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Overview and prospects of underwater novel view synthesis

Yuan Jieyu, Zhao Qianqian, Li Yujun, Zhang Yuanlin, Guo Chunle, Li Chongyi’
College of Computer Science, Nankai University, Tianjin 300350, China

Abstract: Underwater novel view synthesis (UNVS) is an emerging research area at the intersection of computer vision,
computer graphics, and marine science. It aims to reconstruct complete 3D scenes from sparse or limited observations and
generate photorealistic images from arbitrary viewpoints. Compared with traditional underwater imaging techniques, UNVS
provides geometrically consistent scene reconstructions and enables flexible visualization of marine environments, thereby
offering richer spatial information to support applications in marine observation, ecological monitoring, resource explora-
tion, and digital ocean construction. With the rapid development of smart ocean initiatives globally, the demand for high-
quality underwater 3D reconstruction and novel view synthesis has increased. Despite the remarkable success of novel view
synthesis methods, such as neural radiance fields (NeRF) and 3D Gaussian splatting (3DGS) , in terrestrial environ-

ments, their direct application underwater remains severely limited. The underwater imaging environment is fundamentally
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different from natural scenes because of its complex optical propagation effects. Light attenuation is wavelength-dependent,
causing severe color distortion and loss of contrast. Forward and backward scattering caused by water molecules and sus-
pended particles further degrade image quality by introducing haze-like effects, blur, and noise. In addition, the refraction
at the water-camera interface, the caustics caused by surface waves, and dynamic disturbances (e. g. , moving marine
organisms) pose additional challenges to stable reconstruction and consistent novel view generation. These unique physical
and environmental factors make UNVS a highly challenging problem that requires specialized solutions. Despite the grow-
ing research interest and emerging progress in UNVS, comprehensive surveys remain scarce, particularly those that system-
atically analyze recent developments and provide a holistic perspective of the field. To address this gap, this study presents
a comprehensive review of the current state of UNVS. First, we revisit the physical principles of underwater imaging and
analyze how scattering, absorption, and multipath transmission affect visual data acquisition and subsequent reconstruction
quality. Understanding these mechanisms is crucial because they form the theoretical basis for integrating physics-based
priors into learning-driven approaches. Second, we provide an overview of representative methodological advances.
Physics-inspired methods attempt to explicitly model underwater light propagation and compensate for degradation, and
data-driven approaches, particularly those based on NeRF and its variants, leverage deep neural networks to learn radiance
fields directly from observations. Recent efforts have further extended 3DGS, which offers order-of-magnitude improve-
ments in rendering efficiency and is particularly attractive for real-time applications. Hybrid approaches that integrate
physical modeling, deep learning, and multimodal sensing (e. g. , combining optical and acoustic data) have also been dis-
cussed because they show promise in addressing the limitations of single-modality methods. By analyzing representative
studies from domestic and international communities, we highlight their technical principles, performance metrics, and
practical applications. Specific attention is paid to how different approaches address underwater optical effects, dynamic
interference, and the restoration of complex scenes (e. g. , coral reefs and shipwrecks). Comparative evaluations are pro-
vided across several dimensions, including geometric accuracy, visual fidelity, rendering efficiency, and robustness under
varying turbidity conditions. These comparisons reveal that although remarkable progress has been attained, a trade-off
often exists between reconstruction quality and computational cost, and current solutions are still far from achieving the gen-
eralization ability required for real-world deployment in diverse underwater environments. On the basis of this review, we
identify several open challenges and potential future directions. One key challenge lies in disentangling medium properties
from scene geometry, a task that requires improved joint modeling of water volume and object surfaces. Another important
research direction is domain adaptation and generalization; models trained under one turbidity condition or geographic
region often fail when they are applied elsewhere, highlighting the need for cross-domain robustness. Data scarcity also
remains a bottleneck because collecting large-scale, high-quality underwater datasets is expensive and technically demand-
ing. This situation suggests opportunities for leveraging unsupervised, weakly supervised, or simulation-to-real transfer
learning strategies. Furthermore, real-time performance is essential for integration with underwater robotics and autono-
mous underwater vehicles (AUVs), and such integration calls for the development of efficient architectures and hardware-
accelerated implementations. Furthermore, long-term perspectives point to the integration of multimodal sensing, the incor-
poration of physical priors into neural rendering frameworks, and the design of scalable systems that can operate in open,
dynamic, and large-scale marine environments. In conclusion, UNVS represents a rapidly growing but still challenging
area in vision and graphics research. By systematically reviewing the physical foundations, methodological advances, and
representative applications, this study aims to provide a comprehensive technical roadmap for researchers and practitio-
ners. The insights summarized herein are expected to guide future investigations; foster interdisciplinary collaboration
across oceanography, robotics, and artificial intelligence; and ultimately accelerate the transition of UNVS from laboratory
prototypes to practical tools that support marine science, ecological protection, and the sustainable development of ocean
resources.

Key words: underwater imaging; underwater stereo observation; 3D visual representation; novel view synthesis; underwa-

ter visual restoration; volume rendering; physics-based modeling
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Fig. 1 Underwater novel view synthesis for research and applications in smart ocean
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Fig. 2 Schematic of underwater light propagation effects and their impact on 3D scene modeling and observation
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Fig. 3 Scene representation based on NeRF and its differential neural rendering procedure (Mildenhall et al. ,2021)
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Fig. 5 Overview of representative underwater novel view synthesis methods
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Fig. 6 Schematic of underwater implicit neural representation
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Fig. 7 Framework of NeRF-based underwater dynamic scene modeling (Tang et al. ,2024)
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Fig. 8 Schematic of splatting with medium 3D reconstruction under explicit constraints (Li et al. ,2025)
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Fig. 9 Schematic of underwater scene appearance modeling based on Gaussian splatting
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Jar BR % , DreamSea (Zhang 45 2025b) A T —Fh
g5 AP BB B 5 A 5 i ik 52 7Y (visual foundation
model , VFM) i H JEHESE . 32007 bk B S R IR AE D™
R RN R bR VE A9 RGB % A= B 5 A 21 S
RGBD 4l , Horb i 7E ik A JE 8 43098 53 A HE A B
YT 5 Bl R A2 AR RGBD i il Ao = 4k [&] , If:
18 3DGS W A ey H et B, SCIEHS StV
BLZEAS T TR BE A% IR A% BN TRV 1 e JB 5 4L £
=

A T A G R T KT AR AR
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B, X TTIEAE R F g A0 A GRAL AR LR 2 K
T PREE I 2 I B Y R FZ AL RE T, A e
AR A AR B T S
2.2.4 REALRAET %
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FEAR R dner 7 O U H AR B2 A4 [ AR S
FEAETE S, 1R 22 48 55 AL BT 28 A0 O B BRI A
TUGS (tensorized underwater Gaussian splatting ) ( Lian
85,2025) F 17— PP LT sk Ak [ i TR R R R
ANREBR S %75 VA8 1 5K s v A U R T
AR 5K P 2, 2 3 A S MR SRR .
A1, 5 LAY ERAKSh Y W ARG AR, 7T e
AR A R T IRl R 1) B AR, AT S B
JUT 54 Fse B — AR . A1, TUGS iR BT T
T kA A0 B AR SR L TR K R B K
TE DRI S 4 P 4[] B A 35 vy 1) LA 8 5 i e
it Gl A A S S RO B RS . M
TUGS 38 1o %02 28 3 5 48 A £ 7R , Plenodium (Wu
45 ,2025) U NRAEE R 54T 7kt 32 T —
ol B4 1 406 7 A Bk os o A 07 1) 5 A Al AR
K BRI R ROPE 5 2 B L FH TR A %) i K AR A B
(T 5 IR 5 A T L s W R A Y
%58 )7 AN, Plenodium 38 i3 TR Gaussian M4
HLHI 1 58 COLMAP i) s = 70 A1, IF 51 AR HE?
IEMAEAE R, 38T 1 LAe)— Sork 5 R 45 0 i S
P o ARFE X — BT A9 2 A B R R HE L, Pleno-
dium 7552 ZRIB LR T SE B 1 v R LAY 3
SR RE G . R AR R T i T A B 4
H RN ARG, B R A DR o ) [ e 25 o
TR 2% LR A 5K, B2 TH R G S A AT
FRR
2.3 mHImM%TTE

AR , T 20 (feed-forward ) = 44k 5 £ 4 R 3%
WAL B G s TNE A RO % %2k
T3 AT T R I 25 () = 2R AL 45, REfS 78
ERVNGIIE( S LR PN TPNEL Srpa g IR R
SR, O AN B S T UM . A
Gt JLIFRAETT vk , B8t 207 2 i B R R B dl £
7 2] B 5 50 LA 5 Ah e B, S TR TT e

RO =4, O X g R T ML TE
AR 5z Le ) FREA B EH

FE = AT A 5 A iU, B R = 44K
atesr ] =R T RO B B XTI
R IR FUAEE Transformer 2244 , 5 T 22 Fifiiy A4z i —
e IR AL R UG SRR A2 K
1R DL J TG 3 2 0 A KR 55 . LRM (large recon-
struction model) (Hong %5 , 2024) fifi F} 3& F Trans-
former FA T} 15 100 £ DA BEL R 12 5% 1] 0 = e W 1A 350
AR BRI PO ZRSE I 1 X 2 2% L]
SEF P T 2 . DUSI3R (Wang 55, 2024) I £2 1
DA % 5 K (pointmap ) M #% 0 B9 & AE J7 =X, 38 3
Transformer HE4LTE G 2 0] EEE N = 4 5 = Ak
P B HEXT IV O 2R B 1 A% G0 T SEML S TE X AR BIL
RRAY 55 TUART 249 SR AR AR, HOHE 2878 22 141 4 151 10 B
71N , 3 12 Transformer 2 it 2% 73 1) 2 B A4~ 4 A PR &1
AR JZ R IR s, A 42 PR AR A i SCRULART A5 5L 5 B
J& 5 30 5 A2 S R T ML S B S BRI 2 ) AR
S H 5RO F ST, X B A 19 2% AR AR R X
S ) WLIEI E] B J LT 20 e R s L ARAE B ME
XL TN = R AR AR R Y BRI R
X v 28] i P TR A T AR 8RR T SEML A TE X AHBIL
RS 55 TUART 29 o 1) S AR AL, 2T R
T 58 R VL FC ST 55 98— 7 — D HEZE 1 2
T Z M E # A . fEHERE I, MASt3R (Leroy
85,2024) 5| A 27 AR 2 o 5 D RC v S AL R
HE 5 R VG i 5 i S0 58 — P4k, 3548 Tt 1 85
Gy JUAe]— Btk 507 805 . A R ImETER
WL 3 55 h BT RGO (BAE Y e 28 KL A e
Grstit A (i B4R x) 55 0 98 it B HETT
R HREEAL

FEXS LT DUSI3R Z249 1 7 1 A2 R ML 7 5t 9™
Jre I AT e A 4 Jeg Xof 55 114 [ 8T, Ji5 2 T AR EAT 1 B
Pt Fast3R(Yang %5 ,2025b )il 1o i 450 N 45 150151
BUTRE BT i PRS0 ) B B, A RO e T AR g A
JRiXF FE A PR R 0 AR SRR E M. T — KTk
W) 2238 50 i 27 2 AT 55, W FLARE (Zhang %5, 2025a)
SETARBLAL LS , FAGTH3755 JUAAT , DARR AR {2 )
MERE o BXRME S5 o0 R S ARTE—E R R T
o) SIS ABATY 2 B B, TevE SR Y
Ui B HERE . Wang 55 A (2025b) #F— 5 4fEE T Hirist
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Fig. 10 Schematic of feed-forward geometric reconstruction framework based on pairwise dense matching(Wang et al. ,2024)
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Fig. 11  Framework of feed-forward pointmap reconstruction(Wang et al. ,2025b)
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fith o AR RO AN ], B HH 4 AR AT L4y
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FE A% L0 S i S e 0 IR 25 5 oy — S 2 Ty 3
B Bl SR A B B U B 7 T 45 SR T 4R 3
HE S %) b TR LA
3.1.1 KN

LS BRI AR BB A8 1 O3 S iR e 2 AR I BR
oA, R BB S PR I rh S A R AL R
O . AR, FE U B PR AR e i 2 A Y
UG, ARG R BOHNLE S TN LS8 R L
Wik & 5 8 2R

DERS Y8 a4 . SeaThru-NeRF #4 #t - fif
T 34Nl e 9 B S FOK R 2 R B 48 |, il

(a) 4L (Japanese garden)

(b) £Lif (1U13)

12 077K, 43 B R AR A 203 0y b (R hr &) Fk
PR ED) E T 20 KOG g
S AME . LR AL 20 iR R (L1 20 18 |
FEhi g 20 iF & 18 0F ), FF R 3 IEE N
IR . SRAE R (E A Nikon D850 2R 2 #H#L & Nau-
ticam 7K N AHALFE , IF >R JH 5 T i H (dome port)
(Treibitz 35 , 2012) ZE 3 5 AL Ge ot LA BY Y
oM, 238545 Bl COLMAP(Schionberger 1 Frahm,
2016)KE WA ER I, EURLL RAW 8 3R, I &t T
R VRN P AR R G A AL P, SeaThru-
NeRF B 45 O Bl A 12 S0k i S Bt 45 L 13z i H
TR A A P BRI AT L, A B IE 5 YA AE AN TR
IR ST WA SR At T 2 A IR

e W

(c) IN¥EHELEF (Curacao) (d) K P (Panama)

P12 SeaThru-NeRF £ 4 /5 31
Fig. 12 Samples of SeaThru-NeRF dataset ((a) red sea (Japanese garden) ;
(b) red sea (IUI3); (¢) Caribbean sea (Curacao); (d) Pacific sea (Panama))
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3) RABLRT LS S 5B 5 o BT RK T R
J5 I A B AT: 55 (04 R SR Pk 3 N IR 8 B ML A FR 1Y
[a) 51, FLSea(Randall F Treibitz, 2023 ) 55 45 4243 T
H i S KA K T A 25 e i 4 o %8s
AL 13T AR P 91, o3 R AR [ Ml T A
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(d) Sardine

(c) Composite

B3 U-IW Bt SR AR R Koiz sl it /s 1)
Fig. 13 Samples of U-IW dataset( (a)Coral; (b) Turtle; (c¢)Composite; (d)Sardine)

FLSea
RGB

FLSea :
SeaErra L ‘-‘» s

FLSea
Depth

R A T
-ﬁﬁﬂgm

Bl 14 FLSea Bl (RGB EIR (1) JUATEAA CF) MR AT T ) 45
Fig. 14  Samples of from FLSea dataset(RGB images (top), ground truth (middle), and depth estimation results (bottom))
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PRI SCA RN E SCHERS 3414743 3 22 8] 1) 25 []
— 2, [R5 AR 3 0 U — A AR S PS4
SRESZ H., JE— B4R THE RO Y o A — S
FHELT Atlantis 75 2P0 CHR PEER B PR 45 4F, TIDE
AN TR B0 SCAS A BV AT ] Bsf 2 K T R B H
BB ERTER R

LT RO 68 AR 7 AR KR LA 5 L
YA 1 T R I LR ), A R ELSEK T 20
FO R A G (S T AT AT RO BOR B A . SR,
AR FEE T ok B A K R =2 B 55,
Ty AE Z A0 LA — B B AR N O 32 01
PN DGy ) ISR o AR BT 93 7 B s T
WK 3D JLART G50 0 PR A B i 72, DL
AR TE R RS ERAIE A= ni 14 ] I R 4R 7™ A% 1 49 35 2
PE 3K R A S K R BT A S U AR DRI 3 58 1)
o = 2 i 7 e ) T B Y R
3.2 EEFMER

TEK T & UL 55 b, PPAN T8 b B 2 1
T A5 00 E AR U 2 A S AR Y S 1) OC B
o BB R R F R G RS AT
28 BLAR B, A 45 06 {H 15 M T (peak signal-to-noise
ratio, PSNR) . 25 ¥ /1 L% (structural simitarity index,
SSIM) F1 & 4 Ji it ¥ 7 5 #5 (learned perceptual
image patch similarity, LPIPS) . H:H PSNR 3& F1%
RYURZAM RS B S S5 R 2R S
R AR LR (R e 2 R 5 2R LS R R
il . H b T HACE B ARZ SRR TR E DL e
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FeZ N, LPIPS ) FH R J32 it 22 19 24 B JCA JR RN R A
M A0 25 5, BE A% T G Ml s e S LB 2 L TE A
355 00 A0 NG AL Y OR LR BT B SR Y X
AET.

SR FIRTEARTEE HI A B8 G S B L A 5 ik
155 882 R ABFEK T RS N AR —
Jes B PSNR A1 SSIM i [ {1 )2 GE 22 52, X AR AR
PR D3R Al 5 R S BBER B 5 LPIPS fRARBE
W TR 2 R I 22 5, (H HURRAE 4 SBUROSE 78 B AR 355 1
IZRABEAY R 0h B8 58 423 N /K R A IR AE R =
PR WFFE 4 T T ) /K R BRI 62 2% i

EFE R, W UIQM (underwater image quality measure )

(Panetta &, 2016) fl UCIQE (underwater color image
quality evaluation) (Yang Fll Sowmya, 2015) . iX 254§
B AKX B T M 3 R 88 0 7% 55 2 4E 25 50T
7K T MG T i, B8 T b S WU ASEH 5 25 €2
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1) ST EEG 51 )% (SeaThru-NeRF) 5 2 ) 5T
BARBTFRRYZEIITE(BDCS); 3) LI THIK T
PRI 1Y Bk i 5 15 (RecGS (Zhang %5, 2025¢ ) . SeaSplat
(Yang 45 2025a) . Water-Splatting (1i%,2025) .3D-
UIR (Yuan %, 2025) . Plenodium (Wu %5, 2025) ) . ¥
A5 B0 s 22 605 Curacao  IUI3-RedSea.J. G. RedSea fll
Panama 4 > HATCRMERIK T 55, X 50 7E K
TG AR R U 2R R R IR B KoK BT
SN R I EA 325 5 RS A U IR
BRI IEAEZ ALK T BREE b 038 W S
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PR K T BE 5 ErysE s ERER I, ZRG X HhE
W, &R ETEARFK T 5t iR B &
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JEr Z oo R s . WNBHR ST 45 R K E |, Plenodium
T AR KT B AR 75 2RO HE bR T
L ol 28 RS R RE . 1% T TE Curacao 1)
o A T Y PSNR (32469 dB) Al SSIM
(0.910) , 7 1UI3-RedSea 37 5t [i] ¥ 52 I 1 e {6 14
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(9 LPIPS JBH 57 f 45 b b 134845 e A R B0 (430 hy
0. 169 #10. 157) » X —4x[HGSEHIPEREL ] , Pleno-
dium 7E45 4 WA oR P H A S SR e R ms
A T EH B . 3D-UIR J7 i R FF R B 51
PERE , FE I TE G5 A8 AL T bR SSIM. | R I i,
1. Panama 37 5t HURS 1 # f&5 £ PSNR (29. 816 dB) Al
SSIM (0. 900) , B ik 1 HAE 155 0 M — B 4E 40 UL
iy RS B O T B B R A Water-Splatting 7 &
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VSR B T bl 20 48 56 3 1 KR B A G O
FE S SRR E e T AR R B — S I AR 3,
TE Curacao 37 5 1) PSNR Fl Panama 37 5t 1Y) LPIPS 4§
b ERIET . X —4R R, PR S e b
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R AREK T LI AL R 1L 58 3DGS T7 5 15 4
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TR LT BRI L ZEE . ZRa 0 LS
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AL N0 T 56 ] 1 2 AR AT) Ak T R R S B B
HAT AR B2 ]
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Table 1 Quantitative evaluation of different methods on the SeaThru-NeRF dataset in terms of PSNR, SSIM, and LPIPS

) Curacao 5t [UI3-RedSea 375 J. G. RedSea 37 5 Panama 17 5%

ik PSNR/dB SSIM LPIPS PSNR/dB SSIM LPIPS PSNR/dB SSIM LPIPS PSNR/dB SSIM LPIPS
SeaThru-NerF(Levy %%,2023)  30.870 0.891 0.222 26.748 0.824 0.281 23.213 0.844 0.193 28.747 0.881 0.162
3DGS(Kerbl 4,2023) 29.601 0.893 0.220 24912 0.826 0.290 21.316 0.835 0.223 2892/ 0.884 0.217
RecGS(Zhang %5 ,2025¢) 29313 0.893 0.211 24363 0.823 0.289 21.812 0.834 0.224 27.829 0.879 0.208
SeaSplat( Yang %5 ,2025a) 30.768 0.898 0.186 27.493 0.832 0.213 22.698 0.845 0.196 28.580 0.887 0.180
Water-Splatting(Li %:,2025)  30.583 0.904 0.174 27.593 0.831 0275 23.363 0.845 0.178 28.751 0.881 0.163
3D-UTR(Yuan %,2025) 30978 0.907 0.187 28301 0.841 0.252 23371 0.857 0.187 29.816 0.900 0.181
Plenodium (Wu 4§,2025) 32.469 0.910 0.169 28.548 0.840 0.268 24.059 0.856 0.169 29.266 0.887 0.157
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N M I, 3D-UIR Fil SeaSplat (1497 Y4 M fi 52 98
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Table 2 Comparison of the average reconstruction quality and computational efficiency of

existing methods across all scenes

i PSNR/dB SSIM LPIPS FPS/(1i/s) YIZRI ] /min
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SeaSplat(Yang%%,2025a) 27.385 0.866 0.194 42.69 85
Water-Splatting(Li %5 ,2025) 27.573 0.865 0.198 35.80 29
3D-UIR( Yuan %5 ,2025) 28.116 0.876 0.202 48.72 48
Plenodium(Wu % ,2025) 28.585 0.873 0.191 240.75 24
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