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Fig. 1. Manta ray model and flow field mesh partitioning.
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Fig. 2. Single-cycle motion process of the manta ray simula-

tion mode.
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Fig. 3. Accuracy validation of the simulation results.
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Fig. 4. CFD simulation time steps corresponding to differ-

ent flapping frequencies.
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Fig. 5. Pressure and Velocity Field Contours in Numerical

Simulation of Manta Ray Surface Flow Dynamics.
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Fig. 7. Principle of the denoising diffusion probabilistic

model.

X LR i A K o , 2 TR RER R Y Il 25
AT : B 0] zo WIS, B2 IAFBE AR
P17 U, Sl YR 28 265, 4 ki) 2
t5 ¢ - 1 Z A MR R SC R i, # i
WEF AR, BB [T -1, T2, -, 1]
a5 R, ¢ = 1 IF A0 R e 4 25

3.2 surf-DDPM W& L5

AR SCHEESTBY surf-DDPM #1258 X 25 7E 2 M Hl
HESRABR L AL, X A3 - BB ik
AT ¥z sh S5, (R Reas A= s 5 i s
HrT ¥ 25 3L, iR mrs 2 (8] s i i Bl AL == 4.
A WL EARGE R U-Net 224, IF45G T
PR i A2 28 A 5 Transformer F 7 & )
PLISE, anlEl 8 Fw.

PR A2 AN 8(a) i, B G
Y40 8hiz 3 S Bbr 4 38 i 2 i 325 Transfor-
mer B, A — B P 8. Bl S )T 9
S, TSR FFATIR S, EHFE A a2
b (LayerNorm) J5 4740 28, A il A 751 1.
X A H] LayerNorm J5 2 [ b iZis Bt FEAK
HHYI AR KN (batch size), ifi & 7E Transformer
PR TR AL PR, [R]Hf LayerNorm AJ LA

104701-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 104701
(a) <]
- 233+ N
o by
| O Transformer L 2]
B - Fil A i3
O O SBHRAE
S O A A O s
O O et
L A= BN
S Q
i N
i) g, [N
Ea Rl | U-Netifin
SW WA CF DA
(b) T BB | PRI f R Transformerfi
=D (= =>| |=>
| ] (32, 128, 32, 32) (32, 256, 32, 32) | |
U-Netifin § £ U-Netwmim
7k D D(?,z, 256, 16, 16) (32, 384, 16, 16){] D ] W
(32, 5, 32, 32)| |=> = = (32, 5, 32, 32)

(32, 64, 16, 16) (32, 512, 8, 8) (32, 512, 8, 8) (32, 256, 16, 16)

B

(32, 128, 8, 8) D D (32, 256, 8, 8)
I E s (n)2) RIS ERS (n)2) O
[ZxAEES | [Add& Nom) | )| [E%EEEH | [Add & Nom] (O
V1 BLASEER IED AR Ul Pl IENMbAEE | O
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O
LiNGE 47'J TR A ) iEE+ il
Softmax JF41
Kl 8 surf-DDPM # & MK FIEAER  (a) 18 2 S 505 WS 97 10N E] 25 ABLEE; (b) U-Net MR S HE; (c) Transformer F 7
B LRI

Fig. 8. The surf-DDPM neural network algorithm flowchart: (a) Motion parameters and noise diffusion time step embedding module;

(b) U-Net denoising generation module; (c¢) transformer self-attention mechanism module.
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Fig. 9. Hyperparameter impact analysis: (a) Effect of noise scheduling function on results; (b) impact of U-Net network depth on

performance; (c) effect of noise diffusion steps on generation quality.
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Fig. 10. Predicted results and errors of surface pressure and velocity fields for the interpolation test case: (a), (d), (g) True values of
dynamic pressure field from CFD simulations; (b), (e), (h) pressure field predicted by surf-DDPM AI model; (c), (f), (i) absolute er-
ror contour of pressure field; (j), (m), (p) true values of velocity flow field from CFD simulations; (k), (n), (q) velocity field pre-
dicted by surf-DDPM AI model; (1), (o), (r) absolute error contour of velocity field.
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Fig. 11. Prediction results and errors of pressure and velocity fields in extrapolation test cases: (a), (d), (g) True values ofdynamic
pressure field from CFD simulations; (b), (e), (h) pressure field predicted by surf-DDPM AI model; (c),
tour of pressure field; (j), (m), (p) true values of velocity flow field from CFD simulations; (k), (n), (q) velocity fieldpre-dicted by
surf-DDPM AI model; (1), (o), (r) absolute error contour of velocity field.
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Table 2. Quantitative analysis of accuracy in flow field predictions.
———— PN T2 HMEIHA T
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dy-P 0.0122 38.203 0.9754 0.0233 36.556 0.9624
dy-P 0.0214 37.486 0.9688 0.0208 36.387 0.9533
d-U 0.0245 36.475 0.9613 0.0272 35.902 0.9587
dyU 0.0146 38.811 0.9813 0.0261 35.241 0.9496
dy-U 0.0250 35.931 0.9524 0.0301 35.158 0.9571
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Fig. 12. 95% Prediction intervals for flow field predictions at wingtip locations: (a) Dynamic pressure field for d; configuration;

(b) velocity field for d; configuration; (c) dynamic pressure field for d; configuration; (d) velocity field for d3 configuration.
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Table 3. Comparison of flow field prediction efficiency
between CFD and surf-DDPM methods.
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Intelligent prediction of manta ray flow field based on a
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Abstract

The manta ray is a large marine species, which has the ability of gliding efficiently and flapping rapidly. It
can autonomously switch between various motion modes, such as gliding, flapping, and group swimming, based
on ocean currents and seabed conditions. To address the computational resource and time constraints of
traditional numerical simulation methods in modeling the manta ray’s three-dimensional (3D) large-deformation
flow field, this study proposes a novel generative artificial intelligence approach based on a denoising
probabilistic diffusion model (surf-DDPM). This method predicts the surface flow field of the manta ray by
inputting a set of motion parameter variables. Initially, we establish a numerical simulation method for the
manta ray’s flapping mode by using the immersed boundary method and the spherical function gas kinetic
scheme (IB-SGKS), generating an unsteady flow dataset comprising 180 sets under frequency conditions of
0.3-0.9 Hz and amplitude conditions of 0.1-0.6 body lengths. Data augmentation is then performed.
Subsequently, a Markov chain for the noise diffusion process and a neural network model for the denoising
generation process are constructed. A pretrained neural network embeds the motion parameters and diffusion
time step labels into the flow field data, which are then fed into a U-Net for model training. Notably, a
transformer network is incorporated into the U-Net architecture to enable the handling of long-sequence data.
Finally, we examine the influence of neural network hyperparameters on model performance and visualize the
predicted pressure and velocity fields for multi-flapping postures that were not included in the training set,
followed by a quantitative analysis of prediction accuracy, uncertainty, and efficiency. The results demonstrate
that the proposed model achieves fast and accurate predictions of the manta ray’s surface flow field,
characterized by extensive high-dimensional upsampling. The minimum PSNR value and SSIM value of the
predictions are 35.931 dB and 0.9524, respectively, with all data falling within the 95% prediction interval.
Compared with CFD simulations, the single-condition simulations by using Al model show that the prediction

efficiency is enhanced by 99.97%.
Keywords: manta rays, fluid mechanics, artificial intelligence, flow field prediction
PACS: 47.54.Fj, 47.63.-b, 47.63.M—, 47.85.—¢g DOI: 10.7498/aps.74.20241499
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