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Abstract

We present Plenodium (plenoptic medium), an effective and efficient 3D represen-
tation framework capable of jointly modeling both objects and the participating
medium. In contrast to existing medium representations that rely solely on view-
dependent modeling, our novel plenoptic medium representation incorporates
both directional and positional information through spherical harmonics encoding,
enabling highly accurate underwater scene reconstruction. To address the initializa-
tion challenge in degraded underwater environments, we propose the pseudo-depth
Gaussian complementation to augment COLMAP-derived point clouds with robust
depth priors. In addition, a depth ranking regularized loss is developed to optimize
the geometry of the scene and improve the ordinal consistency of the depth maps.
Extensive experiments on real-world underwater datasets demonstrate that our
method achieves significant improvements in 3D reconstruction. Furthermore, we
construct a simulated dataset with GT and the controllable scattering medium to

demonstrate the restoration capability of our method in underwater scenarios.

1 Introduction

Underwater imaging plays a critical role in diverse ap-
plications, including underwater construction, marine
sciences, etc. However, its efficacy is significantly hin-
dered by the complex optical properties of the aquatic
environment. These properties lead to wavelength- and
distance-dependent attenuation and scattering of light,
resulting in degraded image quality characterized by the
color cast, diminished contrast, and loss of detail. Given
the expanding scientific and industrial focus on oceanic
exploration, the reconstruction of scattering-affected un-
derwater scenes becomes increasingly important.

Pioneering works [3—7] based on Neural Radiance Fields
(NeRF) [8] and 3D Gaussian Splatting (3DGS) [9] have
significant contributions to 3D reconstruction. These
methods achieve effective surface modeling by constrain-
ing their representations to scene surfaces, assuming a
vacuum-like medium between the observer and the ob-
jects. However, such approaches neglect the influence
of light scattering in participating media, limiting their
applicability in real underwater environments.
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Figure 1: Comparison of Plenodium, Wa-
terSplatting [1], and SeaThru-NeRF [2]
on reconstruction and restoration perfor-
mance (PSNR, SSIM), as well as effi-
ciency (FPS, training time).
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To achieve underwater 3D scene reconstruction, SeaThru-NeRF [2] extends the NeRF framework
by introducing an additional medium volume field, which is parameterized by an MLP and charac-
terizes the color and density attributes of the medium, enabling accurate modeling of light-medium
interactions. WaterSplatting [1] leverages 3DGS as an alternative geometric representation to replace
the computational NeRF in SeaThru-NeRF [2], while preserving the core medium representation
capability, achieving more efficient rendering. However, there are three significant limitations affect-
ing its accuracy, efficiency, and robustness: 1) Existing methods estimate medium properties based
exclusively on viewing directions, failing to account for the spatial relationship between camera
positions and scattering effects in heterogeneous media; 2) Despite its advantages, WaterSplatting
still employs an implicit MLP for medium representation, which introduces substantial computational
costs limiting its efficiency; 3) The 3DGS-based approaches rely on COLMAP [10, 11] for initial-
izing Gaussian primitives, but underwater image degradation severely impairs COLMAP’s feature
extraction and matching, compromising the reliability of the initialization process.

In this paper, we present an effective and efficient method for underwater 3D reconstruction. Different
from existing methods that rely on the medium representation with limited directional information, we
are the first to take positional information into account and develop a plenoptic medium representation.
Notably, the proposed plenoptic medium representation is modeled by explicit Spherical Harmonics
(SH), rather than implicit MLPs. Specifically, we positionally encode the SH coefficients via a trilinear
interpolation mechanism to capture accurate scattering effects in arbitrary positions, while achieving
faster rendering than MLP-based methods. Then, to address the limitations of COLMAP in degraded
underwater scenes, we propose a pseudo-depth Gaussian complementation method that enriches the
sparse point clouds with pseudo-depth estimated from the Depth Anything Model [12, 13], improving
the robustness of the initialization for 3DGS. Furthermore, we introduce a depth ranking regularized
loss to optimize the geometry of the scene, enhancing the ordinal stability of the depth maps. Taken
together, the proposed approach can effectively improve the reconstruction quality while speeding up
rendering. In addition, we created a simulated dataset for validating the restoration performance of
our approach across various types of media and different degradation intensities, as well as analyzing
degradation impacts on 3D reconstruction.

The contributions can be summarized as follows: 1) We propose Plenodium, which introduces a novel
plenoptic medium representation that characterizes both the directional and positional information
and then incorporates it with 3DGS for effective underwater 3D reconstruction. 2) To improve the
robustness of 3DGS-based reconstruction in underwater scenarios, we introduce a pseudo-depth
Gaussian complementation to enrich COLMAP-initialized Gaussian primitives and a depth ranking
regularized loss to enhance the geometric consistency. 3) We construct a simulated dataset with
ground truth (GT) and a controllable scattering medium, which enables systematic evaluation of
image restoration performance across degradation levels. 4) Extensive experiments demonstrate
the effectiveness and efficiency of our approach. As shown in Fig. 1, Plenodium outperforms prior
methods, increasing the PSNR by at least 0.872dB and speeding up the rendering efficiency by 47%
in real-world reconstruction scenarios.

2 Related Work

3D Gaussian splatting. 3DGS [9] constructs a 3D scene representation with a set of 3D Gaussians,
where the i-th Gaussian is defined by a center position j 2 R3, a 3D covariance matrix ; 2 R3%3,
an opacity j 2 R, and color features Aj. Specifically, the rendered color ¢is computed by a
blending process that combines the color contributions FC;gl\ | from N individual Gaussians:
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where Gaussian color ¢; = SH(d; Aj) is derived from spherical harmonics [14] with ray direction d
and its color features Aj, and ; is computed by multiplying its ; and its projected 2D Gaussian.

3DGS addresses limitations of the reconstruction efficiency in 3D scene modeling by leveraging
explicit 3D Gaussian primitives for real-time rendering [5, 6] and minute-level training [15, 16] on
consumer GPUs. 3DGS has been proven to be effective in a wide range of applications, including
digital human reconstruction [17, 18], Artificial Intelligence Generated Content [19-21], and au-
tonomous driving [22, 23]. In computational imaging, 3DGS has also shown significant improvements



in super-resolution [24], deblurring [25, 26], derain [27], and low-light enhancement [28]. These
advancements demonstrate the capacity of 3DGS to invert ill-posed imaging problems, transforming
low-quality inputs into high-quality 3D reconstructions [29—33] with photometric consistency.

Computer vision with scattering medium. Underwater computer vision faces significant challenges
due to complex optical phenomena, particularly light scattering and wavelength-dependent attenuation.
These effects degrade image quality by introducing color distortion, reduced contrast, and haze,
rendering traditional computer vision methods (designed for clear-air environments) ineffective in
underwater applications. To address the ill-posed nature of the problem, earlier work introduces
domain-specific priors to restore the scenes [34—37]. The method in [38] proposes a general image
formation model in scattering media under ambient illumination, expressing per-pixel color C as:
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where ¢ denotes the intrinsic color of the object at depth z, c™e9 represents the ambient medium
color at infinite distance, 2®and S are the attenuation coefficients for the direct and backscatter
components. Building on this framework, SeaThru [39] leverages depth maps to decouple attenuation
and backscatter estimation, achieving robust restoration by explicitly modeling depth-dependent light
propagation. Osmosis [40] adopts an unsupervised diffusion framework that iteratively refines images
using priors derived from unpaired clean and degraded datasets. Furthermore, Seathru-NeRF [2] and
WaterSplatting [ 1] extend NeRF and 3DGS architectures by embedding the physical model into their
rendering equations, enabling simultaneous 3D scene reconstruction and water removal.

3 Preliminaries

In contrast to vanilla 3DGS, our Plenodium incorporates explicit modeling of medium-induced light
attenuation through absorption and scattering effects, following [1]. The transmittance T;j(z) at a
given depth z along the ray, situated between the (i-1)-th and i-th Gaussian splat is formulated as:

Ti(z) =T™@) T, 3)

where T™Med(z) = e~ medz represents the exponential attenuation due to medium absorption, char-
acterized by the medium’s extinction coefficient med along the path from the camera to depth z,
and TiObj = 1';11 1 j) captures the cumulative transmittance through all preceding Gaussian
primitives, quantifying their occlusion effects on downstream geometry.

Meanwhile, the medium’s contribution to color éime’j between these Gaussian splats is computed as:
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where z; denotes the depth of the i-th Gaussian in the camera coordinate system (z is set to 0).

Following [1, 2], we utilize two sets of parameters: object attenuation 2t for object color €obJ and
medium backscatter S for medium color €™Med. The comprehensive rendering equation is:

¢ =Co0i 4+ gmed = > M+ > Emed 4 Ened

i=1 i=1 (5)
X X
A . H bs., bs., H bs
i Ci iTiObje— Zi } C T edTiobj (67 Zi 1 e~ Z.) +C | edT'Slbile7 N :

i=1 i=1

att

where égged presents the medium’s color contribution from the last Gaussian to infinitely far.

4 Plenodium

We aim to develop an efficient and robust 3D reconstruction method for underwater scenarios.
Specifically, our approach begins with an explicit plenoptic medium representation (i.e., Fig. 2(b))



Figure 2: Overview of our Plenodium. We rst employ the pseudo-depth Gaussian complementation
to enrich the primitives initialized by COLMAP. Then we utilize the plenoptic medium representation
to estimate the medium parameter and render the underwater images following Eqn. 5. The primitives
are optimized with the loss function in Egn. 12, including a new depth ranking regularized loss.

to accurately model the scattering medium in Sec. 4.1. We then present a pseudo-depth Gaussian
complementation (i.e., Fig. 2(a)) that leverages robust depth priors to enhance Gaussian primitive
initialization in Sec. 4.2. Finally, a depth ranking regularized loss (i.e., Fig. 2(c)) is introduced to
enhance the geometric consistency in Sec. 4.3. The whole framework is summarized in Fig. 2.

4.1 Plenoptic Medium Representation

Scattering effects in heterogeneous media exhibit complex dependencies on both ray diraotion

the observer's spatial coordinatesy; z) . While existing methods only account for directional de-
pendency while neglecting positional variations, we propose a novel plenoptic medium representation
that explicitly incorporates both directional and positional information. Speci cally, we parameterize
the properties of the medium along each ray (i.e., the medium c8f8r, the object attenuation

coef cient 2 and the medium backscatter coef cierft® in Eqn. 5) by Spherical Harmonics (SH):
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Yoyz 3 Ax;bys;Z denote the SH coef cients for medium color, object attenuation, and
medium backscatter at position (x;y; z), respectively.

To enable ef cient learning of spatially varying medium parameters from sparse camera observations,
we store eight fundamental SH coef cients at each corner of the normalized 3D spade®.
Through trilinear interpolation1] of these, we can reconstruct the SH coef cient set at any arbitrary
spatial position:
t 1 X t
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where t 2 fcmed; at. bsg. (7)

The proposed plenoptic medium representation employs explicit SH encddihgdducing the time
required for medium parameter retrieval during inference to less than 5% of that needed by implicit
MLP-based methodsl[ 2], while simultaneously improving the accuracy of scattering simulations in
heterogeneous media (as illustrated in Sec. 6).

4.2 Pseudo-Depth Gaussian Complementation

Underwater 3DGS initialization is challenged by severe light attenuation and scattering, which
degrade conventional SfM pipelines]] like COLMAP [11]. To address this, we propose Pseudo-
Depth Gaussian Complementation (PDGC), which builds on COLMAP by inheriting its initial
Gaussians and augmenting them with additional ones guided by monocular pseudo-depth priors.

First, for a given camera view, we render the pixel-wise débthia -blending according to:
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