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Abstract

Simulating wave propagation with the Fourier collocation method
is computationally intensive due to its reliance on discrete Fourier
transforms (DFTs). While DFTs enable near-minimal spatial dis-
cretization, they scale poorly on modern high-performance com-
puting systems. This work evaluates two multi-GPU strategies for
three-dimensional simulations: a Global FFT approach using dis-
tributed transforms and a Local FFT approach based on domain
decomposition with halo exchanges. Experiments were performed
on system with 8 NVIDIA A100 GPUs connected via NVSwitch.
Precision tests show that the Local FFT approach maintains errors
around 0.1% when the halo covers the local PML region. Perfor-
mance results demonstrate that the Local FFT approach achieves
lower runtimes and significantly reduced communication overhead
compared to the Global FFT approach, particularly for larger do-
mains. These findings indicate that Local FFT decomposition is a
promising strategy for scalable, large-scale multi-node ultrasound
simulations.
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1 Introduction

Wave propagation simulation is computationally demanding in both
spatial and temporal dimensions. The Fourier collocation method
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offers a key advantage: it reduces the spatial discretization require-
ment close to the theoretical minimum of two points per wave-
length. However, it relies on discrete Fourier transforms (DFTs) for
spatial derivatives, which generally scale poorly on modern HPC
systems.

DFTs require periodic boundary conditions enforced through
the use of a perfectly matched layer (PML). The PML attenuates
wave amplitudes to near zero at the domain boundaries, preventing
reflections and ensuring physical accuracy. In three-dimensional
simulations, up to 14 fast Fourier transforms (FFTs) are required per
time step. This high computational cost, combined with the com-
munication overhead of distributed FFTs, motivates the exploration
of efficient multi-GPU implementations.

2 Global FFT Approach

The Global FFT approach distributes both computation and data
across multiple GPUs. In the spatial domain, data are partitioned
along the Z-axis, while in the frequency domain they are parti-
tioned along the Y-axis, reducing communication during FFT ex-
ecution. Multi-GPU FFTs are performed using NVIDIA’s cufftXt
API, which supports distributed transforms and overlaps communi-
cation with computation. Although relatively straightforward to
implement, this method can suffer from scaling bottlenecks caused
by the global data transpositions required for all 14 FFTs in each
time step.

3 Local FFT Approach

To further reduce execution time, a domain decomposition strategy
is employed. The computational domain is divided into multiple
subdomains, each processed independently on a separate GPU.
Communication between subdomains is maintained through peri-
odic halo exchanges, ensuring accurate wave propagation across
subdomain boundaries.

When using local FFTs, each subdomain requires its own PML
to maintain the periodicity condition necessary for FFT-based dif-
ferentiation. The PML thickness defines the minimum halo size
required to capture the full wavefield before attenuation; a smaller
halo would only capture attenuated waves, leading to inaccuracies
in inter-domain propagation.

In each time step, halo zones from six matrices must be ex-
changed between neighboring subdomains. CUDA-aware MPI is
employed to transfer these halo zones directly between GPU mem-
ories, avoiding unnecessary staging through the host. Since the
exchanged halo zones overwrite the attenuated regions of the PML,
a bell-shaped blending function is applied to smoothly merge the
incoming data with the local domain.
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4 Experimental Setup

The FFTs represent the most computationally demanding part of
the simulation. cuFFT performance depends strongly on domain
size and is optimized for dimensions with prime factors < 7. To
ensure a fair comparison between the two approaches, the global
domain size was selected with a maximal prime factor of 7. In the
Local FFT approach, the domain was divided in half along each
axis to create 8 subdomains. The halo zone size was chosen to cover
at least 80% of the PML while also ensuring subdomain dimensions
with maximal prime factors of 7.

All experiments were conducted on an accelerated compute
node of the IT4Innovations supercomputer Karolina. Each node
consists of two AMD EPYC CPUs, 1 TB of DDR4 RAM, and eight
NVIDIA A100 GPUs with 40 GB of HBM2 memory each. The GPUs
are interconnected via NVSwitch using NVLink, providing a high-
bandwidth communication fabric with an aggregate bandwidth of
up to 600 GB/s. The simulation core was implemented entirely in
CUDA for both approaches.

5 Simulation Precision

Simulation precision was assessed using an initial spherical pres-
sure source placed at the center of the domain. The wavefield was
propagated until just before reaching the outer PML layer, at which
point the pressure distribution was recorded. The results obtained
with the two approaches were compared using the error metric
max |Pglob - P10c|

1)

o0 =

max |Pg10b‘

where P denotes the final acoustic pressure. The corresponding
results are summarized in Table 1.

Domain size | Halo zone size Leo
8003 20 9.43x 10~ %
10083 8 1.22 x 1072
10503 15 1.81 x 1073
12003 25 1.23x 1073
12603 10 6.13x 1073

Table 1: Error comparison between Global FFT and Local FFT
approaches with varying domain and halo zone sizes.

The results demonstrate that larger halo zones consistently re-
duce the error, as the halo must fully cover the local PML region
to avoid attenuating transmitted waves. For sufficiently large halo
zones, the error decreases to approximately 0.1%, which is accept-
able for practical simulations. With single-precision arithmetic, the
theoretical accuracy limit is about 107°, so errors below this limit
cannot be expected.
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6 Speed Comparison

Both approaches show reduced execution time when additional
GPUs are used, although the scaling efficiency is not ideal. For small
domains in the Global FFT approach, the limited amount of work
per GPU restricts scalability.

With larger domains, execution time does not increase mono-
tonically, as certain dimensions remain more favorable for FFT
performance under the prime-factor constraint. On 8 GPUs, the
Local FFT approach achieves lower runtimes in most cases. Fur-
ther performance improvements are expected from overlapping
halo exchanges with computation and from employing the NCCL
communication library to optimize GPU-to-GPU transfers.

The Local FFT approach also benefits from significantly reduced
communication costs. Instead of 14 global matrix transpositions
per iteration, it requires only six halo zone exchanges, making it
more communication-efficient and better suited for scaling to larger
multi-node simulations. For example, for a domain of size 10243
distributed across 8 GPUs, the communication volume is reduced
by approximately 96%.

7 Conclusion

The Local FFT approach demonstrates superior performance and
scalability compared to the Global FFT approach on multi-GPU
systems, while maintaining acceptable accuracy. Its lower communi-
cation overhead, combined with the potential for further optimiza-
tions, makes it a strong candidate for large-scale, multi-node, multi-
GPU ultrasound simulations. Future work will focus on systemat-
ically exploring domain sizes, subdomain partitioning strategies,
and halo configurations to maximize performance across diverse
HPC platforms.
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