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Abstract

The Immersed Boundary-Lattice Boltzmann Method (IB-LBM) has become a powerful tool for sim-
ulating deformable particle-fluid interactions. However, its application to large-scale fluid-struc-
ture interaction problems is often bottlenecked by inefficient memory access and significant com-
putational redundancy. To address these issues, this paper presents a CUDA-based parallel algo-
rithm optimization of the IB-LBM, and proposes a double-pointer sparse matrix storage strategy to
eliminate the redundancy caused by invalid node updates inherent in conventional full matrix stor-
age schemes. The presented algorithm is evaluated using porous media and bifurcation flow bench-
marks, comparing the computational efficiency and GPU memory footprint of the sparse and full
storage modes. The numerical results show that when porosities below 0.85, the proposed strategy
significantly reduces invalid memory accesses, yielding a performance improvement of over 20%
while substantially lowering memory usage. This work provides an effective parallel optimization
scheme for high-performance simulations of complex, large-scale fluid-structure interaction prob-
lem.
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Figure 1. Schematic of the Eulerian and Lagrangian grids
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Figure 2. Schematic of the two-pointer sparse matrix access pattern
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Figure 3. Parallel IBLBM algorithm based on GPU acceleration
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Figure 4. Flowchart of the GPU-accelerated IBLBM algorithm
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Figure 5. Schematic of the computational domain for flow in porous media
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Figure 6. Computational domain for flow in a bifurcated channel
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Table 1. Computational performance at different porosities (unit: MFLUPS)
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Figure 7. Computational performance (MFLUPS) of two memory layouts at different porosities
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Table 2. Computational performance and speedup at different grid resolutions (unit: MFLUPS)
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Figure 8. Performance of the sparse matrix mode with varying porosity and capsule number
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Figure 9. Performance of the sparse matrix mode with varying porosity and capsule radius
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Table 4. GPU memory requirement for sparse matrix storage mode
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Figure 10. GPU memory requirement versus porosity for two storage modes

10. FRIFMHIEX T EFEFKAEFLIREELWL

73 e

DOI: 10.12677/mo0s.2026.154051 42


https://doi.org/10.12677/mos.2026.154051

1

%

2

=

T BRI PIAR A AEAE R TT A B2 SR, 38 3 AR 4 208 T PRI N 75 2770 1R K]
S HCE BT AAT I AE, FRAEIE 10 FREZS T PTAAF AR SUT 1 AT 3K o S8 A BEAF R A B AP IT
FLBRERTETR, /K2R TR AR R A7 5 P 17 5 SR DU i L R 2 P ik N AL e e
3 2 I 24 ¥ 52 s 3R PRI 28 A7 T4 A 45 )l S AL B 3

HI M, =N(160+44) 5 M, = N(16rQ+44r+4) Al 51, 2R A D2Q9 HEMW, I 7t fLERF L4
r=0.979 . XEWHE AWIZILRFACT 0.978 IF, XUREHRE FEA7 AR AR B A7 E A B WAL
B LB AR R, OUR AT MR o A7 (A SRR AT o R LA L — 2D R B, TR B2 2% J LA B
2 fLA B AR LI 3 37 55t p R B g AT i 2

5. &t

A THETEANL TR - #T Boltzmann J57%(IB-LBM)HI GPU F47 535Vt B AU ELAHT 1 5840
W A7 i 5 XCHR T R S0 A P o SR M T 22 e PR R R L. B 2 AN i 5 o XU E R B, &
GUVFAL T AR IR . FLER R AIORL LA S 8BRS IR T B R R . 45 IR ER W, ALK
r<0.85 B, ASCHTHE H HRAL SR IS RERE A B8 TE RN AF VT 1), ~F38 T S BB (UL MFLUPS T1)#& 7t ik
20%. EF A AR FERUR S, B AR S R S EAS TR EI A, WRAE T TR I IE R S BUE R e
P

BE—PHh, R A A AR A T R e AT AR, M FLBRE < 0.979 B, XUFREH ML
FE A A5 A UTE AV RE T TR T e A M . RRIEMRFLBR S I b (n 2 AL TR 7 XUETE IR
55), MbiAr i e 08 B SR S BT 1R R

Zx b, ASERT IB-LBM HATHIELE CUDA V& L GPU IATHEIER I SR T, RALWIE
T R B RS AL RAFTH A 5T R T AR 3, R At nT AR T ORI ] 8 ) BB AT
AL T H BN IFAT I E TR

E&WE

AT T i [ 2K SR A2k 4 (11702259) L2l AL 8 A TR A BORBE TR 98 T MR T H (B2023249) 5
B

SE

[1] Cheng, X., Caruso, C., Lam, W.A. and Graham, M.D. (2025) Red Blood Cell Partitioning and Segregation through
Vascular Bifurcations in a Model of Sickle Cell Disease. Soft Matter, 21, 5793-5803.
https://doi.org/10.1039/d4sm01519¢

[2] Wu, N, Grieve, S.W.D., Manning, A.J. and Spencer, K.L. (2024) Flocs as Vectors for Microplastics in the Aquatic
Environment. Nature Water, 2, 1082-1090. https://doi.org/10.1038/s44221-024-00332-4

[3] Wu, T., Khani, M., Sawalha, L., Springstead, J., Null, J.LK. and Qi, D. (2020) A Cuda-Based Implementation of a Fluid-
Solid Interaction Solver: The Immersed Boundary Lattice-Boltzmann Lattice-Spring Method. Communications in Com-
putational Physics, 23, 980-1011. https://doi.org/10.4208/cicp.0a-2016-0251

[4] Xiang, X., Su, W., Hu, T. and Wang, L. (2023) Multi-GPU Lattice Boltzmann Simulations of Turbulent Square Duct
Flow at High Reynolds Numbers. Computers & Fluids, 266, Article ID: 106061.
https://doi.org/10.1016/j.compfluid.2023.106061

[S1 Zhang, J., Johnson, P.C. and Popel, A.S. (2007) An Immersed Boundary Lattice Boltzmann Approach to Simulate De-
formable Liquid Capsules and Its Application to Microscopic Blood Flows. Physical Biology, 4, 285-295.
https://doi.org/10.1088/1478-3975/4/4/005

[6] Kriiger, T., Vamik, F. and Raabe, D. (2011) Efficient and Accurate Simulations of Deformable Particle Suspensions with
a Lattice-Boltzmann and Finite Element Method. Journal of Fluid Mechanics, 676, 465-475.

[7] Kriiger, T. (2016) Effect of Tube Diameter and Capillary Number on Platelet Margination and Near-Wall Dynamics.

DOI: 10.12677/m0s.2026.154051 43 e RSE TR


https://doi.org/10.12677/mos.2026.154051
https://doi.org/10.1039/d4sm01519c
https://doi.org/10.1038/s44221-024-00332-4
https://doi.org/10.4208/cicp.oa-2016-0251
https://doi.org/10.1016/j.compfluid.2023.106061
https://doi.org/10.1088/1478-3975/4/4/005

Fh F

[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]

[18]

[19]

Rheologica Acta, 55, 511-526. https://doi.org/10.1007/s00397-015-0891-6

Wang, Z., Sui, Y., Salsac, A., Barthés-Biesel, D. and Wang, W. (2016) Motion of a Spherical Capsule in Branched Tube
Flow with Finite Inertia. Journal of Fluid Mechanics, 806, 603-626. https://doi.org/10.1017/jfm.2016.603

NVIDIA Corporation (2023) CUDA C Programming Guide. https://docs.nvidia.com/

KA. £T GPU 1 Boltzmann J7VEIATBEIERT AL [D]: (MU0 3], BEAR: J7PEIMTE K%, 2021,

Ames, J., Puleri, D.F., Balogh, P., Gounley, J., Draeger, E.W. and Randles, A. (2020) Multi-GPU Immersed Boundary
Method Hemodynamics Simulations. Journal of Computational Science, 44, Article ID: 101153.
https://doi.org/10.1016/j.jocs.2020.101153

W E k. LBM [ GPU Uik K HAEFl A 8 kR fint 3 0 5 R [D]: [ Arie 5], B ekl R,
2014.

AlAhmadi, S., Mohammed, T., Albeshri, A., Katib, I. and Mehmood, R. (2020) Performance Analysis of Sparse Matrix-

Vector Multiplication (SpMV) on Graphics Processing Units (GPUs). Electronics, 9, Article 1675.
https://doi.org/10.3390/electronics9101675

SRHESL, FR#EE. #T Boltzmann 77y R JRFE K& N FH[M]. Jb5T: Bl HAA, 2009.
MRS, £, K. T Boltzmann J7¥EM RIS KN M), dbnt: BR2=HRE, 2009.

Qian, Y.H., D’Humiéeres, D. and Lallemand, P. (1992) Lattice BGK Models for Navier-Stokes Equation. Europhysics
Letters (EPL), 17, 479-484. https://doi.org/10.1209/0295-5075/17/6/001

Peskin, C.S. (2002) The Immersed Boundary Method. Acta Numerica, 11, 479-517.
https://doi.org/10.1017/s0962492902000077

Ma, J., Wang, Z., Young, J., Lai, J.C.S., Sui, Y. and Tian, F. (2020) An Immersed Boundary-Lattice Boltzmann Method
for Fluid-Structure Interaction Problems Involving Viscoelastic Fluids and Complex Geometries. Journal of Computa-
tional Physics, 415, Article ID: 109487. https://doi.org/10.1016/1.jcp.2020.109487

HE A, KOO, FEERL % BT CUDA [WH%T Boltzmann J7ik: BEERIFSEFMALI]. Fl5@EH, 2011,
56(28): 2434-2444.

DOI: 10.12677/mo0s.2026.154051 44 %

m

5


https://doi.org/10.12677/mos.2026.154051
https://doi.org/10.1007/s00397-015-0891-6
https://doi.org/10.1017/jfm.2016.603
https://docs.nvidia.com/
https://doi.org/10.1016/j.jocs.2020.101153
https://doi.org/10.3390/electronics9101675
https://doi.org/10.1209/0295-5075/17/6/001
https://doi.org/10.1017/s0962492902000077
https://doi.org/10.1016/j.jcp.2020.109487

	基于CUDA的IB-LBM并行算法设计与性能分析
	摘  要
	关键词
	Design and Performance Analysis of CUDA-Based Parallel Algorithm for IB-LBM
	Abstract
	Keywords
	1. 引言
	2. 数值模拟方法
	2.1. 格子Boltzmann方法
	2.2. 浸入边界法

	3. 并行算法设计
	3.1. 数据存储设计
	3.2. GPU并行算法设计

	4. 数值模拟与性能分析
	4.1. 算例设置
	4.2. 数值模拟结果
	4.3. 显存占用分析

	5. 结论
	基金项目
	参考文献

