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Abstract: Artificial intelligence (Al) is increasingly permeating marine applications, significantly driving the develop-
ment of autonomous marine systems. The continuous advancement of Al pushes intelligent agents into progressively com-
plex and challenging physical environments, emphasizing the necessity for effective environmental perception and cognitive
understanding within dynamic and uncertain marine contexts. The concept of embodied intelligence provides essential
insights for addressing these challenges. Embodied intelligence underscores the importance of ongoing physical interaction
between agents and their environments, substantially enhancing perceptual capabilities, environmental understanding,
and decision-making through continuous real-time sensing-action loops. Driven by rapid advances in computational capa-
bilities and foundational large-scale models, embodied intelligence has become a prominent research area within terrestrial
and aerial domains. Despite notable advancements in these areas, applying embodied intelligence within marine environ-

ments introduces fundamentally different and considerably greater challenges due to their inherent complexity and uncer-
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tainties. Marine environments pose significant limitations to traditional perception technologies. Rapid attenuation of light
severely restricts underwater visibility, substantially complicating optical sensing methods. Constraints on electromagnetic
wave propagation limit wireless communication and navigation techniques underwater, making these conventional methods
unreliable. Although acoustic sensing provides possibilities for long-range perception, it is challenged by considerable limi-
tations, including low bandwidth, high latency, and complex multipath effects. Additionally, underwater intelligent agents
operate within stringent energy constraints, severely limiting their capacities for sustained movement, prolonged data col-
lection, and processing. These constraints make direct transfers of terrestrial or aerial intelligent solutions into marine envi-
ronments difficult, substantially hindering the development of foundational marine perception capabilities. In response,
this work introduces and systematically elaborates on the concept of embodied marine perception, which emphasizes proac-
tive physical interaction by marine intelligent agents. Embodied marine perception integrates adaptive motion and morpho-
logical adjustments to actively acquire and fuse multimodal sensory information, encompassing visual, acoustic, haptic/
force, fluid, and chemical perceptions. Such integrated multimodal sensing allows marine intelligent agents to construct
comprehensive internal world models that are closely tailored to specific environmental contexts and operational tasks. For
instance, underwater robots can autonomously execute optical and acoustic mapping missions, detect chemical concentra-
tion variations accurately through fluid traversal, and discern object properties through direct physical interaction. This pro-
active and multimodal perception approach offers effective solutions to address the inherent sparsity , uncertainty, and vari-
ability of marine environmental information. This work systematically reviews the state of embodied marine perception
research internationally, highlighting key theoretical gaps and technological limitations. It defines critical scientific chal-
lenges, including achieving unified environmental representation from incomplete and unstructured sensory data, develop-
ing methods for task-oriented active perception and efficient environmental exploration, and facilitating the emergence and
adaptive evolution of perception strategies through continuous physical interaction. This study proposes a comprehensive
technological framework termed five embodied marine senses, integrating vision, acoustics, haptic/force perception, fluid
perception, and chemical perception. By synthesizing these multimodal sensory capabilities, marine intelligent agents sig-
nificantly enhance their environmental modeling accuracy, cognitive understanding, and decision-making abilities,
thereby effectively addressing the complexities and uncertainties inherent in marine environments. Taking deep-sea mining
operations as a representative scenario, this work elucidates the practical implications and transformative potential of
embodied marine perception. Deep-sea mining operations require precise multimodal perception to navigate complex sea-
bed terrains, accurately identify and evaluate mineral resources, and effectively manage operational risks and uncertain-
ties. Embodied marine perception’s active perception paradigm enables underwater robots to dynamically adjust their sen-
sory strategies and operational behaviors on the basis of real-time environmental feedback, thus significantly enhancing
operational efficiency, reliability, and safety. Ultimately, this study envisions embodied marine perception evolving
toward physics-integrated Al, highlighting the importance of continuous physical interaction for robust, adaptive, and reli-
able environmental cognition in marine contexts. It advocates for accelerated foundational research, targeted technological
breakthroughs, and practical demonstrations in representative marine scenarios to drive future advancements in this critical
area of embodied marine perception.

Key words: embodied intelligence; embodied marine perception; multimodal perception; marine robotic; deep-sea min-

ing; artificial intelligence (A1)
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Fig. 1  Overview of embodied marine perception
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technology development timeline
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