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Wave propagation simulations are vital in many fields ranging from optics to geophysics.
Most popular solvers rely on finite difference or finite element discretisation of equations
that govern wave propagation, but suffer from approximation errors and numerical
dispersion, especially for large simulations. The modified Born series (MBS) method has
overcome these limitations and is currently one of the fastest and most accurate solvers,
outperforming competing approaches by orders of magnitude in speed. Here, we present
a domain decomposition method that allows running the MBS on multiple parallel nodes
or GPUs. Our approach extends the use of the MBS to problems that are too large to fit
on a single system, while guaranteeing the monotonic convergence of the method and
maintaining accuracy and memory efficiency. It is implemented such that the
communication between the subdomains is truncated to a few points on the interface,
minimising the memory transfer. Using this framework, we solved a Helmholtz problem
of size 315x315%315 cubic wavelengths decomposed over 2 GPUs. Domain
decomposition of the MBS enables arbitrarily large simulations, expanding the
capabilities towards simulating wave scattering in complex structures in the cubic
millimetre regime.

Introduction

Simulation of wave propagation in heterogeneous media is a challenging task [1]. Among
the numerous available methods for solving wave equations [2], the modified Born series
(MBS) approach is one of the fastest and most accurate [3]. MBS is an iterative method
that monotonically converges to the solution for the Helmholtz or Maxwell equations [3].
Unlike the original Born series [4], which is known to diverge for heterogeneous media
with strong scattering [5], the MBS is guaranteed to converge to the correct solution.
The MBS approach is grid-based, allowing for arbitrarily complex structures to be
represented. It does not rely on finite difference approximations like the finite-difference
time-domain (FDTD) [6] and pseudospectral time-domain (PSTD) [7] methods, and thus,
does not suffer from numerical dispersion, which can lead to errors of 1% per propagated
wavelength [7], [8], [8], [9], [10], [11]. Furthermore, MBS requires 3 X 3 X 3 grid points
per wavelength (1) in 3D simulations, compared to the minimum 20 X 20 X 20 grid
points required by methods like FDTD to ensure numerical stability, a factor of 300 in
terms of memory consumption. The MBS approach is also faster as it can propagate the
field by several wavelengths in each iteration, compared to the typical 10-20 iterations
per wavelength required by FDTD and PSTD [3].

However, the size of simulations in MBS was limited by the working memory of a single
processor. Recently, Mache and Vellekoop [12], [13], introduced a domain
decomposition of the MBS for the Helmholtz equation. The framework, while



maintaining the accuracy, memory efficiency and guaranteed convergence of the MBS,
enables larger simulations across multiple PCs or graphics processing units (GPUs).

Methods

The modified [3] and original [4] Born series involve the key step of splitting the wave
equation operator into wave propagation in a homogeneous medium and the scattering
potential. The domain decomposition framework [12], [13] involves decomposing these
operators over multiple subdomains. To enable communication between the subdomains,
a correction was introduced to transfer the field at the edge of the subdomains. This
correction is truncated to only few points at the subdomain boundaries to minimize the
communication overhead. For details on the domain decomposition framework, we refer
the reader to [12], [13].

Results

We use the open-source Python implementation on GitHub [14] to demonstrate and
benchmark the domain decomposition framework through 3D simulations. Light
propagation is simulated through a lens with refractive index n = 1.5 placed in a medium
with n = 1. The lens is placed 50 pixels from the boundary in the x direction. A Gaussian
beam source is placed at x = 0. We used absorbing boundaries of size 54 [15] and
truncated the edge corrections for communication between subdomains to 8 points at the
edges of the subdomains.

The accuracy of the simulation is quantified by the relative error between the field
obtained from domain decomposition and a single-domain simulation [3], [12], [16]. The
iteration is stopped when the residual, the norm of the energy added in every iteration
normalized by that of the preconditioned source, is below 107°. In the domain
decomposition scenario, the residual over the full domain is given by the Euclidean norm
over all subdomain residuals.

Figure 1 shows a simulation of size 100 cubic wavelengths (1%), which converges in 4425
iterations and takes 185 seconds. For reference, a recent 3D simulation of
100 x 100 X 46 A3 of a metalens structure, despite being less than half the size of the
10033 simulation, took a much longer 288 seconds using a hardware-accelerated FDTD
solver [17].
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Figure 1: 3D simulation of size 100 cubic wavelengths (4*) with a lens in a medium with n = 1, a 2D slice
of which is shown in (a), and that of the field in (b). (¢) The residual as a function of of the iterations.



Figure 2 demonstrates a large 3D simulation enabled by the domain decomposition
framework. The simulation is for a problem of size 3.1 - 10743 (315 x 315 X 315)on a
system with an Intel Xeon Silver 4216 CPU and 2 GPUs (both NVIDIA A40),
decomposed into 2 domains along the x-direction. The simulation converged in 40096
iterations and took 7 hours (25188.74 seconds). Simulations of this size cannot fit on a
single GPU without domain decomposition and need to be run on the CPU to make and
comparisons but take more than 100 X the time compared to domain decomposition-
based GPU simulations [12], [13].
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Figure 2: Large 3D simulation of size 315343 with a lens with n = 1.5 in a medium with n = 1, a 2D slice
of which is shown in (a). A 2D slice of the field is shown in (b). (c) The residual as a function of of the
iterations.

A comparison of the simulations with and without domain decomposition [12], [13]
showed that the number of iterations increased by 1.9 X for the domain decomposition
case, which, although large, is independent of the number of subdomains along an axis.
The number of iterations increases only when a subdomain is added along a new axis
[12], [13]. In addition to the 1.9 X increase in the number of iterations, there is an
overhead to computing the edge corrections and transferring them between GPUs to
neighbouring subdomains in every iteration. Figure 3 shows that this overhead reduces as
the simulation size increases, comparing the time for a 2-domain simulation with that of
a simulation without domain decomposition for successively larger sizes.
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Figure 3: Relative time of 2-domain simulations vs. 1-domain simulations for different sizes, increasing by
a factor of 2. The individual blue circles show different simulations, while the red x’s show the mean.

Despite the overhead, the large 2-domain, 2-GPU simulations of size 315313 are more
than 100 X faster than the 1-domain CPU simulations [12], [13]. Furthermore, domain



decomposition enabled a simulation 1.93 X larger with two GPUs than what was
previously possible with a single GPU.

Conclusion

The domain decomposition of the modified Born series approach has removed the
limitation of running simulations only as large as the working memory of a single
processor, while retaining the advantages of speed, accuracy, monotonic convergence,
and memory efficiency of MBS. We demonstrated and benchmarked its capabilities with
a 3D simulation using two GPUs of an unprecedented size of 3.1 - 107 A3, 1.93 X the size
that can be simulated on a single GPU without domain decomposition. The open-source
Python implementation is available on GitHub [14].
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