Developing Precision Autonomous Remote Surveying of Underwater Cultural
Heritage Monuments and Artefacts with Torpedo-Shaped Vehicles: The case
of NERITES

Angelos Manglis!, Helen-Margarita Bardas’, Fabio Bruno®, Antonis Chronakis'?, Barbara Davidde*’,
Benjamin Emde®, Panagiotis Georgiadis', Elias Kotsidis'?, Patrick Krebs®, , Stelios Krinidis®, Vasiliki
Kyprouli’, Antonio Lagudi®, lakovos T. Michailidis'’, Boris Mizaikoff®!®, Leonora Podvorica®, Carlotta
Sacco Perasso'®, Soumya Rajpal®, Michela Ricca?, Marcel Rieck®, Mauro La Russa?, Stella Tamburrino'?,
Elena Tilegrafou', Dimosthenis Toliopoulos'®, Mattia Vallefuoco!!

!Atlantis Consulting, Greece

2 Department of Biology, Ecology and Earth Sciences, University of Calabria, Rende, Italy

3 Department of Mechanical, Energy and Management Engineering, University of Calabria, Rende, Italy
* Istituto Centrale per il Restauro (ICR), Ministry of Culture (MiC), Rome, Italy

3 National Superintendency for Underwater Cultural Heritage, Ministry of Culture, Italy

6 Laser Zentrum Hannover e.V., Germany

" KORSEALI, Archaeological Institute, Greece

§ Institute of Analytical and Bioanalytical Chemistry, Ulm University, Ulm, Germany

’Department of Management Science & Technology, Democritus University of Thrace, Kavala, Greece
Information Technologies Institute, Centre for Research and Technology Hellas, Thessaloniki, Greece
! Institute of Marine Science, ISMAR-CNR, Naples Italy

2Engitec Systems International Ltd, Limassol, Cyprus

BRobust Systems Engineering SCC Ltd, Nicosia, Cyprus

“National Superintendency for Underwater Cultural Heritage (SN-SUB), Ministry of Culture (MiC),
Taranto, Italy

>Alpes Lasers, Saint-Blaise, Switzerland

'*Hahn-Schickard, Ulm, Germany

Abstract
This article addresses the critical need for cost-effective and sustainable monitoring of Underwater

Cultural Heritage (UCH), which offers significant and multiple benefits. The solution is presented
through the NERITES project, a new portable framework designed for the systematic survey of
the preservation state of UCH, through precise Autonomous Remote Surveying (ARS), utilizing a
coordinated fleet of torpedo-shaped Autonomous Underwater Vehicles (AUVs) equipped with
advanced sensing technologies.

NERITES introduces a range of innovative, non-destructive detection technologies for the
comprehensive assessment of UCH sites: The 1DoF LIBS (One Degree of Freedom Laser-Induced
Breakdown Spectroscopy) that enables rapid, in-situ mapping of elemental compositions, aiding
in the identification and assessment of the condition of submerged objects. On the other hand, the
QCL (Quantum Cascade Laser)-based Mid-IR Sensor System provides real-time, in-situ chemical
characterization and monitoring of environmental pollutants, (e.g. hydrocarbons) and minerals, as
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well as indicators of stone and ceramic degradation, contributing to the development of preventive
conservation strategies.

These sensors are fully integrated into torpedo-shaped Autonomous Underwater Vehicle (AUV),
which is supported by an underwater docking station for power and data replenishment. This ARS
system is further enhanced by a surface buoy facilitating communication between the AUV and
a Remote Monitoring Control Center (RMCC), allowing real-time monitoring of the status of each
subsystem as well as the data of each active sensor. Also remote executing advanced autonomous
missions based on Al and multi-vehicle system motion control. The system minimizes reliance on
costly and potentially hazardous diver operations, making UCH monitoring more accessible and
scalable.

The effectiveness of the NERITES monitoring system will be validated and demonstrated through
field trials in two UCH areas: the Baiae Underwater Archaeological Park in Italy and the Fourni
Archipelago in Greece. The project’s findings have the potential to revolutionize UCH
management practices, providing a deeper understanding of submerged cultural resources and
enabling their long-term preservation.

Keywords: Underwater Cultural Heritage preservation, marine robotics, NERITES project

1. Introduction

The world’s oceans, seas, and rivers serve as vast repositories of cultural memory, hosting
countless traces of past civilizations in the form of shipwrecks, sunken cities, harbors, submerged
artefacts and other archaeological sites. This body of material is formally referred to as Underwater
Cultural Heritage (UCH) and is defined by the UNESCO 2001 Convention as “all traces of human
existence having a cultural, historical or archaeological character which have been partially or
totally under water, periodically or continuously, for at least 100 years”” (UNESCO, 2001). UCH
represents a valuable source of historical, scientific, and technological knowledge, contributing to
the study of trade networks, maritime technologies, and coastal urbanization.

Despite its importance, UCH remains difficult to access, monitor, and preserve. Most sites are in
challenging underwater environments, often at significant depth or in regions with limited
visibility, strong currents, and ecological sensitivity. Conventional methods for documentation and
monitoring are largely based on diver-operated surveys, which are limited by time, depth, and
weather conditions, and typically require significant logistical and financial resources.
Furthermore, such methods carry a risk of disturbing fragile structures or biological ecosystems
and sometimes result in partial data collection.
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In situ autonomous monitoring and documentation of UCH is increasingly recognized as a
necessary component of long-term conservation strategies. The ability to assess the state of
preservation of materials and surrounding environmental conditions without physical contact or
sample extraction is central to preventive conservation. This approach aligns with internationally
accepted conservation principles that promote minimal intervention, reversibility, and respect for
the authenticity and integrity of heritage assets (UNESCO, 2021). Particularly in underwater
environments, where access is limited and visibility is often reduced, the importance of non-
invasive, continuous observation becomes even more pronounced.

Despite the progress achieved through advanced imaging and robotic systems, current
technological solutions remain limited in addressing the full spectrum of conservation needs. Most
systems focus on site mapping and spatial reconstruction, offering little insight into ongoing
material degradation, chemical composition, or biological colonization. In addition, such
technologies are typically deployed for short-term campaigns and require significant human and
operational support.

The lack of integrated, autonomous systems capable of providing real-time, multi-parameter
observations restricts the ability of heritage professionals to detect changes early, evaluate risks,
or design timely interventions. Furthermore, the underwater environment itself presents specific
challenges: fluctuating salinity and temperature, biofouling, corrosion processes, and seabed
instability can all affect the condition of submerged heritage. Without systematic monitoring, such
phenomena may go unnoticed until irreversible damage occurs.

In response to these limitations, there is a growing demand for technological approaches that
combine mobility, autonomy, and advanced sensing, while respecting the fragility of underwater
cultural landscapes. Future-oriented solutions must be capable of operating over extended periods,
minimizing environmental disturbance, and supporting interdisciplinary research agendas that link
conservation, marine science, and digital heritage. It is within this framework that the present work
is situated, aiming to contribute to the development of sustainable, non-destructive methodologies
for the exploration and protection of UCH.

2. State of the Art

2.1 Remote monitoring and assessment of UCH

The remote observation and monitoring of UCH has become increasingly important in recent
years, particularly for sites located at depth, in high-risk environments, or in areas with restricted
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human access. UCH includes not only isolated artefacts, but also larger-scale features such as
submerged buildings and harbors that are often exposed to complex environmental pressures.

Technologies enabling autonomous or remotely controlled data collection have opened new
possibilities for protecting these sites. Systems mounted on buoys, seabed stations, or Autonomous
Underwater Vehicles (AUVs) are now capable of recording a range of environmental parameters,
including temperature, salinity, currents, and turbidity. These data can be used to detect early signs
of degradation, such as sediment erosion, corrosion conditions, or biological colonization.

In some implementations, these systems can trigger alerts when threshold values are exceeded,
supporting preventive conservation strategies. This allows for faster response to site-specific
threats without requiring constant human presence.

The ability to conduct long-term, non-intrusive monitoring aligns with the broader shift toward
sustainable heritage protection. It improves the accuracy of preservation assessments and helps
avoid physical disturbance of fragile underwater environments.

Nevertheless, many current approaches still rely on infrastructure-heavy deployments and offer
limited insight into material-specific conditions. There remains a need for compact, integrated
monitoring systems that combine environmental sensing with diagnostics related to the actual state
of the cultural assets.

2.2 Remote platforms and in situ sensing technologies

The use of robotic and remote-operated systems has become a core component in the exploration
and monitoring of UCH. Remotely Operated Vehicles (ROVs) and Autonomous Underwater
Vehicles (AUVs) provide access to sites that are otherwise difficult to reach, enabling systematic
inspection without direct human intervention. These platforms are capable of operating at various
depths and under challenging environmental conditions, supporting extended missions with
reduced risk and cost.

ROVs are typically tethered to a support vessel and piloted in real time, allowing for precise
navigation and continuous control. AUVs, by contrast, operate independently and perform
underwater tasks such as mapping, surveying, or data collection without real-time human control.
Both types of vehicles can carry various sensors, enabling them to collect visual, spatial, and
environmental data from UCH sites.

Recent developments have focused on integrating in situ sensing technologies into these platforms
to expand their capabilities beyond imaging and mapping. Among the most promising approaches
are Laser-Induced Breakdown Spectroscopy (LIBS) and Quantum Cascade Laser (QCL)-based
Mid-Infrared Sensor Systems. LIBS is a powerful spectroscopic technique utilized for precise
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elemental analysis. In the context of monitoring degradation at UCH sites, LIBS sensors are
deployed to detect and quantify heavy metals, which are critical indicators of chemical and
environmental degradation. Heavy metals can originate from various sources, including historical
shipwrecks, industrial contaminants, and natural geological deposits, posing risks to both the
integrity of UCH sites and the surrounding ecosystem. The LIBS sensor operates by directing a
high-energy laser pulse at the target surface within the UCH site. This pulse generates enough
energy to vaporize and ionize the material, producing a high-temperature plasma in which atomic
bonds are broken, and individual atoms are excited. As the plasma cools, it emits light specific to
the elements present, known as emission lines. By analysing the emitted spectrum with a
spectrometer, LIBS technology identifies the types of heavy metals—such as lead, copper, zinc,
and nickel —along with their concentrations at the site. Specifically, the wavelength of the
emission lines reveals the identity of the elements, while the intensity of these lines correlates with
the element concentration in the sample. LIBS, therefore, serves as a valuable laser-based method
for characterizing the chemical composition of UCH materials in situ.

The QCL-based mid-infrared (MIR) sensor represents an advanced technology for detecting and
quantifying chemical compounds in underwater environments at UCH sites (Haas et al., 2016;
Haas, Catalan, et al., 2018; Dettenrieder et al., 2019; Teuber & Mizaikoff, 2024). In this context,
such sensors are deployed using AUVs to identify and quantify various chemical substances that
contribute to the assessment of chemical and environmental degradation processes (Haas et al.,
2018; Dettenrieder et al., 2019). These compounds may originate from natural sources such as
marine biota and geological formations, or from anthropogenic sources including shipwrecks and
pollutants. Recent advancements in mid-infrared laser technology - particularly the development
of QCLs - have markedly enhanced the capabilities of underwater MIR sensing (Haas et al., 2016).
Unlike conventional broadband IR sources, which typically provide lower emission power across
a broad spectral range, QCLs provide substantially higher performance within a narrow bandwidth
facilitating targeted analysis with high fidelity. This improvement directly translates into increased
measurement sensitivity and superior signal-to-noise ratios (SNR) enabling the more reliable in-
situ detection of chemical compounds (Haas et al., 2016; Haas, Catalan, et al., 2018; Dettenrieder
et al., 2019). The QCL-based MIR system is based on the principles of Infrared Attenuated Total
Reflection (IR-ATR) spectroscopy. Using this optical principle, chemical compounds absorb
energy at characteristic wavelengths via an evanescent field emerging at a waveguide surface
resulting in measurable changes in the intensity of the transmitted light. By analysing these spectral
changes, QCL-based MIR sensor can identify and quantify chemical compounds present in the
marine environment providing data essential for assessing water quality, identifying contamination
sources and understanding the impact of specific chemicals on UCH sites preservation and
degradation (Stach et al., 2015; Kaft et al., 2003; Pejcic et al., 2023; Dettenrieder et al., 2020). In
practice, QCL is in reality an External Cavity module capable of broad gain measurements, usually
200 cm ™! broadband.
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While these technologies show strong potential for non-invasive, real-time observation, their
application in cultural heritage remains limited. Technical challenges such as system integration,
power requirements, environmental calibration, and robustness in marine conditions continue to
constrain broader use. Nonetheless, ongoing research efforts are making progress toward compact,
autonomous platforms that combine mobility with material-sensitive sensing, offering new tools
for the sustainable in sifu monitoring of UCH sites.

3. Methodology of the NERITES technology

The NERITES project develops a novel technological solution for the autonomous, in situ
monitoring of UCH sites. The system is designed to address key limitations in current monitoring
practices by enabling non-invasive, material-level observation over extended time periods, without
requiring direct human presence or sample collection. The project focuses on integrating
environmental and material sensing capabilities into a modular and field-deployable architecture
that can operate reliably in marine archaeological environments.

The system is designed to collect meaningful scientific data on both the condition of archaeological
materials and their surrounding environmental context, without requiring repeated human presence
or intrusive sampling procedures. Its overall objective is to enhance long-term preservation
strategies by enabling site-specific, real-time observation in a scalable and cost-effective way.

The system integrates three main functional elements: (a) an AUV equipped with sensing
technologies, (b) a docking station with buoys combining energy supply and communication relay
functions, and (c) a remote-control interface for mission planning and data analysis. The AUV
operates independently and is capable of executing pre-defined underwater missions around
designated archaeological areas. It is designed to approach and navigate around fragile cultural
heritage structures safely, using stabilized propulsion and environmental awareness. Onboard, it
carries a set of sensor technologies, including: (a) a LIBS unit for in situ elemental analysis of
material surfaces, (b) a QCL-based MIR module for detecting molecular compounds in the
surrounding water matrix and (c) a high-resolution stereoscopical camera system for advanced
photogrammetry, visual documentation and site positioning.

The AUV interacts with a moored surface buoy, which acts as a communication gateway with the
control center and provides periodic wireless data upload and battery recharging. A subsea docking
station, connected to the buoy, allows the AUV to safely return between missions. This modular
configuration enables multi-day deployments without direct human intervention and can be
repositioned for use at multiple sites.

Before deployment, each mission is prepared based on 3D mapping of the site, using
photogrammetry or sonar to determine terrain and object locations. Navigation plans are generated
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with support from symbolic Al techniques, allowing the system to optimize its movement and
energy usage. During missions, the AUV follows this planned route, stopping at pre-defined
sensing checkpoints where it collects both environmental and material-specific data.

The sensing strategy is designed to allow for longitudinal observation of specific areas or artefacts.
By collecting data across multiple timepoints, the system enables early detection of deterioration
indicators such as corrosion, biofouling, or chemical imbalance. The data are analyzed using
embedded software models that support basic on-site processing and prioritization, with full
datasets transmitted to the control center when necessary.

The system is being designed for minimal environmental footprints. Deployment protocols ensure
that the buoy and AUV maintain safe distances from UCH structures, and all sensing operations
are contactless. Moreover, the platform is intended to be compact and transportable, supporting
repeated use in different marine contexts, including remote or shallow-water sites.

In summary, the NERITES methodology combines underwater mobility, advanced sensing, and
remote data access into an integrated platform for UCH monitoring. It offers a flexible approach
for collecting scientific data relevant to conservation, while respecting the physical and legal
constraints associated with submerged heritage sites.

4. Pilot testing and Sites

The NERITES system is currently being prepared for field validation through two pilot sites in the
Mediterranean. These pilot sites reflect different environmental, archaeological, and operational
conditions, to demonstrate the adaptability and scalability of the system across varied cultural
heritage contexts.

4.1 Fourni Archipelago (Greece)

Fourni is one of the two locations where the pilot tests of the NERITES advanced technological
systems will be conducted. Located in the eastern Aegean Sea, near the Minor Asian coast and
between the larger islands of Ikaria and Samos, the archipelago consists of approximately 20
islands and islets. Due to its deeply indented coastline, Fourni historically offered safe anchorage
for vessels during adverse weather conditions. The region is frequently affected by strong southern
winds and the seasonal northern Etesian winds (locally known as meltemia), making it a strategic
refuge for maritime traffic.

This environmental and geographical context situates Fourni at the intersection of major historical
sea routes: an east—west axis and a north—south connection between the central Aegean and the
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Levant. As a result, the archipelago has played a central role in Aegean navigation across the
centuries.

Underwater archaeological surveys conducted between 2015 and 2018 revealed 58 shipwrecks
along approximately 60% of the surveyed coastline. These wrecks represent 23% of all known
shipwrecks in Greek waters, marking the archipelago as the largest recorded concentration of ships
lost while underway in the Mediterranean. The chronological range of the finds spans from
antiquity to modern times, illustrating the long-term maritime significance of the area.

Coovriaht Greek Ministrv of Culture Fourni Underwater archaeoloaical broiect (2023) — Stefanos Kontos

Figure 1: Photo from the Underwater Archaeological Expedition at Fourni Island

Figure 2: Map of the shipwrecks located around Fourni island
with the pilot sites marked (Aspros Kavos) Korseai Institute
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Aspros Kavos

Since 2020, research has focused on the region of Aspros Kavos, translated as “White Cape”. Six
shipwrecks have been identified in this relatively small zone, likely due to the intensity of local
winds and challenging seabed topography. For the NERITES pilot, Aspros Kavos presents a
valuable testing environment, offering a diverse set of micro-sites for monitoring. The artefacts
are mainly composed of ceramic and lead-based materials, making them suitable for non-invasive
chemical sensing.

The site also benefits from previous research conducted during recent expeditions by Korseai,
resulting in good documentation and familiarity among heritage professionals, which can support
evaluation and feedback after testing.

SWrecksl 9

fUreck .

Figure 3: The location of the six shipwrecks found in Aspros Kavos area (Korseai Institute)

4.2 Baiae Underwater Archaeological Park (Italy)

The Underwater archaeological park of Baiae is located off the north-western coast of the bay of
Pozzuoli (Naples), in the littoral zone between the southern limit of the port of Baiae and the dock
of Lido Augusto. This site is internationally recognized for its well-preserved remains of an ancient
Roman coastal city, including paved streets, mosaics, villas, and public baths, now submerged due
to coastal subsidence. The site lies at shallow depths (typically 5—10 meters), offering a structured,
yet complex architectural landscape ideal for demonstrating close-range sensing capabilities.

Proceedings of the 1st BCThubs International Conference Widening the Big Blue Horizon:
Introducing Innovative Technologies & Sustainable Strategies in Underwater Cultural Heritage
Volos, Greece | 4-6 December 2024 | Hybrid

ISBN:



The pilot at Baiae will focus on evaluating the system’s ability to operate in confined spaces near
delicate built structures. Specific objectives include:

(a) Testing navigation stability and precision in proximity to architectural features,

(b) Performing LIBS-based material analysis on known mosaic and stone surfaces,

(c) Monitoring water quality around the UCH site structures using QCL-based MIR sensor
systems

(d) Assessing how long-term data collection can support heritage management practices in
well-established archaeological parks.

The relatively stable conditions at Baiae allow for controlled experimentation with different
sensing modes and vehicle behaviors, while minimizing environmental risk.

N e
E—— G A T S L

Figure 4: The Villa dei Pisoni (Copyright Central Institute for Restoration, Ministry of Culture)

Both pilots are designed to provide technical, operational, and conservation-related insights. The
two pilot sites represent complementary testing environments that allow the NERITES system to
be evaluated under a wide range of conditions. The structured, shallow-water setting of Baiae
supports close-range sensing near built archaeological features, while the more complex, open-sea
environment of Fourni challenges the system’s adaptability, autonomy, and robustness. This dual
testing strategy not only serves to verify technical functionality across scenarios but also provides
valuable insights into how non-invasive monitoring technologies can be integrated into real-world
heritage management practices. The feedback gathered from these pilots will inform final
adjustments to the system’s architecture and deployment protocols, contributing to the long-term
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goal of developing a flexible, transferable solution for in situ UCH observation in diverse marine
settings.

5. Conclusions

New approaches to the preservation of UCH increasingly rely on technologies that can observe,
interpret, and respond to change without disturbing the sites themselves. In this direction,
NERITES introduces a system that combines autonomous operation, non-invasive sensing, and
field adaptability, offering a new model for how submerged heritage can be monitored over time
and at scale.

By integrating advanced laser-based and optical sensors into a mobile underwater platform, the
project enables repeated, in situ data collection on both environmental and material conditions.
This contributes not only to heritage preservation, but also to broader marine science, by providing
a better understanding of how underwater artefacts interact with their environment under long-
term exposure.

NERITES represents a step forward in making such technologies operationally realistic. Its design
focuses on portability, modularity, and ease of deployment in real-world conditions, characteristics
that are often missing in more experimental solutions. The pilot testing at Baiae and Fourni is not
only a validation process, but a critical step toward identifying how such systems can support
professionals in archaeological and conservation contexts.

Beyond the technical achievements, the project reflects a more ambitious vision: that UCH
protection should be proactive, data-informed, and minimally intrusive. NERITES offers a
practical demonstration of how science and ethics can align, delivering knowledge without
extraction, and promoting care without contact. By designing a modular, portable, and low-
maintenance system, the project helps reduce both operational and investment costs (OPEX and
CAPEX), making regular underwater monitoring more feasible and sustainable — even for smaller
institutions or local authorities.

As challenges to UCH grow from climate change to marine pollution, such approaches will
become essential. NERITES contributes to this shift by showing that it is possible to monitor,
understand, and protect the past beneath the sea, using tools designed not only for efficiency, but
for respect.
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