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Abstract: Underwater light field imaging, as an emerging cross-disciplinary technology, integrates advanced principles of
light field imaging with the specific demands of complex underwater environments, thereby pioneering a new model for
aquatic visual perception. Unlike conventional underwater imaging techniques, this technology enables the acquisition of
more multidimensional visual information from real-world, complex underwater settings, effectively overcoming the limita-
tions of traditional two-dimensional imaging in marine environments. Conventional underwater imaging technology is a two-
dimensional projection recording of the three-dimensional light field, capturing only light intensity information within a lim-
ited angular range while losing the directional characteristics of light rays. This deficiency becomes particularly pronounced
in complex underwater environments, resulting in compromised image quality due to multiple factors such as water absorp-

tion, scattering, and plankton interference. Through specially designed imaging systems, underwater light field technology
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simultaneously records the spatial distribution and directional information of light, therefore achieving complete four-
dimensional sampling of the underwater light field. This comprehensive light capture capability enables the technology to
acquire angular details that cannot be preserved in traditional two-dimensional imaging, providing a rich data foundation for
subsequent underwater visual tasks. Although underwater light field imaging poses high-dimensional data challenges, this
multidimensional representation improves the understanding capability of marine scenes and significantly boosts the perfor-
mance of various underwater vision tasks. Consequently, underwater light field imaging has garnered increasing attention
in computer vision and computational photography. To this end, this paper provides a comprehensive survey and in-depth
exploration of relevant research over the past two decades, structured around a two-dimensional “theory-applications”
framework. At the theoretical level, our survey begins with a detailed introduction to the fundamental models and mechanis-
tic developments in underwater light field imaging. The evolution progressed from the initial seven-dimensional plenoptic
function to a simplified five-dimensional function, ultimately culminating in the establishment of the four-dimensional
model. This four-dimensional model of underwater light field preserves essential information, including spatial and angular
light data, while simultaneously reducing the complexity of data acquisition and processing. This reduction in complexity
has made the practical application of light field imaging technology in underwater environments feasible. Existing theoreti-
cal research on underwater light field can be categorized into three main phases: underwater light field simulation, under-
water light field measurement, and underwater light field reconstruction. The theoretical developments and corresponding
representative works are systematically summarized, encompassing aspects such as algorithm design, hardware equipment,
experimental validation, and application scenarios. In addition, parameter calibrations for underwater light field are a criti-
cal component to achieve effective restoration and reconstruction, and existing calibration approaches are primarily classi-
fied into two categories: simulation-based methods and iterative-based methods. At the application level, our survey
expounds on four major application scenarios and their technological breakthroughs: underwater image enhancement,
expansion of underwater imaging distance, underwater image object detection and tracking, and underwater three-
dimensional reconstruction. In terms of underwater image enhancement, this technology primarily leverages the spatial-
angular information inherent in light fields to address critical challenges such as image blurring and color distortion caused
by underwater scattering and refraction. By effectively distinguishing target signals from noise under water environments,
these specific algorithms achieve significantly superior image enhancement results compared with conventional single-image
enhancement methods. Regarding expansion of underwater imaging distance, the utilization of multiview data from under-
water light field enables the optimization of light propagation models, effectively mitigating the limitations imposed by water
absorption and scattering on imaging distance. As a result, imaging systems can capture clear and identifiable underwater
targets at substantially greater ranges. In underwater image object detection and tracking, the multiview information pro-
vided by underwater light field data dramatically enhances the robustness and accuracy of detection algorithms, particularly
in challenging underwater scenarios involving small target detection against complex backgrounds and rapid motion track-
ing. Underwater light field imaging also demonstrates unique advantages and has been successfully deployed in practical
applications of marine observation. In underwater three-dimensional reconstruction, this technique enables the acquisition
of depth information from single exposures without requiring active illumination or specialized scanning equipment. This
capability streamlines the underwater 3D measurement workflow, providing novel technical solutions for seabed topo-
graphic mapping and underwater archaeological research. Finally, our survey analyzes the current challenges of underwater
light field imaging, involving the highly unpredictable nature of intricate underwater environments, difficulties in develop-
ing high-precision sensors or devices, and bottlenecks in efficiently processing high-dimensional massive datasets. More-
over, this survey outlines future developmental directions that will focus on establishing more accurate underwater imaging
models, studying more stability properties of underwater light field, developing miniaturized and highly robust sensors or
devices, and designing more efficient high-dimensional data processing algorithms. Underwater light field imaging has
evolved into a multidisciplinary technology that integrates innovations from various fields such as optical engineering, physi-
cal modeling, materials design, and artificial intelligence. This convergence of technologies positions underwater light
field imaging as a potentially core technology in blue economy sectors such as marine science and underwater engineering.

Furthermore, this technique is poised to play a crucial role in national marine development strategies, contributing signifi-
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cantly to the advancement of ocean exploration and utilization capabilities.
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Fig. 2 Four-dimensional structure of underwater light field
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Table 3 Representative works of underwater object detection and tracking
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Fig. 6  Development progress of underwater 3D reconstruction
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