborative workflows among inspectors, engi-
neers, and administrators (Table 1). Specifically, this system is designed around three main
user groups, defined internally by the public administration. The System Administrator
(e.g., IT Technician) role holds full privileged access for system maintenance, user manage-
ment, and configuration. The editor role (e.g., GIS Specialist) holds full CRUD permissions
for the platform’s content, responsible for uploading and managing the core asset inventory
and inspection data. The user role (e.g., Inspector/Engineer) has comprehensive read
access to all data but limited specific writing permission focused on contributing technical
assessments, such as creating and updating defect annotations on structural digital replicas.
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Table 1. Definition of the three internal user role groups and their corresponding platform permissions.

User Role Primary Responsibility Key Permissions

IT Technician(s)
(System Administrator)

System maintenance and
integrity

Full administrative control.
Manage user accounts and permissions (Create, read,

update, delete users).
Configure DB connections and system settings.

GIS Specialist(s)
(Data Manager)

Management of the asset
inventory and inspection data

Upload, manage and delete inspection data.
Create, edit and delete asset inventory records.

Manage 2D additional map layers.

Bridge engineer(s)
(Inspector/Engineers)

Technical assessment and
condition monitoring

View and query all assets and inspection data.
Create, read and update defect annotations.

Use 3D viewer tools (measurement, clipping, sectioning)
Generate PDF reports.

3.3.4. Re-Adaptability and Documentation

The structure of the proposed solution is completed with the re-adaptability module,
whose primary role is to ensure that the entire toolset can be efficiently reused and cus-
tomized for a wide range of case studies, extending well beyond the domain of bridge
management. This module is grounded in a commitment to open-source development and
transparency, with the full codebase made publicly accessible via a dedicated repository on
open developer platforms (https://github.com/Tars4815/ponti, accessed on 26 October
2025). To facilitate rapid deployment and adaptation, the platform provides a comprehen-
sive database schema accompanied by SQL initialization scripts, enabling users to set up
and tailor the data model to their specific requirements. A detailed user manual accom-
panies the repository, describing the platform’s setup procedures and core functionalities
to support both novice and advanced users. Furthermore, explicit guidelines need to be
included to assist with interface customization and the transferability of the platform to
new domains, ensuring that organizations can readily adapt the system to their opera-
tional context. Collectively, these resources—open-source code, structured documentation,
and practical guides—form the foundation for the platform’s reusability and long-term
sustainability in diverse geospatial and asset management applications.

4. System Architecture and Prototype
The proposed system design addresses the need for survey data storage, integra-

tion and exploration to support virtual and interactive assessment. This forms the basis
for the future implementation of country- or case-specific rating computations and the
implementation of dedicated national maintenance strategies. Based on that, a minimal
prototype—called Potree-based platfOrm for iNfrasTructure Inspection (P.O.N.T.I.)—has
been developed and tested, implementing the designed modules and essential interaction
components for bridge inspection data management.

4.1. Prototype Components

Following the theoretical definition of the functional modules, 6 distinct operational
components have been distinguished for identifying suitable technologies for implemen-
tation. The Free and Open-Source technology stack adopted for the prototype is detailed
in Table 2 while their roles and interaction within the theoretical modules is illustrated
in Figure 4.

https://github.com/Tars4815/ponti


Geomatics 2025, 5, 68 13 of 28

Table 2. Technologies and functions for which each component of the prototype architecture is
responsible for.

Component Technology Functions

Data storage PostgreSQL + PostGIS Stores structured data (assets, inspections,
defects), supports spatial queries

Map interface Leaflet.js Displays bridge locations, filters
records, opens asset panels

3D viewer Potree +
CesiumJS + XEOKIT

Renders point clouds and BIM/CAD
models, supports spatial exploration

Annotation & uploads HTML5 forms + DB logic Allows authenticated users to update files,
annotate images, and tag defects

Role-based access PostgreSQL roles, login system Manages user permissions for viewing,
editing, and administration

Deployment & reuse GitHub repository +
documentation

Open-source release with ERD schema,
customization tips, and installation guide

Figure 4. System modules and architecture of the P.O.N.T.I. platform prototype. The architecture
integrates a spatially enabled data storage backend, a WebGIS-based application for visualization,
querying, annotation, and updates, and a re-adaptability module to support reuse and customization.
Key technologies include PostgreSQL/PostGIS, Leaflet, Potree, PHP scripting, and open-source
resources shared via GitHub.

The core element of the Inventory module is represented by the relational database,
built with PostgreSQL and PostGIS [95], already used by the Province of Piacenza stake-
holders. This choice is further motivated by its object relational nature, which makes it
highly extensible, and its scalability to efficiently manage the large data quantities antic-
ipated for a future monitoring module integration. Furthermore, for web-based 3D GIS
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applications, PostGIS enables direct conversion of spatial data to 3D tiles and other OGC
standard formats using native functions, while alternatives like MySQL not only limits
the possibility of managing different formats making it less extensible but would also re-
quire complex manual processing. Moreover, PostgreSQL natively manages simultaneous
user requests using a sophisticated Multi-version Concurrency Control (MVCC) model,
which ensures that multiple users can read and write to the database at the same time
without interfering with each other or causing data corruption, with special support on
writing operations.

Regarding the server architecture, the current proposed prototype is deployed locally
using XAMPP [96], which provides an Apache-based environment. In its current testing
phase, the communication between the user interfaces (built in HTML/JavaScript) and
the PostgreSQL/PostGIS database is not managed by a formal REST API or a dedicated
GeoServer. Instead, it employs a classic server-side scripting model using PHP scripts.
When the frontend client requires data (e.g., to populate the web-map interface or retrieve
inspection details), it sends a request to a specific PHP script. This script then directly
connects to the database, executes the necessary SQL query, formats and results and return
them to the client. This lightweight approach was sufficient for the prototype, while the
potential implementation of a more scalable REST API architecture using frameworks like
Node.js or Flask is identified as a future enhancement.

To clarify the 3D data workflow, it is important to distinguish the main 3D recon-
struction process (which is outside the scope of this platform) from the 3D data processing
pipeline, which is fundamental to the system. The platform is designed to accept the
products of 3D surveys, such as dense point clouds (e.g., in LAS/LAZ format), as well
as BIM models (e.g., in IFC format (ISO 16739)) when available. These raw files, which
are often massive, cannot be loaded directly into a web browser. First, they must undergo
preprocessing and tiling, which constitutes the abstraction layer mentioned in Section 3.2 of
the design principles. Therefore, raw LAS/LAZ files are converted into a web-optimized,
multi-resolution octree data structure using PotreeConverter. The GIS specialist responsible
for updating the data uses the converter’s user-friendly desktop interface. This hierarchical
structure is essential for managing levels of detail and ensuring high performance. Simi-
larly, IFC or CAD models are processed into web-streamable formats, such as OGC 3D Tiles,
which are natively supported for visualization by CesiumJS and can be generated from
PostGIS. These compressed formats are also required by XEOKIT (.xkt). The system then
ingests these processed, web-ready outputs. Their file paths and metadata are stored in the
database’s 3D products table, which links them to the correct inspection. The server serves
these as static assets. When a user enters the 3D viewer explorer, the front-end application
is given the path to these optimized assets. The respective libraries then handle efficient
streaming and rendering. This standard-oriented approach is adopted also for the 2D map
interface, which is built to be compliant with OGC WMS and WFS, enabling the integration
of external data layers when needed by the users (e.g., regional risk maps). Furthermore,
all front-end components are built with HTML5, CSS and JavaScript, following World Wide
Web Consortium (W3C) standards to promote cross-browser compatibility.

The defined data inventory interacts with a web-based platform that, in its final im-
plementation, does not require any local installation. Currently, the prototype is under
testing and evaluation on a local server. Such platform works thanks to the integration of
the visualization and query interface through the underlying annotation and update tools
that communicate with the database. For 2D visualization purposes, the JavaScript library
Leaflet was adopted, supporting lightweight rendering and interactive web-mapping opera-
tions [97]; while the 3D viewer is built on top of well-established libraries for pointcloud ren-
dering (Potree) [98], large geospatial integration in web GIS environments (CesiumJS) [99]
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and BIM visualization (XEOKIT) [100]. Their integration supports the flexible exploration
of geodata at different scales, enhancing user experience. For the case study of the Province
of Piacenza, the chosen reference system for the input inspection data is ETRS89/UTM
Zone 32N (EPSG: 25832). This is the system officially adopted for geodata exchange by
Emilia-Romagna, the Italian region in which the case study is located. Transformations
from other EPSG, particularly EPSG: 4326, are managed through the open-source PROJ.4
library to facilitate globe-based representation.

The entire system prototype was tested using XAMPP, a free and open-source cross-
platform web server solution developed by Apache Friends [96]. This environment enabled
local deployment and testing of the web application components (including PHP scripts,
database connections, and file handling) in an integrated and reproducible setup.

4.2. Navigation Layers and Interface Functions

Aligning to the design principles, the prototype consists of 3 web navigation layers,
supporting asset exploration at different scales while allowing for flexible rendering of
2D and 3D objects in an interactive scene. Figure 5 summarizes the roles and functions of
each layer.

 

Figure 5. Application navigation layers of the P.O.N.T.I. platform. The interface offers progressive
access through a home map, an inspection history dashboard, and a 3D viewer explorer, supporting
spatial browsing, inspection data retrieval, and immersive survey product visualization.

4.2.1. Home Map Interface

The landing page of the developed prototype features a Leaflet-based web map within
a GUI designed for simplicity using Bootstrap (Figure 6). The choice of the Leaflet library
was made after considering alternatives such as OpenLayers. While OpenLayers offers a
comprehensive feature set, Leaflet was selected for its lightweight nature, simplicity, and
ease of integration [101].
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Figure 6. Home page of the prototype with bridge asset overview in the interactive Leaflet-based
map. The sidebar on the left allows users to filter structures based on attributes (e.g., official name,
municipality). Based on the scale of visualization, point map features are clustered thanks to the
Leaflet.markerCluster plugin, with varying colors based on numerosity of clusters.

This view provides a dedicated entry point for visualizing the geolocation of assets
on the territory and for filtering the structure list according to attributes of interest in the
sidebar. To take advantage of updating and writing permissions, users need to log in via the
‘Tools’ option in the top navigation bar. Here, it is also possible to implement other custom
functionalities, such as downloading visualized data, measuring distance and calculating
routes. The Leaflet map implements native core features such as zoom and user geolocation.
The latter is particularly useful if the user is accessing the application from a mobile device
in the field. As specified in Section 4.1, in its current state, P.O.N.T.I. does not deploy its own
GeoServer instance for publishing its internal data. As the architecture in Figure 4 suggests,
the Leaflet map accesses the bridge data stored in the database through a more direct,
lightweight method. The backend executes a spatial query against the PostgreSQL/PostGIS
database, retrieves the Structures data, and serves it to the Leaflet client as a GeoJSON
object, which is then rendered as map features. The platform’s interaction with OGC
services, mentioned in Section 4.1, is limited to acting as a consumer. Customisation with
connection to services of interest for the managers will allows users to overlay external data
layers (e.g., WMS/WFS from a regional geoportal) for added context. Indeed, by layering
multiple thematic information onto the asset dataset, it is possible to qualitatively evaluate
other variables characterizing the territorial context, such as hydraulic risk, cataloged
gravitational phenomena or seismic zonation. Moreover, the rendering legend of the asset
can be customized according to the end users’ preferences. Structures can be symbolized
differently according to the most recent inspections, live operability and rated conditions. If
a rating system is needed in compliance with regional regulations on the matter, calculations
can be implemented at the database level. This approach helps bridge management units
to quickly identify structures requiring an up-to-date visual inspection for the planning of
future maintenance activities.

Once a bridge of interest is identified on the map, by clicking its icon the logged user
can have an overview of the main information associated with the bridge with a pop-up
panel that includes both the report generation functionality and the inspection history
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access point, explained in detail in the next section. If a simplified report for a given bridge
is needed, the user can click on the “Generate PDF” button (Figure 7). This action triggers
the automatic generation of PDF file, thanks to the JSPDF library. The output document
is created starting from a predefined template filled with information on the structure
retrieved from the underlying database. This functionality can be useful and timesaving
when country-specific regulations—like the Italian one—ask asset managers to fill standard
PDF tables.

 

Figure 7. Example of the export mode from the home page that leverages the functionalities of JSPDF
for the automatic generation of PDF report files with bridge information that could be accessed
also offline.

4.2.2. Inspection History Dashboard

After exploring the network-scale viewer and selecting a bridge of interest, users can
access the single structure menu, which includes an overview of the bridge’s inspection
history. This consists of a list of all surveying activities retrieved from the database by
filtering by the bridge identifier (Figure 8). According to their specific needs, the inter-
face can be customized to include additional filters to simplify the search for activities
within a specific time range or that produced specific products (e.g., pointclouds and/or
oriented images).

When a single inspection entry is selected, an informative panel summarizing the
quantity and variety of products (such as number of images or the presence of point clouds
or BIM models), as well as the defects identified during the inspection (both in situ and
a posteriori through the viewer), is made visible. If the annotated defects have also been
associated with a specific severity degree and a grading formula has been implemented
in the code, an overall structure assessment rating is shown. This custom functionality
must be defined and implemented differently according to the case study, as most bridge
grading systems are country- or region-specific. Finally, a small 3D viewer is embedded
in the inspection info panel, showing a Potree preview of the associated point cloud, if
available for the give inspection.
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Figure 8. Inspection dashboard for a selected structure. This page summarizes the timeline of
the bridge inspections, providing a simple interface for exploring the available survey products,
computed bridge assessment rating and preview of the viewer.

4.2.3. Three-Dimensional Viewer Explorer

The 3D viewer explorer within the platform enables advanced interaction with bridge
inspection data, supporting interactive exploration of georeferenced 3D products like point
clouds and BIM models embedded directly in the browser.

The 3D viewer explorer adopts a modular approach, using specialized libraries for
specific data type. In its current implementation, indeed, the prototype does not combine
point clouds and BIM in the same 3D view. Instead, it links the user from the dashboard to
the appropriate specialized viewer (e.g., Figures 9 and 10 for point clouds, Figure 11 for
BIM), depending on the attached 3D product (for example point cloud or BIM) to a given
inspection record. However, for users requiring enhanced geospatial contextualization,
a possible customization would be to pre-process the IFC model into OGC 3D Tiles and
visualize it directly within the Potree-Cesium viewer alongside the point cloud, using its
3D tiles loader function from CesiumJS.

 

Figure 9. The interface allows users to inspect a textured 3D model of the bridge and record defect an-
notations by selecting a point directly on the geometry. Each annotation captures spatial coordinates,
defect type (e.g., spalling), severity level, and optional textual descriptions. This integration facilitates
consistent documentation and streamlined condition assessment in a spatially aware environment.
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Figure 10. Example of a user-input procedure for defining a structural element directly within the 3D
viewer. This approach allows users to define a bounding box to quickly filter the point cloud view
and hide irrelevant parts. The OpenStreetMap basemap on the background is visualized through
CesiumJS functionalities.

 

Figure 11. Screenshot of user interface for the 3D viewer component based on XEOKIT library for
visualizing BIM models and inspecting their properties.

The use of CesiumJS and XEOKIT reflects a common technology choice for GIS-
module and BIM-module functionalities, an approach also validated in recent open-source
bridge data visualization research [5]. CesiumJS was chosen for its strength in provid-
ing the overarching 3D global geospatial context and handling 3D tiles when available,
while XEOKIT was chosen for its specific, high-performance capabilities in parsing and
visualizing semantic BIM/IFC models for detailed component inspection.

Point clouds are overlaid with oriented images captured during surveys (Figure 9).
When a given image is clicked in the 3D space, it is overlaid in the 3D space. The camera
parameters, stored in the database, are used to link the 2D image pixels to the 3D point
cloud geometry with a dedicated native Potree functionality, as illustrated in Figure 9. This
allows users to compare textures and localize defects by clicking on the photo to generate a
3D annotation.
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Users can define and extract specific sub-elements from the point cloud with polygon
clipping or filtering tools, facilitating isolation and analysis of structural components such
as beams or decks (Figure 10). Such operations are made possible thanks to the integra-
tion of PotreeJS (built on top of ThreeJS), powered by CesiumJS to provide geographical
context (e.g., OpenStreetMap standard basemap and terrain). The viewer supports BIM
visualization through libraries like XEOKIT, enabling detailed exploration of IFC-based
models, including navigation, object selection, model sectioning, and semantic metadata
inspection within the browser (Figure 11).

A key feature is the capability to annotate defects directly on 3D models, attaching
severity grades and notes linked to the database for effective reporting. The severity
grade option implements a single defect severity according to an arbitrary grading scale
chosen by the asset management administration. This allows for a country-specific defect
grading system to be chosen for custom implementation. Once defects are entered into
the database for a given inspection, a structure-level grading formula calculates an overall
bridge rating (see the example in Figure 8). In this case, too, the formula must be chosen by
the administration, as the resulting indicator could be derived using different approaches
depending on the country’s regulations—either averaged, worst-conditioned, or other [102].
These modifications can be made at the database level by implementing custom trigger
formulas for the relevant field in the inspection entity. Measurement tools for distances,
surface areas, and volumes are integrated, along with the ability to define custom cross-
sections to inspect internal structural features. These functionalities are critical for detailed,
compliant bridge inspections and maintenance planning.

This integrated 3D viewer thus enhances remote inspection and collaborative as-
sessment by combining spatially accurate visualization, analytic tools, and interactive
defect management.

4.3. Re-Adaptability and Deployment

In accordance with the design principles and functional modules defined for the plat-
form in Section 3, the prototyped code, written in HTML, CSS and JavaScript languages,
is available on a GitHub repository (https://github.com/Tars4815/ponti) (accessed on
3 November 2025). In this way not only is the entire development process traced and
versioned transparently, but also collaboration with other developers as well as researchers
active in the field is made possible, enabling the reporting of issues or code improvements
for future versions. Moreover, the open sharing of the code, with its main functions com-
mented and documented, provides guidelines on how to re-adapt, expand and implement
the core structure of the platform with highlighted snippets as well as illustrated examples
supported by images and videos.

5. Discussion
One of the most significant advantages of the prototyped system is its flexibility and

adaptability: users can tailor the platform to their specific operational needs, integrate
new data types, and extend functionalities without being constrained by vendor-imposed
limitations. This flexibility is particularly relevant for small and medium-sized public
administrations, which often lack the resources to invest in expensive, proprietary software
suites. The open-source model also fosters transparency and collaboration, enabling a
wider community of practitioners and researchers to contribute improvements, identify
bugs, and share best practices. In practice, the availability of detailed user guides and
technical documentation on GitHub facilitate adoption and ensure that even users with
limited technical backgrounds can effectively operate the platform.

https://github.com/Tars4815/ponti
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Moreover, the system’s modular and extensible architecture offers considerable po-
tential for future expansion. In particular, it can be developed to include comprehensive
tracking of maintenance interventions, such as updating a defect’s status from “pending”
to “solved” after a repair, and monitoring activities, thereby supporting a complete life-
cycle management approach for bridge infrastructure. This enhancement would enable
systematic recording, scheduling, and evaluation of maintenance work, fostering more
proactive asset management and data-driven decision-making.

In its current state, the prototype is accessible only to registered users internally to the
public administration that, after logging in with authorized user credentials, can access the
different components of the WebGIS. In future development, after evaluating and defining
external user roles, adopting a public interface could fulfill critical functions. Exposing
read-only data, such as general inventory information and non-sensitive condition ratings,
while restricting access to detailed inspection reports and defect annotations, enhances
public trust and awareness without compromising data security or the integrity of specific
condition assessments, like raw survey data like point clouds or structured inspection data
(e.g., CSV exports).

Another enhancement for long-term upgrade planning of the platform is to separate
the “Contributor” role into two distinct user groups: Internal Editors and Public Editors.
Internal Editors would be organizational staff or certified personnel responsible for authori-
tative data entry and validation. Public editors, on the other hand, would include members
of the general public, such as citizens who actively participate in the process by suggesting
edits or reporting new observations in the field. Public editors’ contributions would follow
the crowdsourcing models seen in citizen science and on platforms like OpenStreetMap,
where volunteered information is contributed through features like georeferenced notes.
A dedicated workflow based on a “suggestion/validation” model could be implemented
where public input is submitted for review and approval by a certified administrator before
being committed to the database. This system would significantly improve asset managers’
monitoring capabilities by leveraging collective knowledge to quickly identify potential
infrastructure network issues without exposing sensitive technical operation information.
However, this kind of development requires additional considerations regarding the storage
capabilities and plans of the asset manager’s administration.

Another key strength of the platform lies in its innovative approach to defect annota-
tion. By guiding annotations with a photo oriented on a 3D point cloud, the system provides
a robust alternative to traditional textual documentation or positional references limited
to 2D images or orthophotos. Such conventional methods often suffer from fragmented
archiving and a lack of direct georeferencing, reducing data coherence and hindering effec-
tive analysis. In contrast, the 3D annotation framework enhances smarter data exploration
by enabling transparent filtering across three dimensions, improving spatial context and
accuracy in defect reporting.

However, the open-source nature of the system also presents certain limitations. While
reduced licensing costs are a clear benefit, the platform’s technical capabilities may be
constrained by the availability of contributors and the pace of community-driven updates.
The effectiveness of open-source projects depends heavily on the quality and currency of
documentation and user guides. Without regular updates and clear instructions, the risk of
adoption barriers increases, especially as the underlying technologies evolve.

Commercial platforms often provide highly polished user interfaces, advanced ana-
lytics, and integrated support, but at the cost of flexibility, data ownership, and long-term
affordability. Many proprietary systems are also closed, limiting interoperability and mak-
ing it difficult to integrate with existing workflows or external data sources. In contrast,
most existing open-source solutions in the field offer either strong geospatial capabili-
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ties (such as QGIS or GeoNode) or robust 3D visualization (such as Potree), but rarely
combine these features in a single, unified environment tailored for bridge management.
P.O.N.T.I. bridges this gap by integrating multi-source geospatial data, 3D visualization,
and role-based access control in a modular, extensible architecture.

The role of open-source tools in public digital infrastructure is increasingly recog-
nized as strategic [4,103]. By reducing dependency on proprietary vendors, public ad-
ministrations gain greater control over their data and workflows, supporting long-term
sustainability and digital sovereignty, if adequate development capabilities are available
to keep the system updated and operational. Open-source platforms also encourage
the adoption of open standards, which is critical for ensuring interoperability between
different systems and stakeholders. This is particularly important in the context of in-
frastructure management, where data must often be exchanged across organizational and
jurisdictional boundaries.

However, achieving interoperability and usability within an open-source framework
involves careful trade-offs. While strict adherence to open standards (such as OGC protocols
and open data formats) maximizes compatibility, it can also introduce complexity to
the user experience, especially for non-expert users. Conversely, efforts to streamline
and simplify the interface may sometimes limit the system’s flexibility or the range of
supported data types. The integration with mobile GIS solutions such as QField and
Mergin Maps exemplifies this balance: it allows for direct, field-based data updates via
QGIS, enhancing usability for inspectors, but requires ongoing maintenance to ensure
seamless synchronization and compatibility with evolving database schemas [104].

6. Conclusions
This work presented the design and prototyping of an open-source, web-based plat-

form tailored to support bridge inspection and data management, with a particular focus
on the needs of small and medium-sized public administrations. The platform was con-
ceived as a response to the persistent fragmentation in current workflows and the lack of
integrated, interoperable solutions for managing and visualizing geospatial and 3D data in
the bridge management domain. By integrating structured database storage, interactive
2D and 3D web geo-visualization, and role-based user interaction, the proposed prototype
offers a lightweight, transparent, and modular toolset. Its design prioritizes the following:

• Multi-format compatibility with standard inspection products or structural historical
data (e.g., point clouds, CAD/BIM models, georeferenced images).

• Scalable and reproducible architecture, built entirely on a free and open-source soft-
ware stack.

• User-centered functionalities, such as defect annotation, measurement extraction,
inspection history management, and web-based access control.

• The prototype is fully documented and openly available via a public GitHub repos-
itory, ensuring adaptability and facilitating deployment in diverse institutional or
research contexts.

Current and planned developments are focused on strengthening the platform’s
usability and extensibility. As the ongoing collaboration with the Province of Piacenza’s
technicians team continues, feedback on new functionalities and alignment with new
regulations is collected. Moreover, scalability from regional to national level institution
as well as on different types of critical structures (e.g., tunnels) are also under evaluation
with the collaboration with TECNE—Gruppo Autostrade per l’Italia and will be part of
future dedicated studies. Efforts include testing and integrating additional modules for
real-time monitoring, as well as advanced analysis of sensor observations compatible with
geospatial FOSS (FOSS4G) tools and compliant with the latest OGC standards. This will
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enable seamless interconnection between IoT devices, data, and applications, representing
a significant step toward a fully open operating system with digital twin capabilities to
support smart maintenance planning and condition forecasting.

Looking ahead on the long term, the integration of AI-powered features represents a
promising direction for the platform. For example, the implementation of chatbot interfaces
could enable users to construct complex queries through natural language, simplifying
data retrieval and analysis. Additionally, automatic defect recognition on bridge imagery
using machine and deep learning algorithms could significantly accelerate and standardize
the inspection process, improving both efficiency and reliability.

The backend architecture of the prototype can also be further enhanced by adopting
frameworks such as Flask or Node.js to expose REST endpoints supporting the platform’s
APIs. This would not only improve scalability and maintainability but also facilitate
integration with external systems and future AI modules.

A dedicated set of recommendations will be developed to support technical teams in
adapting the platform to various domains beyond bridges. These guidelines will address
data schema adjustments, viewer configurations, and interface customizations, ensuring
that new use cases preserve interoperability and system coherence. Finally, efforts will
continue to focus on collecting user feedback and further developing user documentation
and installation packages (e.g., Docker images) to support deployment by non-specialists.
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