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Abstract

This paper presents an in-depth exploration into the integration of augmented reality (AR), gesture recognition, and
natural language processing (NLP) to enhance human-robot interaction (HRI) within the context of underwater
robotics. It highlights the significant potential these technologies hold in addressing the unique challenges faced in
underwater environments, such as limited visibility, complex navigation, and the need for precise, intuitive
communication between divers and robots. By reviewing current technological advancements and applications, the
study underscores the critical role of AR in providing real-time visual feedback, gesture recognition in enabling more
natural control mechanisms, and NLP in facilitating voice-driven commands and interactions. The research further
discusses the development of a conceptual framework for an AR-based intuitive interface that synergizes gesture
recognition and NLP, aiming to revolutionize underwater HRI by making it more efficient, safe, and user-friendly.
Through this investigation, the paper seeks to contribute to the advancement of underwater robotics, proposing
innovative solutions that could significantly improve human-robot collaboration in challenging aquatic missions.
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1. Introduction

Augmented Reality (AR), Gesture Recognition, and Natural Language Processing (NLP) together mark a significant
evolution in Human-Robot Interaction (HRI), reshaping the ways we interact and cooperate with robotic systems. These
technologies have been crucial in bridging the gap in traditional forms of interaction, making HRI more natural and
effective across diverse fields.

In healthcare, the work of Cutolo et al. (2020) [1] showcases AR's transformative power, especially in medical training,
surgical planning, and robot-assisted surgeries. AR brings critical data into the real-world view of healthcare
professionals, aiding in decision-making and procedural accuracy. Similarly, Solanes et al. (2020) [2] reveal how AR
enhances industrial settings by facilitating straightforward interactions with complex machinery, like robot
manipulators, simplifying intricate tasks. Additionally, Fang et al. (2014) [3] delve into the wider implications of AR in
enriching our interaction with machines by blending digital information into our physical surroundings, thus improving
our engagement with and understanding of the environment.

Gesture Recognition's progression is spotlighted by Rautaray and Agrawal (2015) [4], who emphasize its role in
fostering a more instinctive form of communication with robots. This technology allows for command inputs through
simple human gestures, offering a more direct and efficient way to convey instructions, especially when traditional
devices are not feasible.
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NLP's contribution to bridging human-robot communication is articulated by Jurafsky and Martin (2021) [5]. It enables
robots to process and comprehend human language, allowing for voice commands and interactive dialogues. This makes
robots more attuned and responsive to human instructions, with Alonso-Martin et al. (2015) [6] and Li et al. (2021) [7]
discussing NLP's potential in enhancing robots' social interaction capabilities.

The combined power of AR, Gesture Recognition, and NLP is particularly promising for revolutionizing underwater HRI.
This trio addresses the distinct challenges of underwater communication, such as limited visibility and the
impracticality of standard communication tools. Integrating AR's visual feedback, Gesture Recognition's intuitive
commands, and NLP's verbal interaction promises a more dynamic and effective approach to human-robot
collaboration beneath the waves.

Paper Overview: This manuscript embarks on an exploration of augmenting human-robot interaction (HRI) in
underwater robotics through the integration of augmented reality (AR), gesture recognition, and natural language
processing (NLP). Initiating with an in-depth literature review, it scrutinizes existing applications and assesses the
transformative potential of these technologies within the underwater domain. This foundational review leads to the
articulation of a conceptual framework and the delineation of methodologies tailored for implementing AR, gesture
recognition, and NLP to surmount the unique communicative challenges of underwater HRI. Identifying current gaps,
the paper strategically maps out future research directions, proposing a pathway for the evolution of underwater
robotics through the sophisticated fusion of these advanced technologies.

2. Literature Review

2.1. Human-Robot Interaction (HRI)

Human-Robot interaction merges ideas from different fields to better understand how humans and robots interact.
Dautenhahn [8] discusses how these interactions can change and grow, especially when robots and humans work
together, similar to how adults interact with children. This area of study is becoming more important as robots start
working alongside humans in places like factories, focusing on teamwork, learning from each other, and improving how
they work together, as noted by Castro et al. [9].

The interest in HRI is growing, as shown by Goodrich & Schultz [10], who point out the field’s rising popularity in
research, technology, and even in the media. This growing curiosity is about making interactions between humans and
robots better. Wang [11] explored using natural language to help robots understand humans better, especially when
instructions are not clear, or situations are complicated. This approach aims to make communication between humans
and robots smoother and more natural.

Hancock et al. [12] conducted a meta-analysis focusing on the evolution of trust in robots, underscoring the significance
of trust in fostering effective HRI. Esterwood et al. [13] examined human and robot personality in healthcare HRI,
emphasizing the importance of understanding personality dynamics in shaping interactions. Onnasch and Roesler [14]
proposed a taxonomy to structure and analyze HRI, offering a systematic framework for characterizing human-robot
interactions. Additionally, Glogowski et al. [15] introduced a simulation tool for analyzing human-robot motions in HRI
scenarios, facilitating comprehensive planning and optimization of interactions.

Looking ahead, the field of HRI is on the brink of new developments. The ongoing research is not just about making
robots work better with humans but also about integrating them into different parts of our lives more seamlessly. By
improving how robots and humans interact, the goal is to create a future where working together is easier, more
effective, and beneficial for everyone involved.

2.2. HRI in Underwater Robotics

Interactions with underwater robots involve a diverse array of individuals and groups, each playing a vital role in the
operation, management, and application of these complex machines in marine environments. Examining the dynamics
between these robots and the humans who interact with them highlights the multifaceted and interdisciplinary nature
of underwater robotics. This overview introduces the key contributors to Human-Robot Interaction (HRI) within the
context of underwater robotics:

o Divers: Divers, the pioneers in underwater exploration, work closely with robots in fields like construction,
research, and archaeology. The advent of intention recognition technology, which interprets divers' head

957



International Journal of Science and Research Archive, 2024, 11(02), 956-968

motions and throat vibrations, has revolutionized how they communicate with these machines, making
interactions feel more intuitive and straightforward [16].

e Marine Scientists and Researchers: Marine scientists and researchers rely on Autonomous Underwater
Vehicles (AUVs) and Remotely Operated Vehicles (ROVs) to gather data from parts of the ocean that are
otherwise out of reach. They control these robots from stations that enable them to navigate the waters
precisely and carry out specific tasks, crucial for advancing our understanding of oceanography and marine
biology [17]

e  Remote Operators: From ships or the shoreline, remote operators steer underwater robots, engaging in various
activities such as maintenance, exploration, or even rescue operations. The interfaces they use are key to
performing these tasks efficiently and accurately, underscoring the need for well-thought-out design in human-
robot interfaces [17]

e Engineers and Technicians: Engineers and technicians play a vital role in maintaining the robots' readiness
for missions. Their expertise spans designing, testing, and keeping the robots in top condition, essential for the
robots' successful deployment in underwater tasks. Their interactions with these systems demand a
comprehensive understanding of robotics technology and its practical applications beneath the waves [18].

e  Educational and Outreach Participants: In educational settings, both teachers and students get hands-on
experience with underwater robotics, diving into marine science and engineering principles by programming
and operating simple ROVs. These educational activities not only enrich learning but also lay the groundwork
for future breakthroughs in underwater robotics and its wider application.

In the field of underwater robotics, the analysis of human-robot interaction (HRI) methods is essential for improving
the efficiency and effectiveness of collaborative tasks in challenging underwater environments. Recent strides in
Human-Robot Interaction (HRI) for underwater robotics are primarily aimed at enhancing the communication and
safety between divers and robots and improving the performance of Autonomous Underwater Vehicles (AUVs). A
notable innovation in this domain is the creation of a haptic feedback smart glove, a pioneering tool designed to foster
a deeper sense of connection and understanding between divers and robots. This glove introduces a tactile dimension
to underwater HRI, making interactions feel more instinctive and efficient [18].

Further enriching the field is the development of a visual-textual interaction model tailored for AUVs. This model melds
visual signals with textual data, facilitating crisper and more accurate exchanges between humans and robots under the
sea. Such advancements are not merely about boosting operational efficiency; they also expand the horizons for
performing intricate tasks in aquatic environments [19].

Addressing the critical aspect of safety, researchers have explored visual detection methods to gauge diver
attentiveness. This innovative approach aims to bolster safety during underwater interactions by enabling robots to
perceive and react to the attention levels of human divers, thereby minimizing the risk of accidents and fostering a safer
operational atmosphere [20].

Furthermore, an extensive survey on Underwater Human-Robot Interaction (U-HRI) has provided a thorough
examination of the current landscape, capturing both the recent progress and the existing challenges within the field.
This survey highlights the ongoing need for developing intuitive, efficient, and secure interaction methods for
underwater settings [21].

The examination of existing HRI methods in underwater robotics covers a broad spectrum of topics, ranging from trust
and personality dynamics to obstacle avoidance and locomotion strategies. By synthesizing insights from these studies,
researchers can deepen their understanding of the complexities and opportunities in underwater HRI, paving the way
for more efficient and seamless human-robot collaboration in underwater robotics applications.

2.3. Challenges in the current underwater HRI scenario

Underwater Human-Robot Interaction (HRI) currently faces several key challenges and gaps, due to the unique and
complex nature of the underwater environment, that limit its effectiveness and efficiency. These issues highlight the
complexities of operating in marine environments and underscore the necessity for innovative solutions.

e Communication Barriers: Communication and signal transmission between underwater robots, and between
robots and human operators, face significant obstacles due to the aquatic environment's interference with radio
waves, which challenges wireless communication. Alternatives such as optical and acoustic communications
offer solutions but are limited by low bandwidth and high noise susceptibility, respectively. These constraints
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hinder efficient command transmission, data exchange, and coordination, underscoring the need for innovative
communication strategies in underwater robotics [19,22].

e Perception and Navigation Difficulties: Underwater robots often struggle with accurately perceiving their
environment due to poor visibility, fluctuating currents, variable lighting, and the absence of GPS signals for
precise navigation. This complicates tasks such as object recognition, mapping, and the execution of complex
instructions, which are critical for exploration and intervention missions [21,23].

e Intention Recognition and Interaction Modalities: Recognizing the intentions of divers and facilitating effective
collaboration pose substantial challenges. Innovative approaches, including the analysis of head motion and
throat vibrations, have shown promise but necessitate further development for widespread application [16].
The pursuit of interaction modalities that are both intuitive for human users and interpretable by robots is
critical for enhancing underwater operational efficiency and safety.

e Durability and Maintenance: The durability and maintenance of underwater robots are also challenged by the
harsh marine environment, where saltwater corrosion, biofouling, and pressure extremes can lead to system
failures [24]. The difficulty and expense of regular maintenance, particularly for remotely operated robots, call
for durable materials and robust designs that can endure these conditions, ensuring the longevity and reliability
of underwater robotics.

e Safety and Environmental Concerns: Ensuring the safety of both the human operators and the marine
ecosystem during underwater HRI operations is paramount. The deployment of robots in delicate or protected
underwater habitats must consider potential disturbances to marine life and adhere to conservation guidelines
[25].

2.4. Examination of AR Technologies and their applications in HRI

Augmented Reality (AR) has emerged as a transformative force in Human-Robot Interaction (HRI), offering remarkable
improvements across communication, collaboration, and task execution. The work of Stadler et al. [26] illuminates how
AR can elevate user perception, seamlessly blending real-world vistas with digital augmentations, thereby streamlining
the way individuals command and collaborate with robotic counterparts. Monterubbianesi et al. [27] delve into AR's
educational prowess, highlighting its efficacy in enriching learning experiences and clinical training, illustrating AR's
instrumental role in fostering skill development within HRI contexts.

Focusing on the realm of industrial applications, Solanes et al. [2] explore the utilization of AR-based interfaces, like
augmented reality headsets, in the remote operation of industrial robot manipulators. This deployment not only
bolsters the precision of robot control but also underscores AR's substantial contributions to enhancing HRI in
industrial landscapes. Further, Mullen et al. [28] demonstrate AR's capability to bridge communication between humans
and robots, by visualizing the robots' thought processes and intended actions, thus propelling forward the dynamics of
collaborative work.

The medical field, too, has felt AR's profound impact, especially in complex surgical procedures. Hughes-Hallett et al.
[29] discuss how AR can augment surgeons' visual perception by integrating subsurface anatomical details into their
line of sight, significantly benefitting decision-making and precision in surgeries. This leap in surgical methodology
reaffirms AR's potential to fortify human-robot cooperation across various specializations.

Extending AR's influence to underwater HRI unveils its capacity to innovate communication pathways, Fulton et al. [30]
suggesting the use of an Autonomous Underwater Vehicle's lighting system to modulate signals, enriching the
communicative link between humans and aquatic robots. Such advancements underscore AR's versatility in enhancing
both the efficiency and depth of interactions within underwater HRI frameworks, further broadening the spectrum of
human-robot collaboration.

The investigation by Bellarbi et al. [31] into integrating augmented reality with aquatic operations presents a compelling
case for the role of these technologies in revolutionizing underwater exploration and tasks. By facilitating more intuitive
interfaces, they pave the way for more effective human-robot collaborations beneath the sea.

In essence, Augmented Reality stands as a pivotal enabler in the evolution of HRI, championing advancements in
communication, teamwork, and operational performance across diverse sectors. Its role in underwater HRI,
particularly, highlights AR's expansive potential in revolutionizing the ways humans and robots engage, paving new
avenues for exploration and collaborative endeavors in the uncharted territories beneath the waves.
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2.5. The Role of Gesture Recognition and Natural Language Processing in Human-Robot Interaction

In the realm of intuitive interface design, gesture recognition and natural language processing (NLP) technologies are
essential for enhancing human-robot interaction (HRI) across various domains. Several studies have investigated the
applications and implications of these technologies in designing intuitive interfaces for effective communication and
control between humans and robots.

Islam et al. [32] have proposed methodologies for underwater robots to visually detect, follow, and interact with divers,
emphasizing the importance of gesture recognition in facilitating collaborative task execution. Zhang et al. [19] have
shown the effectiveness of using textual patterns for underwater gesture recognition, highlighting the potential of
visual-textual models in improving HRI in autonomous underwater vehicles. Additionally, Chiarella et al. [33] have
introduced the Robochat language, a gesture-based communication system for underwater HRI, underscoring the
significance of gesture-based languages in promoting intuitive interactions.

Regarding NLP technologies, Xu [34] has discussed gesture-based HRI for field programmable autonomous underwater
robots, outlining the challenges and limitations of implementing such methods underwater. Sibirtseva et al. [35]
introduced a system aimed at refining the interpretation of natural language instructions through reference
disambiguation based on visualization techniques. This exploration into NLP's capacity to decipher verbal instructions
with greater precision underscores the potential of natural language technologies to enhance the quality and reliability
of human-robot dialogues. Furthermore, Elmagrouni et al. [36] have reviewed research methods of visual gesture
recognition and their applications in robotic systems, emphasizing the importance of user-friendly interfaces for
effective HRI.

The integration of gesture recognition and NLP technologies in intuitive interface design offers significant potential for
enhancing HRI in various applications, from underwater robotics to healthcare and industrial settings. By effectively
leveraging these technologies, researchers and practitioners can develop intuitive interfaces that facilitate smooth
communication and control between humans and robots, ultimately enhancing efficiency and user experience in
human-robot collaboration.

3. Potential of Integrating AR, Gesture Recognition, and NLP for Underwater HRI

The combined potential of AR, gesture recognition, and NLP to create an intuitive interface for underwater HRI is
significant. Such an interface would allow divers to interact with robots in a manner that is both instinctive and efficient,
minimizing disruptions and enhancing the collaborative potential of human-robot teams. This integrated approach
could support a wide range of underwater activities, from scientific research and archaeological exploration to
industrial inspection and maintenance. Here’s how these technologies could potentially mitigate the outlined
challenges:

e Enhancing Communication: AR and NLP can revolutionize underwater communication by supplementing
traditional acoustic methods. AR visual cues and NLP-enabled voice commands can provide divers with
alternative communication channels that are less susceptible to the typical limitations of underwater acoustics.
For instance, NLP can translate voice commands into actions for a robot, while AR can visually confirm the
command’s reception and execution, thereby reducing reliance on error-prone acoustic signals [23,33,37,38].

e Improving Perception and Navigation: AR has the potential to significantly enhance the perception
capabilities of underwater robots and divers alike. By overlaying digital information onto the real-world
environment, AR can aid in navigation, object recognition, and task execution, even in poor visibility conditions.
This could involve displaying navigation waypoints, highlighting objects of interest, or providing real-time
environmental data directly in the diver’s field of vision [39,40].

e Increasing Autonomy and Decision Making: Integrating NLP and GR into underwater robots can lead to higher
levels of autonomy by enabling more natural and complex interactions. Robots equipped with NLP can
understand and execute verbal commands, while GR allows for non-verbal commands and feedback. This dual
approach can facilitate more nuanced decision-making based on human input, reducing the need for constant
manual control and oversight [41,42].

e Enhancing Durability and Maintenance: While the integration of AR, GR, and NLP itself may not directly
impact the physical durability of underwater robots, it can contribute to more efficient maintenance and
operation. For example, AR can be used to provide maintenance personnel with interactive repair guides or
diagnostic information, helping identify and resolve issues more quickly and potentially extending the
operational lifespan of underwater robotic systems [43].
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Addressing Safety and Environmental Concerns: The use of AR and NLP technologies can enhance safety by
providing divers with critical information about their surroundings and the status of robotic companions,
potentially preventing accidents in hazardous environments. Moreover, more efficient communication and
interaction methods can minimize the disturbance to marine life by reducing the need for physical contact and
intrusion [44-46].

4. Conceptual Framework

The conceptual framework is deeply rooted in the convergence of the most recent advances in underwater augmented
reality (AR), gesture recognition, and voice-enabled communication technologies. These innovations collectively aim to
revolutionize the domain of underwater human-robot interaction (HRI), furnishing divers with tools that are both
intuitive and efficient for communication with robotic systems.

Augmented Reality (AR) for Enhanced Perception: Drawing upon the progress in underwater AR, this framework
intends to incorporate 3D perception technologies. This incorporation aims at facilitating tasks in oceanography
and archaeology underwater [47,48]. Evidence from AR applications in underwater manipulations suggests
potential enhancements in teleoperation capabilities, thereby setting a precedent for improved diver-robot
interactions [49].

Gesture Recognition for Intuitive Control: The framework proposes to adopt gesture recognition algorithms,
thereby enabling divers to issue commands to underwater robots effortlessly. This initiative is inspired by the
existing systems in underwater AR aimed at aiding commercial diving operations, demonstrating the feasibility
of gesture-based controls in submerged settings [31,50].

Voice-Enabled Communication with NLP: Leveraging research in underwater communication, the framework
explores the adoption of natural language processing (NLP) to accurately interpret divers' voice commands
amid the acoustic complexities of underwater environments. This exploration is motivated by advancements
aimed at improving navigation and diving experiences at underwater archaeological sites through digital
enhancements [39,51,52].

5. Methodology

The methodology delineated for this framework outlines a structured strategy for the development, implementation,
and evaluation of the proposed AR, gesture, and voice-enabled interface for enhancing underwater HRI.

5.1. Interface Design and Implementation:

The project will focus on the development of an AR interface that integrates real-time 3D perception and
visualization technologies, specifically tailored for underwater applications. This integration is expected to
augment divers' situational awareness and facilitate more effective interaction with the underwater
environment [53-55].

It will also implement gesture recognition capabilities, enabling the intuitive transmission of commands to
robotic systems by leveraging existing technological frameworks and algorithms [31].

Moreover, the incorporation of voice communication features, using advanced signal processing and NLP
models optimized for the unique acoustic conditions underwater, is planned. This feature aims to streamline
the communication process between divers and robotic systems [39,52,56].

5.2. Testing and Evaluation:

An extensive testing and evaluation phase is envisioned, where the usability of the AR interface and the
precision of gesture and voice command recognition will be assessed through both simulation testing and real-
world underwater trials [48,51]

Feedback from divers and relevant stakeholders will be actively sought and utilized for the iterative refinement
of the interface. The primary focus will be on improving user experience, enhancing system responsiveness, and
effectively facilitating underwater HRI [55,56].
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Methodology for AR,
Gesture Recognition,
and NLP Interface
Development

Interface Design and Testing and
[ Implementation ] [ Evaluation ]
Develop AR Interface Implement Gesture Incorporate Voice Real-World
. 2 . 2 - Communication via Simulation Testing . Gather Feedback
with 3D Perception Recognition NLP Underwater Trials

Iterative Refinement

Figure 1 Proposed Methodology for AR, GR, and NLP Interface Development

6. Interface Design Principles

User-Centric Design: The interface is to be designed with a strong emphasis on user experience, ensuring that
it will be intuitive, easy to use, and require minimal training. User input, to be gathered through workshops and
usability testing with divers, will inform the design process to ensure the interface meets the needs of its
intended users [57].

Context-Aware AR Visuals: Utilizing AR technology, divers will be provided with real-time, context-aware
information overlays, such as navigation data, robotic status indicators, and environmental conditions. This
visual information is to be presented in a clear, non-obtrusive manner, ensuring divers can maintain focus on
their surroundings while receiving critical updates [3,58-60].

Intuitive Gesture Recognition: Gesture recognition technology is intended to enable divers to communicate
commands to underwater robots through natural movements. A wide range of gestures, from simple commands
to more complex instructions, will be recognized by the interface, ensuring divers can interact with robots
effectively without verbal communication. Advanced machine learning algorithms will be employed to ensure
high accuracy in gesture interpretation, even in challenging underwater conditions [61,62].

Robust Voice-Enabled Communication: Voice-enabled communication through NLP will allow divers to issue
verbal commands to robots. Noise-cancelling microphones and advanced signal processing techniques are to
be included in the interface to ensure clear voice transmission underwater. NLP algorithms, optimized for
underwater acoustics, will interpret these commands, enabling a direct and natural form of communication
between divers and robots [63,64].

6.1. Functionality and Features

Multi-modal interaction will be facilitated, allowing divers to switch between visual, gesture-based, and voice
commands based on the context and their preferences, offering flexibility in how they interact with robots.
The AR component of the interface is to be customizable, enabling divers to select which information is
displayed and how it is presented, catering to the diverse needs of underwater missions.

Immediate feedback on the status of commands, whether issued by gesture or voice, will be provided by the
interface, ensuring divers are always informed of the robot's actions and the system's status.

Emergency signals and safety warnings will be prominently displayed through the AR interface, enhancing diver
safety during missions.

6.2. Evaluation and Iteration

The interface is to undergo rigorous testing in simulated underwater environments, followed by field trials with
professional divers. Evaluation criteria will include usability, accuracy of gesture and voice recognition, and the overall
impact on mission efficiency. Feedback from these tests will be utilized to inform iterative improvements to the interface
design and functionality.
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Utilize voice recognition for efficient communication

Voice Interaction Enhancement ’ -
Employ noise reduction and underwater optimization for
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Figure 2 A Mind Map of Interface Design Principles

7. Discussion

7.1. Technological Advancements Required

Development of Underwater Communication Systems: Due to the limitations of the current setup for divers,
internationally recognized gestures are used in place of verbal communication. There should be new
developments that allow divers to communicate fully while wearing their diving gear [19,65,66].

Improved Underwater Image Processing: The necessity for advanced image enhancement techniques,
notably those employing mixed generative adversarial networks, stands paramount. Such advancements are
critical for refining underwater AR visualization, aiming to mitigate prevalent issues such as diminished
visibility and color distortion [67].

Development of Underwater AR Interfaces: Significant strides in crafting AR interfaces, specifically designed
for underwater navigation, underscore AR's capacity to substantially enrich the diver's experience. This is
achieved by offering intuitive and immersive guidance and information, demonstrating the expansive potential
of AR technology [39].

Enhancement in Generative Adversarial Frameworks: The application of generative adversarial frameworks
for rapid underwater image enhancement serves as a prime example of the technological innovation required.
Such frameworks are essential in meeting the visual demands of underwater AR systems, indicating a pivotal
direction for future development [68].

7.2. Challenges

Environmental Considerations: The deployment of electronic and acoustic devices, pivotal for AR and voice
communication in aquatic environments, necessitates a conscientious evaluation of their ecological impact.
This highlights the urgent demand for technologies that are not only effective but also benign to marine
ecosystems [51].

Data Privacy and Security: The assurance of data privacy and security, particularly concerning data
transmitted through novel interfaces, especially via voice commands, emerges as a formidable challenge. It
underscores the necessity for stringent data management and processing protocols to safeguard sensitive
information [69,70].

User Adaptation and Training: The inherent complexity of these avant-garde systems calls for comprehensive
training programs. Such initiatives are crucial in fostering user proficiency and comfort, though they pose
significant challenges in terms of the requisite time investment and ensuring wide accessibility [71].

7.3. Future Directions

The integration of AR, gesture recognition, and NLP technologies presents a pioneering avenue for enhancing
underwater HRI. Future research and development efforts should focus on addressing current limitations while
exploring innovative applications of these technologies.
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e Developing Advanced AR for Underwater Use: Future efforts should be directed towards crafting AR systems
that offer robust performance under the tough conditions of underwater environments, where poor visibility
and complex navigation are common. Initiatives to create systems that combine visual and textual information
to improve autonomous underwater vehicle operations show a clear potential for substantial progress in AR
applications for underwater robotics [19].

e Innovative Approach to Gesture Recognition Systems: Recent developments in visual detection systems that
assess diver attentiveness highlight the critical need for gesture recognition solutions that are straightforward
and dependable. Such advancements could greatly enhance underwater task safety and efficiency by ensuring
precise interpretation of divers' gestures by robots [17,20].

¢ Enhancing Interfaces for Robot Teleoperation: As the field of underwater robotics evolves, optimizing the
design of human-robot interfaces for teleoperation becomes crucial. Research should investigate designs that
prioritize user experience, aiming to make remote operation simple, effective, and versatile [48,72].

o Environmental and Ethical Considerations: With the expanding use of underwater technologies, it’s essential
to consider their environmental impact and ensure AR and NLP technologies are used responsibly, especially in
delicate marine ecosystems.

¢ Interdisciplinary Collaboration and Standardization: The complexity of blending AR, gesture recognition,
and NLP for underwater HRI demands collaboration across different disciplines. Future directions should
include establishing common standards and interfaces to ensure compatibility and interoperability among
varied underwater robotic systems.

o Cost-Effective and Accessible Solutions: A significant challenge lies in making underwater HRI technologies
cost-effective and accessible to a wider audience. Future research should aim to make these sophisticated tools
available to more people, broadening participation in marine science and conservation efforts.

8. Conclusion

The integration of augmented reality (AR), gesture recognition, and natural language processing (NLP) into underwater
human-robot interaction (HRI) suggests a transformative path forward for enhancing the communication between
divers and robotic systems, despite the spectrum of challenges such as environmental impacts, system interoperability,
user training complexities, and cost considerations. This pursuit not only promises to elevate the efficiency and
intuitiveness of underwater operations but also underscores the imperative of technological advancements in harmony
with environmental conservation. As we advance, the continuous refinement and responsible innovation in these
domains are critical, necessitating a collaborative approach among technologists, marine scientists, and
environmentalists to ensure that the exploration and preservation of our underwater realms proceed hand in hand,
fostering a future where technological ingenuity and ecological stewardship are inextricably linked.

References

[1]  Cutolo F, Fida B, Cattari N, Ferrari V. Software Framework for Customized Augmented Reality Headsets in
Medicine. IEEE Access [Internet]. 2020 [cited 2024 Mar 15];8:706-20. Available from:
https://ieeexplore.ieee.org/document/8941097

[2] Solanes JE, Mufioz A, Gracia L, Marti A, Girbés-Juan V, Tornero ]. Teleoperation of industrial robot manipulators
based on augmented reality. Int ] Adv Manuf Technol [Internet]. 2020 Nov 1 [cited 2024 Mar 15];111(3):1077-
97. Available from: https://doi.org/10.1007/s00170-020-05997-1

an , On , Nee . Nove -based interface for human-robot interaction and visualization. Adv Manu

3 Fang HC, Ong SK, Nee AYC. Novel AR-based face for h b d 1 Adv M f
[Internet]. 2014 Dec 1 [cited 2024 Mar 15];2(4):275-88. Available from: https://doi.org/10.1007 /s40436-014-
0087-9

[4] Rautaray SS, Agrawal A. Vision based hand gesture recognition for human computer interaction: a survey. Artif
Intell Rev [Internet]. 2015 Jan 1 [cited 2024 Mar 23];43(1):1-54. Available from:
https://doi.org/10.1007/s10462-012-9356-9

[5] Speech and Language Processing [Internet]. [cited 2024 Mar 23]. Available from:
https://web.stanford.edu/~jurafsky/slp3/

[6] Alonso-Martin F, Castro-Gonzalez A, Luengo FJF de G, Salichs MA. Augmented Robotics Dialog System for
Enhancing Human-Robot Interaction. Sensors [Internet]. 2015 Jul [cited 2024 Mar 23];15(7):15799-829.
Available from: https://www.mdpi.com/1424-8220/15/7/15799

964



International Journal of Science and Research Archive, 2024, 11(02), 956-968

LiZ, Mu Y, Sun Z, Song S, Su ], Zhang J. Intention Understanding in Human-Robot Interaction Based on Visual-
NLP Semantics. Front Neurorobot [Internet]. 2021 Feb 2 [cited 2024 Mar 23];14. Available from:
https://www.frontiersin.org/articles/10.3389/fnbot.2020.610139

Dautenhahn K. Socially intelligent robots: dimensions of human-robot interaction. Philosophical Transactions of
the Royal Society B: Biological Sciences [Internet]. 2007 Feb 13 [cited 2024 Mar 14];362(1480):679-704.
Available from: https://royalsocietypublishing.org/doi/10.1098/rstb.2006.2004

Castro A, Silva F, Santos V. Trends of Human-Robot Collaboration in Industry Contexts: Handover, Learning, and
Metrics. Sensors [Internet]. 2021 Jun 15 [cited 2024 Mar 24];21(12):4113. Available from:
https://www.mdpi.com/1424-8220/21/12/4113

Goodrich MA, Schultz AC. Human-Robot Interaction: A Survey [Internet]. now Publishers Inc; 2007 [cited 2024
Mar 24]. Available from: https://ieeexplore.ieee.org/document/8187364

Wang S, Zhou Z, Li B, Li Z, Kan Z. Multi-modal interaction with transformers: bridging robots and human with
natural language. Robotica [Internet]. 2024 Feb [cited 2024 Mar 24];42(2):415-34. Available from:
https://www.cambridge.org/core/product/identifier/S0263574723001510/type/journal_article

Hancock PA, Kessler TT, Kaplan AD, Brill JC, Szalma JL. Evolving Trust in Robots: Specification Through Sequential
and Comparative Meta-Analyses. Hum Factors [Internet]. 2021 Nov [cited 2024 Mar 24];63(7):1196-229.
Available from: http://journals.sagepub.com/doi/10.1177/0018720820922080

Esterwood C, Essenmacher K, Yang H, Zeng F, Robert LP. A Meta-Analysis of Human Personality and Robot
Acceptance in Human-Robot Interaction. In: Proceedings of the 2021 CHI Conference on Human Factors in
Computing Systems [Internet]. Yokohama Japan: ACM; 2021 [cited 2024 Mar 24]. p. 1-18. Available from:
https://dl.acm.org/doi/10.1145/3411764.3445542

Onnasch L, Roesler E. A Taxonomy to Structure and Analyze Human-Robot Interaction. Int ] of Soc Robotics
[Internet]. 2021 Jul [cited 2024 Mar 24];13(4):833-49. Available from:
https://link.springer.com/10.1007/s12369-020-00666-5

Glogowski P, Bohmer A, Hypki A, Kuhlenkétter B. Robot Speed Adaption in Multiple Trajectory Planning and
Integration in a Simulation Tool for Human-Robot Interaction. | Intell Robot Syst [Internet]. 2021 May [cited 2024
Mar 24];102(1):25. Available from: https://link.springer.com/10.1007/s10846-020-01309-7

Guo Y, ZhangR, Qiu W, Asada H, Wan F, Song C. Underwater Intention Recognition using Head Motion and Throat
Vibration for Supernumerary Robotic Assistance. 2023 [cited 2024 Mar 24]; Available from:
https://arxiv.org/abs/2306.04928

Padrao P, Fuentes ], Kaarlela T, Bayuelo A, Bobadilla L. Towards Optimal Human-Robot Interface Design Applied
to Underwater Robotics Teleoperation. 2023 [cited 2024 Mar 24]; Available from:
https://arxiv.org/abs/2304.02002

Tang A, Orbaugh D, Bruns A, Mahmoudinezhad MH, Rosset S, Anderson [A. Improving diver-robot empathy with
a haptic feedback smart glove. In: Madden ]D, Anderson 1A, Shea HR, editors. Electroactive Polymer Actuators
and Devices (EAPAD) XXV [Internet]. Long Beach, United States: SPIE; 2023 [cited 2024 Mar 24]. p. 26. Available
from: https://www.spiedigitallibrary.org/conference-proceedings-of-spie/12482/2658612 /Improving-diver-
robot-empathy-with-a-haptic-feedback-smart-glove/10.1117/12.2658612.full

Zhangy, Jiang Y, Qi H, Zhao M, Wang Y, Wang K, et al. An Underwater Human-Robot Interaction Using a Visual-
Textual Model for Autonomous Underwater Vehicles. Sensors [Internet]. 2022 Dec 24 [cited 2024 Mar
241;23(1):197. Available from: https://www.mdpi.com/1424-8220/23/1/197

Enan SS, Sattar J. Visual Detection of Diver Attentiveness for Underwater Human-Robot Interaction. 2022 [cited
2024 Mar 24]; Available from: https://arxiv.org/abs/2209.14447

Birk A. A Survey of Underwater Human-Robot Interaction (U-HRI). Curr Robot Rep [Internet]. 2022 Sep 23 [cited
2024 Mar 24];3(4):199-211. Available from: https://link.springer.com/10.1007 /s43154-022-00092-7

Freitag L, Grund M, Singh S, Partan ], Koski P, Ball K. The WHOI micro-modem: an acoustic communications and
navigation system for multiple platforms. In: Proceedings of OCEANS 2005 MTS/IEEE [Internet]. 2005 [cited
2024 Mar 24]. p. 1086-1092 Vol. 2. Available from: https://ieeexplore.ieee.org/abstract/document/1639901

Eustice RM, Singh H, Leonard ]], Walter MR. Visually Mapping the RMS Titanic: Conservative Covariance
Estimates for SLAM Information Filters. The International Journal of Robotics Research [Internet]. 2006 Dec
[cited 2024 Mar 24];25(12):1223-42. Available from:
http://journals.sagepub.com/doi/10.1177/0278364906072512

965



[25]

[26]

[27]

International Journal of Science and Research Archive, 2024, 11(02), 956-968

Kalyan B, Chitre MA. Concept of Operations for Collaborative Human Robot Inspection and Intervention System
in Challenging Underwater Environments. In: Day 4 Thu, May 04, 2023 [Internet]. Houston, Texas, USA: OTC;
2023 [cited 2024 Mar 24]. p. D041S055R001. Available from:
https://onepetro.org/OTCONF /proceedings/230TC/4-230TC/D041S055R001/519028

Wu X, Stuck RE, Rekleitis I, Beer JM. Towards a Framework for Human Factors in Underwater Robotics.
Proceedings of the Human Factors and Ergonomics Society Annual Meeting [Internet]. 2015 Sep 1 [cited 2024
Mar 24];59(1):1115-9. Available from: https://doi.org/10.1177/1541931215591161

Stadler S, Kain K, Giuliani M, Mirnig N, Stollnberger G, Tscheligi M. Augmented reality for industrial robot
programmers: Workload analysis for task-based, augmented reality-supported robot control. In: 2016 25th I[EEE
International Symposium on Robot and Human Interactive Communication (RO-MAN) [Internet]. New York, NY,
USA: IEEE; 2016 [cited 2024 Mar 24]. p. 179-84. Available from:
http://ieeexplore.ieee.org/document/7745108/

Monterubbianesi R, Tosco V, Vitiello F, Orilisi G, Fraccastoro F, Putignano A, et al. Augmented, Virtual and Mixed
Reality in Dentistry: A Narrative Review on the Existing Platforms and Future Challenges. Applied Sciences
[Internet]. 2022 Jan 15 [cited 2024 Mar 24];12(2):877. Available from: https://www.mdpi.com/2076-
3417/12/2/877

Mullen ], Mosier ], Chakrabarti S, Chen A, White T, Losey D. Communicating Inferred Goals With Passive
Augmented Reality and Active Haptic Feedback. IEEE Robot Autom Lett [Internet]. 2021 Oct [cited 2024 Mar
24];6(4):8522-9. Available from: https://ieeexplore.ieee.org/document/9536385/

Hughes-Hallett A, Mayer EK, Pratt P, Mottrie A, Darzi A, Vale J. The current and future use of imaging in urological
robotic surgery: a survey of the European Association of Robotic Urological Surgeons: The current and future use
of imaging in urological robotic surgery. Int ] Med Robotics Comput Assist Surg [Internet]. 2015 Mar [cited 2024
Mar 24];11(1):8-14. Available from: https://onlinelibrary.wiley.com/doi/10.1002/rcs.1596

Fulton M, Edge C, Sattar J. Robot Communication Via Motion: Closing the Underwater Human-Robot Interaction
Loop. In: 2019 International Conference on Robotics and Automation (ICRA) [Internet]. Montreal, QC, Canada:
IEEE; 2019 [cited 2024 Mar 24]. p. 4660-6. Available from: https://ieeexplore.ieee.org/document/8793491/

Abdelkader Bellarbi, Bellarbi A, Christophe Domingues, Domingues C, Samir Otmane, Otmane S, et al. Augmented
reality for underwater activities with the use of the DOLPHYN. 2013 10th IEEE INTERNATIONAL CONFERENCE
ON NETWORKING, SENSING AND CONTROL (ICNSC). 2013 Apr 10;409-12.

Islam M], Ho M, Sattar J. Understanding human motion and gestures for underwater human-robot collaboration.
Journal of Field Robotics [Internet]. 2019 Aug [cited 2024 Mar 24];36(5):851-73. Available from:
https://onlinelibrary.wiley.com/doi/10.1002/rob.21837

Chiarella D, Bibuli M, Bruzzone G, Caccia M, Ranieri A, Zereik E, et al. A Novel Gesture-Based Language for
Underwater Human-Robot Interaction. JMSE [Internet]. 2018 Aug 1 [cited 2024 Mar 24];6(3):91. Available from:
http://www.mdpi.com/2077-1312/6/3/91

Xu P. Gesture-based Human-robot Interaction for Field Programmable Autonomous Underwater Robots. 2017
[cited 2024 Mar 24]; Available from: https://arxiv.org/abs/1709.08945

Sibirtseva E, Kontogiorgos D, Nykvist O, Karaoguz H, Leite I, Gustafson ], et al. A Comparison of Visualisation
Methods for Disambiguating Verbal Requests in Human-Robot Interaction. In: 2018 27th IEEE International
Symposium on Robot and Human Interactive Communication (RO-MAN) [Internet]. Nanjing: IEEE; 2018 [cited
2024 Mar 24]. p. 43-50. Available from: https://ieeexplore.ieee.org/document/8525554/

Elmagrouni [, Ettaoufik A, Aouad S, Maizate A. Approach for Improving User Interface Based on Gesture
Recognition. Krit S, editor. E3S Web Conf [Internet]. 2021 [cited 2024 Mar 24];297:01030. Available from:
https://www.e3s-conferences.org/10.1051/e3sconf/202129701030

Wang S, Long F. Robot Human-Machine Interaction Method Based on Natural Language Processing and Speech
Recognition.  IJACSA  [Internet]. 2023 [cited 2024 Mar  25];14(12). Available from:
http://thesai.org/Publications/ViewPaper?Volume=14&Issue=12&Code=IJACSA&SerialNo=78

La Cruz MD, Casafi GA, Sanz PJ], Marin R. A New Virtual Reality Interface for Underwater Intervention Missions.
IFAC-PapersOnLine [Internet]. 2020 [cited 2024 Mar 25];53(2):14600-7. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S2405896320318802

Ewa Anna Szyszka, Ewa Anna Szyszka, Kai Kunze, Kai Kunze. Towards Underwater Augmented Reality Interfaces
to Improve the Navigation Experience. NASA/ESA Conference on Adaptive Hardware and Systems. 2022 Mar 13;

966



[46]

[47]

International Journal of Science and Research Archive, 2024, 11(02), 956-968

De La Cruz M, Casaii G, Sanz P, Marin R. Preliminary Work on a Virtual Reality Interface for the Guidance of
Underwater Robots. Robotics [Internet]. 2020 Oct 2 [cited 2024 Mar 24];9(4):81. Available from:
https://www.mdpi.com/2218-6581/9/4/81

Giesler B, Salb T, Steinhaus P, Dillmann R. Using augmented reality to interact with an autonomous mobile
platform. In: IEEE International Conference on Robotics and Automation, 2004 Proceedings ICRA '04 2004
[Internet]. New Orleans, LA, USA: IEEE; 2004 [cited 2024 Mar 25]. p. 1009-1014 Vol.1. Available from:
http://ieeexplore.ieee.org/document/1307282/

Mohareri O, Rad AB. Autonomous humanoid robot navigation using augmented reality technique. In: 2011 IEEE
International Conference on Mechatronics [Internet]. Istanbul, Turkey: IEEE; 2011 [cited 2024 Mar 25]. p. 463-
8. Available from: http://ieeexplore.ieee.org/document/5971330/

Malta A, Farinha T, Mendes M. Augmented Reality in Maintenance—History and Perspectives. ] Imaging
[Internet]. 2023 Jul 10 [cited 2024 Mar 25];9(7):142. Available from: https://www.mdpi.com/2313-
433X/9/7/142

Zurada ], Wright AL, Graham JH. A neuro-fuzzy approach for robot system safety. IEEE Trans Syst, Man, Cybern C
[Internet]. 2001 Feb [cited 2024 Mar 25];31(1):49-64. Available from:
http://ieeexplore.ieee.org/document/923268/

Xiang X, Yu C, Zhang Q. On intelligent risk analysis and critical decision of underwater robotic vehicle. Ocean
Engineering [Internet]. 2017 Aug [cited 2024 Mar  25];140:453-65. Available from:
https://linkinghub.elsevier.com//retrieve/pii/S0029801817303153

Ageev MD, Kiselev LV, Shcherbatyuk APh. Tasks for autonomous underwater robot. In: Fifth International
Conference on Advanced Robotics 'Robots in Unstructured Environments [Internet]. Pisa, Italy: IEEE; 1991 [cited
2024 Mar 25]. p. 1360-4 vol.2. Available from: http://ieeexplore.ieee.org/document/240453/

Laranjeira M, Arnaubec A, Brignone L, Dune C, Opderbecke ]J. 3D Perception and Augmented Reality
Developments in Underwater Robotics for Ocean Sciences. Curr Robot Rep [Internet]. 2020 Sep 1 [cited 2024
Mar 20];1(3):123-30. Available from: https://doi.org/10.1007 /s43154-020-00014-5

Bruno F, Barbieri L, Mangeruga M, Cozza M, Lagudi A, Cejka ], et al. Underwater augmented reality for improving
the diving experience in submerged archaeological sites. Ocean Engineering [Internet]. 2019 Oct [cited 2024 Mar
24];190:106487. Available from: https://linkinghub.elsevier.com/retrieve/pii/S0029801819306298

Edwin Francis Cardenas, Cardenas EF, Max Suell Dutra, Dutra MS, Max Suell Dutra. An Augmented Reality
Application to Assist Teleoperation of Underwater Manipulators. IEEE Latin America Transactions. 2016 Mar
21;14(2):863-9.

Morales R, Keitler P, Maier P, Klinker G. An Underwater Augmented Reality system for commercial diving
operations. In: OCEANS 2009 [Internet]. Biloxi, MS: IEEE; 2009 [cited 2024 Mar 24]. p. 1-8. Available from:
https://ieeexplore.ieee.org/document/5422365/

Jan Cejka, Cejka ], Marino Mangeruga, Mangeruga M, Fabio Bruno, Bruno F, et al. Evaluating the Potential of
Augmented Reality Interfaces for Exploring Underwater Historical Sites. IEEE Access. 2021;9:45017-31.

Hunter Brown, Brown HC, Haozhu Wang, Wang H. Underwater Augmented Reality: Navigation and identification.
Oceans. 2013 Sep 1;

Leif Oppermann, Oppermann L, Lisa Blum, Blum L, Marius Shekow, Shekow M. Playing on AREEF: evaluation of
an underwater augmented reality game for kids. International Conference on Human-Computer Interaction with
Mobile Devices and Services. 2016 Sep 6;330-40.

Jan Cejka, Cejka ], Fotis Liarokapis, Liarokapis F. Tackling Problems of Marker-Based Augmented Reality Under
Water. Visual Computing for Cultural Heritage. 2020;205-24.

Nihan Garipagaoglu-Ugur, Nihan Garipagaoglu Ugur, Orhan Akova, Orhan Akova. The Use of Virtual Reality and
Augmented Reality in Cultural Heritage and Deep-Diving Destinations. Handbook of Research on Digital
Communications, Internet of Things, and the Future of Cultural Tourism. 2022 Jan 1;138-60.

Fabio Bruno, Bruno F, Antonio Lagudi, Lagudi A, Loris Barbieri, Barbieri L, et al. Virtual and Augmented Reality
Tools to Improve the Exploitation of Underwater Archaeological Sites by Diver and Non-diver Tourists.
International Euro-Mediterranean Conference. 2016 Oct 31;269-80.

Nielsen ]. Usability Engineering. Morgan Kaufmann; 1994. 382 p.

967



[71]

[72]

International Journal of Science and Research Archive, 2024, 11(02), 956-968

Azuma RT. A Survey of Augmented Reality. Presence: Teleoperators & Virtual Environments [Internet]. 1997 Aug
[cited 2024 Mar 25];6(4):355-85. Available from: https://direct.mit.edu/pvar/article/6/4/355-385/18336

Makhataeva Z, Varol H. Augmented Reality for Robotics: A Review. Robotics [Internet]. 2020 Apr 2 [cited 2024
Mar 24];9(2):21. Available from: https://www.mdpi.com/2218-6581/9/2/21

Brizzi F, Peppoloni L, Graziano A, Stefano ED, Avizzano CA, Ruffaldi E. Effects of Augmented Reality on the
Performance of Teleoperated Industrial Assembly Tasks in a Robotic Embodiment. IEEE Trans Human-Mach Syst
[Internet]. 2018 Apr [cited 2024 Mar 25];48(2):197-206. Available from:
http://ieeexplore.ieee.org/document/8241709/

Pavlovic VI, Sharma R, Huang TS. Visual interpretation of hand gestures for human-computer interaction: a
review. I[EEE Trans Pattern Anal Machine Intell [Internet]. 1997 Jul [cited 2024 Mar 25];19(7):677-95. Available
from: http://ieeexplore.ieee.org/document/598226/

Kollakidou A, Haarslev F, Odabasi C, Bodenhagen L, Kriiger N. HRI-Gestures: Gesture Recognition for Human-
Robot Interaction: In: Proceedings of the 17th International Joint Conference on Computer Vision, Imaging and
Computer Graphics Theory and Applications [Internet]. Online Streaming, --- Select a Country ---: SCITEPRESS -
Science and Technology Publications; 2022 [cited 2024 Mar 25]. p. 559-66. Available from:
https://www.scitepress.org/DigitalLibrary/Link.aspx?doi=10.5220/0010871200003124

Hinton G, Deng L, Yu D, Dahl G, Mohamed A rahman, Jaitly N, et al. Deep Neural Networks for Acoustic Modeling
in Speech Recognition: The Shared Views of Four Research Groups. IEEE Signal Process Mag [Internet]. 2012 Nov
[cited 2024 Mar 25];29(6):82-97. Available from: http://ieeexplore.ieee.org/document/6296526/

Poncela A, Gallardo-Estrella L. Command-based voice teleoperation of a mobile robot via a human-robot
interface. Robotica [Internet]. 2015 Jan [cited 2024 Mar 25];33(1):1-18. Available from:
https://www.cambridge.org/core/product/identifier/S0263574714000010/type/journal_article

Anjangi P, Gibson A, Ignatius M, Pendharkar C, Kurian A, Low A, et al. Diver Communication and Localization
System using Underwater Acoustics. In: Global Oceans 2020: Singapore - US Gulf Coast [Internet]. Biloxi, MS,
USA: IEEE; 2020 [cited 2024 Mar 25]. p. 1-8. Available from: https://ieeexplore.ieee.org/document/9389462/

Webb H, Webb ]. An Underwater audio communicator. IEEE Trans Audio Electroacoust [Internet]. 1966 Sep
[cited 2024 Mar 25];14(3):127-35. Available from: http://ieeexplore.ieee.org/document/1161863/

Mu D, Li H, Liu H, Dong L, Zhang G. Underwater image enhancement using a mixed generative adversarial
network. IET Image Processing [Internet]. 2023 Mar [cited 2024 Mar 25];17(4):1149-60. Available from:
https://onlinelibrary.wiley.com/doi/10.1049/ipr2.12702

Guan Y, Liu X, Yu Z, Wang Y, Zheng X, Zhang S, et al. Fast underwater image enhancement based on a generative
adversarial framework. Front Mar Sci [Internet]. 2023 Feb 8 [cited 2024 Mar 25];9:964600. Available from:
https://www.frontiersin.org/articles/10.3389/fmars.2022.964600/full

Cejka ], Zsiros A, Liarokapis F. A hybrid augmented reality guide for underwater cultural heritage sites. Pers
Ubiquit Comput [Internet]. 2020 Dec [cited 2024 Mar 25];24(6):815-28. Available from:
http://link.springer.com/10.1007/s00779-019-01354-6

Mary DRK, Ko E, Kim SG, Yum SH, Shin SY, Park SH. A Systematic Review on Recent Trends, Challenges, Privacy
and Security Issues of Underwater Internet of Things. Sensors [Internet]. 2021 Dec 10 [cited 2024 Mar
25];21(24):8262. Available from: https://www.mdpi.com/1424-8220/21/24 /8262

Dragone M, Saunders ], Dautenhahn K. On the Integration of Adaptive and Interactive Robotic Smart Spaces.
Paladyn, Journal of Behavioral Robotics [Internet]. 2015 Jan 11 [cited 2024 Mar 25];6(1). Available from:
https://www.degruyter.com/document/doi/10.1515/pjbr-2015-0009 /html

Cejka ], Mangeruga M, Bruno F, Skarlatos D, Liarokapis F. Evaluating the Potential of Augmented Reality
Interfaces for Exploring Underwater Historical Sites. IEEE Access [Internet]. 2021 [cited 2024 Mar 25];9:45017-
31. Available from: https://ieeexplore.ieee.org/document/9355135/

968



