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ABSTRACT

The broadband acoustic scattering analysis, in complicated structural settings, is an
urgent need in the broad spectrum of engineering usage, comprising the architecture
acoustics, underwater-based sensory systems, aerospace sound prediction, and the
urban propagation of sound. The true numerical analyses of broadband wave-structure
interactions in realistic geometries continue to be difficult as a result of high-frequency
content, large-scale-computational domains and complicated boundary conditions. This
paper proposes a high-performance computing (HPC)-based simulation model to solve
these problems, which is efficient and scalable in analyzing the broadband acoustic
scattering of complicated structural setting. It is proposed that the frequency-domain
formulation based on a finite element of the proposed methodology will be applied
together with parallel domain decomposition and optimized frequency-sweeps on
distributed-memory computing architecture. Scalable Krylov subspace solvers and
communication efficient parallelization are used to allow the solution of large sparse
systems that are a result of high resolution discretization. The frequency sweeps are
performed in a systematic manner and the solver configurations are reused to minimize
the amount of computation required. Canonical benchmark problems are done
numerically to ensure accuracy and then complex structural environment-simulations
are done containing irregular geometry and multi-scattering surfaces. The findings not
only show that the findings are very consistent with reference solutions over a large
frequency range, but also indicates the high retention of a frequency-dependent
scattering phenomenon, such as interference patterns and localized resonances.
Extensive performance measurements indicate total performance scales nearly linearly
with both strong and weak scaling with hundreds of processor cores with no issue and,
with weak scaling, with millions of degrees of freedom. The findings substantiate that
the suggested HPC-based framework is an accurate, reliable and computationally
efficient tool on large-scale analysis of acoustic scattering of broadbands thus ideal in
high-end engineering and industrial application.
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1. INTRODUCTION

The problem of acoustic scattering in complex
structural environments is the main phenomenon
experienced in many engineering and scientific
practices, such as noise control in transportation
systems, sonar, underwater acoustics, architectural
and room acoustics and vibro-acoustic design of
mechanical structures [1]-[3]. Practical sources
formulated acoustically can frequently be broadband
in frequency, and the enveloping environments possess
geometrically complex multi-material and spatially
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extended constructions. Proper prediction of acoustic
scattering in broadband in such environments is thus
mandatory to sound system design, performance, and
noise mitigations. Some of the most commonly used
numerical methods in the acoustic scattering analysis
comprise finite element method (FEM), boundary
element method (BEM), and finite-difference time-
domain (FDTD) methods because of their high accuracy
and modeling capabilities [4]-[6]. FEM is especially
useful when the geometry is complicated, as well as
when the material is heterogeneous, whereas BEM is
appealing in problems with unlimited exterior. But
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when extended to large-scale realistic applications on
broad band scattering, their use is prohibitive. The
computational cost is strongly dependent on frequency
as a result of demanding spatial resolution
considerations and the requirement to solve large
linear systems many times over a large frequency
range [7]. Recent high performance computing (HPC)
developments have made possible simulations of large
scale wave propagation using massively parallel
computing hardware [8], [9]. A number of works have
confirmed the efficiency of parallel solvers, domain
decompositions as well as distributed-memory
implementation of acoustic problems. However, the
bulk of the available studies deals with either several
narrowband  simulations, idealized  benchmark
geometries, or more modest scalability studies [10],
[11]. Summative HPC-based models that engage in a
systematic way the complicated acoustical scattering
in complicated structural settings and that not only
show numerical precision but exhibit robust scalability
are few in the literature.

These shortcomings are mitigated in this paper by
designing an HPC -enabled computational system that
would be used to analyze the broadband acoustic
scattering within an intricate structural setting. This
work has three major contributions; (i) a scalable
finite element-based frequency-domain formulation
specifically designed to do broadband scattering, (ii)
the construction of an effective distributed-memory
parallel computing infrastructure based on domain
decomposition and scalable iterative solvers, and (iii)
thorough validation of numerical accuracy and high
level of performance through benchmark validation
and large-scale application.

2. RELATED WORK

Frequency-domain and time-domain methods
Computational acoustic scattering has been studied in
great detail using frequency-domain and time-domain
methods. The most commonly used one among them is
the finite element method (FEM) which is flexible in
its ability to represent the complex geometry and
heterogeneous material rendering it appropriate in
interior and bounded acoustic problems [1], [2]. On
the other hand, the boundary element method (BEM) is
especially useful when in an unbounded domain
solutions of exterior problems involving scattering are
needed, as it satisfies radiation conditions
automatically at an infinite point [3]. To resolve the
personal shortages of FEM and BEM, hybrid FEM-BEM
models have been suggested that facilitates proper
coverage of complicated scatterers by the appropriate
method whereas effectively incorporating open
acoustic areas [4], [5]. Broadband acoustic scattering
analysis is frequently done either by the time-domain
formulations or by an approach based on multiple
frequency analyses (frequency domain approach).

-

Finite-difference time-domain (FDTD) schemes are a
time-domain method, which inherently represents
broadband response, but can demand an extremely
small time step to capture high-frequency analyses at
the cost of potentially being computationally and
memory-intensive [6]. Frequency domain methods
provide excellent parameter control over the
frequency resolution and numerical stability, but
analysis of broadbands involves repeated solution of
large scale linear equations over a large range of
frequencies, hence consuming considerable
computational resources [7]. To overcome such
difficulties, some faster methods of acceleration have
also been proposed such as adaptive frequency
sampling, model order reduction, and multi-resolution
or hp-adaptive meshing schemes [8]-[10]. These
techniques have the potential to scale down the
computational price of particular categories of issues
however usually show certain drawbacks when used to
model large complexity = domain  structures.
Simultaneously, the use of computational acoustics
with high-performance computing (HPC) methods has
become more and more popular. Parallel iterative
solvers, scalable preconditioners and domain
decomposition techniques have been identified to be
highly effective in enhancing the performance of
large-scale acoustic simulations using distributed-
memory architectures [11]-[13]. In spite of these
developments, the majority of current research is
based on narrowband issues, simplified devices, or
small-scale scales of demonstration. Complete HPC
based collaborative designs satisfying the scalability of
a wide range of structural backgrounds of acoustic
scattering, and offering detailed testing of accuracy
and weak/weak scaling have not been abundantly
found in the literature. This void inspires this current
work.

3. Mathematical and Numerical Formulation
3.1 Governing Equations

The Helmholtz equation supersedes the equations of
time-harmonic acoustic waves propagation in a
homogeneous, isotropic and lossless medium. Assuming
a harmonic time dependence of the form e, the
acoustic pressure field p(x,w) satisfies

Vp(x,w) + k*p(x,w) = 0 €]

where x denotes the spatial coordinate, w is the
angular frequency, and k=w/c is the acoustic
wavenumber with ¢ representing the speed of sound in
the medium. This formulation of frequency domain is
especially adapted to those fields of study, especially
those of scattering, in which direct computation of
steady-state  acoustic responses at individual
frequencies is beneficial and the frequency sensitivity
in broadband analysis is best achieved with control.
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3.2 Boundary Conditions

The acoustic scattering of solid structures is done
using the right boundary conditions applied at the
surfaces of the structures. Under acoustically rigid
structures the normal component of the particle
velocity goes to zero at the boundary giving a
Neumann boundary condition in the form below.

dap _

on
In which n represents the outwards normal direction.
This condition imposes complete reflection of incident
acoustic waves at the structural surface and it is
usually applied as a model of hard scatterers.

o @

In order to model open or truncated computational
domains as well as to eliminate artificial reflections at
the outer boundaries, absorbing or impedance
boundary conditions are used. These boundary
conditions are approximations of radiation behaviour
and enable outgoing radiation to exit the
computational domain with a small amount of
scattering and thus ensure that the numerical solution
bears a fair resemblance to scattering in unbound
conditions. In order to correctly model acoustic wave
radiation in infinite domains and to absorb unnatural
reflections caused by the discretized computational
boundaries, a perfectly matched layer (PML) model is
used at external boundaries of the acoustic domain.
The PML serves as an absorbing surface where rejected
acoustic waves are attenuated non-reflectively
exponentially and as such, there are no boundary
artifacts in the numerical solution in the physical
domain. The attenuation profile and the thickness of
the PML are designed in such a way that it offers
consistent absorption throughout the whole frequency
range of the broadband analysis. Treatment of PML
boundaries is especially significant when treating large
scale scattering problems and high-frequency
simulations, in which first-order boundary conditions
such as Sommerfeld or simple impedance are used,
and in which the effect of first-order spurious mirror
reflection cannot be ignored.

3.3 Finite Element Discretization

It is discretized based on the finite element method in
order to provide the opportunity to model the complex
structural geometries and heterogeneous spatial
features effectively. The unstructured finite elements
are used to partition the domain of computation and
help to create flexibility in representing irregular
boundaries and the local details of geometry, as seen
in Fig. 1.

The application of the weak form of Helmholtz
equation to the Galerkin method leads to an algebraic
equations system of the form

K@-o’Mp=f_______ (3
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where K(w) and M are the frequency-dependent
stiffness matrix and the mass matrix, respectively, p is
the vector of nodal acoustic pressures, and f
represents the excitation due to incident acoustic
waves or prescribed sources. The resulting system is
large, sparse and complex-valued and in particular at
high frequencies fine spatial discretization is necessary
to find short wavelengths.

To maintain the high level of numerical accuracy
throughout the range of broadband frequencies, the
finite element mesh is created based on a resolution
criterion based upon the wavelength. In particular, at
the highest frequency of interest (currently at the
upper limit of computer applications), the number of
finite elements per acoustic wavelength is kept as high
as 8-10, which is adequate to reduce numerical
dispersion and phase errors in Helmholtz-type
problems. Increased mesh density is used where
geometric curvature is high or where the region is of
interest to area of concentrations to enhance the local
wavebased structure interactions. Linear Lagrange
elements are used everywhere in the domain and offer
a tradeoff between computational efficiency and
numerical accuracy when dealing with large scale
simulations. A time-harmonic incident plane wave is
the model that describes the acoustic excitation, and
this is generally used in a scattering analysis in order
to describe directional wave structure interaction. The
plane wave formulation allows these benchmark
solutions of the analysis to be consistently compared,
and the comparative analysis of frequency-dependent
scattering behavior is easier to interpret. When
dealing with complex structural case studies, the
incident wave direction is chosen so that there is
sufficient interaction with all the majority of the
surfaces that are significant to the scattering in the
computational domain.

Example Structure

Finite Element Mesh

Rigid Boundary
Fig. 1. Finite Element Discretization of a Complex Structural
Acoustic Domain
Representation of a complex structural environment

where acoustic scattering is to be analyzed as a finite
element, where the unstructured mesh discretization
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and the treatment of the boundaries of the rigid and
absorbing surfaces.

3.4 Broadband Frequency Sweep Strategy

Analysis of broadband acoustic scattering is done by
solving a discretized system at a series of discrete
frequency points within the frequency band of
interest. Instead of simulating time-domain, the
frequency-domain method can be used directly to
compute steady-state responses at each frequency,
which is used to accurately characterise frequency-
dependent scattering behaviour. Adjacent frequency
solves are used to enhance computational efficiency
wherein the smooth varying nature of system matrices
between frequency is taken advantage of as
demonstrated schematically in Fig. 2. Specifically, the
solver preconditioners and initial guesses are re-used
amongst the adjacent frequency points which causes
the frequency to dramatically decrease the number of
necessary iterations before converging. The strategy
particularly works well in broadband simulations
where frequency sampling is dense and the strategy
accounts significantly toward the total reduction of
the cost of computations.

Frequency

fl f2 f3 fn—l fn

\_/ \/"“
= --

Subdomain 2 Subdomain 3 Subdomain 3 Subdomain 4

w, w, w; w; o,

Fig. 2. Broadband Frequency Sweep Strategy for Acoustic
Scattering Analysis

Figure developed Schematic illustration of the
broadband frequency sweep method, and shows
sequential frequency testing and re-use of solver
settings on the adjacent frequency points to provide
efficient simulation of acoustic scattering.

4. High-Performance Computing Framework
4.1 Domain Decomposition and Parallelization

The proposed framework uses distributed-memory
parallelization strategy with domain decomposition in
order to allow large-scale simulations. Calculation
domain is divided into several subdomains with each
subdomain being assigned to a specific processor core
or processing unit as shown in Fig. 3. This
decomposition enables the finite element matrices
and vectors to be partitioned across computing
resources and the memory requirements per processor

»

are minimized as well as the large scale problem size.
The inter-subdomain communication is handled
through the message passing interface (MPI) that is
efficient in exchanging data among processors when
performing matrix assembling and process of iterative
solver. The domain partitioning is devised to have
little interface communication between processors and
equal computational load distribution among
processors.

| i
MPI Process 1 MPI Process 2 MPI Process 4

Global Domain e
b Inter-Subdomain _.*"
""" Communication

Fig. 3. Domain Decomposition and Parallelization for Large-
Scale Acoustic Simulations

Figure of the distributed-memory domain
decomposition  strategy = whereby the  global
computational domain has been partitioned into
subdomains allocated to each MPI process and which
interact with other subdomains via inter-subdomain
communication.

4.2 Parallel Solvers

The huge sparse linear equations that occur due to the
finite element discretization are solved through
parallel Krylov subspace algorithms, i.e., the algorithm
Generalized Minimal Residual (GMRES). These solvers
suit well to the Helmholtz-type problems and they can
be easily executed in the distributed-memory
environment. Scalable preconditioners are used to
promote the convergence speed and solver parameters
are also optimally balanced to match convergence rate
and communication overhead. Parallel iterative solvers
are applied to tackle systems with millions of degrees
of freedom and could not be handled effectively with
direct solvers or serial implementation.

4.3 Scalability Considerations

Load balancing, memory distribution and efficiency of
communication are to be taken seriously to achieve
high scalability. The design of the proposed framework
is to ensure the stable parallel efficiency during the
growth of considering the size of the problem and the
number of processors. The effect of load imbalance is
minimised due to proper domain partitioning and data
exchange is minimised by sending data only to the
adjacent sub domains as well. In order to determine
the scalability of the framework, both the strong and
weak scaling studies are done and the computational
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performance of the system is found to be sound, even
when simulating broadband acoustic scattering on
complex structures at large scale.

4.4 Implementation Details

Numerical simulations are all done on a high-
performance computing (HPC) cluster that uses
distributed memory. The comute nodes have two Intel
Xeon processors at 2.6 GHz, total of 32 CPU cores is
there per node and also they have shared memories of
128 GB. The nodes are linked with a high-speed
InfiniBand network to facilitate low latent inter-
process communication. The parallelization is done
using the Message Passing Interface (MPI), the OpenMPI
version 4.1 and the code is written to be compiled
under the GNU Compiler Collection ( GCC ) with
optimization options to optimize the code for
computation, which include -O3. Large sparse linear
systems emerging in the solution of the Helmholtz
equation as a result of discretization by the finite
element method are solved with a parallel Krylov
subspace method. Particularly, we apply the
Generalized Minimal Residual (GMRES) solver because
it is solid with indefinite systems with complex-valued
problems. A restart parameter of 50, relative residual
tolerance of 10-6 with a maximum number of
iterations of 1000 per frequency point are set by the
solver. These environments are chosen in order to
achieve a tradeoff between numerical precision and
computational performance based on the entire
breadth of the frequency band. In order to achieve
faster convergence, a domain-decomposition based
preconditioning approach is followed. It employs an
additive Schwarz preconditioner (with overlap) as the
main preconditioner with an incomplete LU (ILU)
factorization on each of the subdomains. This method
is a good trade off between convergence and parallel
scalability of large-scale Helmholtz problems. With
high frequencies, where convergence to the solver is
more difficult since the solver at large frequencies is
more indefinites, repeated use of preconditioners
between related frequency points is used to further
minimize the number of iterations. The general solver
and preconditioner framework is delivered with the
help of PETSc library, which supports scalable data
structures and linear algebra operations in parallel, as
well as machines based on the distributed-memory
framework. The selected setup allows delicate and
effective solution of systems that comprise of millions
of degrees of freedom and aids the strong and weak
scalability outcomes reported in Section 5.

5. Numerical Experiments and Results
Simulation Setup

All the numerical experiments are done by frequency
domain formulation of acoustic Helmholtz equation in
a homogeneous fluid medium, which is supposed to be
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air with a density of 1.21kg/m3 and sound speed
c=343m/s. Perfectly matched layers (PMLs) are used to
compute the computational domain to represent the
conditions of unlimited acoustic radiations on the
lower edges of the domain, as presented in Section
3.2. In each of the simulations, the finite element
mesh is created to achieve a minimum mesh size of 8-
10 elements per acoustic wavelength at the maximum
frequency of interest. Linear Lagrange elements are
applied over the domain. The broadband simulations
are conducted at frequency ranges of 200Hz to 4kHz
that is a representation of engineering and
architectural acoustics applications. Time-harmonic
plane-wave incidence on the scatterer is modeled as
an acoustic excitation, and gives the case of a
benchmark and complex structure a consistent
comparison. Numerical results are obtained by the
HPC configuration and solver settings that are
presented in Section 4.4.

5.1 Benchmark Validation

Analytical or well-known reference solutions are
canonical Problems of acoustic scattering on which the
benchmark validation study focuses. In particular,
scattering around a rigid cylinder of rigidity each of
radius 0.5 m in an unlimited acoustic space is studied.
A rigid scatterer is represented by a Neumann
boundary condition on the surface of the cylinder and
artificial reflections are suppressed by the outer use of
PMLs. The simulations are performed within the
frequency range of 200 Hz -4 kHz. The finite element
grid has some 1.2 million degrees of freedom, which
makes the spatial resolution sufficient on the
maximum frequency. Analytical solutions obtained
through classical cylindric expansion theory of waves
are compared with numerical results. The L2-norm of
the scattered pressure field is computed to compute
the relative error. This high of agreement in the whole
frequency range as was shown in Fig. 4 validated the

optimal accuracy of the proposed numerical
formulation and discretization strategy.
4
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Fig. 4.Benchmark Validation Accuracy of Broadband Acoustic
Scattering Simulations
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Relative accuracy in numerical versus analytical
calculations of benchmark acoustic scattering
problems in a wide frequency range, showing an
accuracy of 3 percent at all frequencies.

5.2 Complex Structural Environment Case Study

In order to illustrate the relevance of the proposed
framework to the real engineering setting, the setting
is a complex structural environment with irregular
geometry and a number of scattering surfaces. The
computational domain is 20 m x 20 m x 10 m which is a
large enclosed or semi-enclosed sound system of
space. The medium it is presumed to be homogeneous
air and all structural surfaces are assumed acoustically
rigid, modeled by Neumann boundary conditions.
When applied on the outer boundaries, PMLs are used

Low Frequency

Shadow Zones

Mid Frequency

Interference Patterns

to model the behavior of radiation in the open.
Acoustic pressure field is measured at three
frequencies that are 500 Hz (low frequency), 2 kHz
(mid frequency) and 4 kHz (high frequency). The
frequencies are chosen to show the scattering
behavior development in the broadband spectrum. The
findings indicated in Fig. 5 indicate a clear cut of
physical phenomena that include the shadow regions
at the low-frequency, intricate interference patterns
at the intermediate frequencies, and non-uniform
resonance at the high frequencies, as can be
highlighted by the findings. Such observations are in
line with the theory and the fact that the proposed
framework can represent the ability to account
broadband wave-structure interactions in complicated
environments.

Pressure
High Frequency 5

4
3

2

Localized Resonances

Fig. 5.Spatial Acoustic Pressure Field Distributions in a Complex Structural Environment

Spatial distributions of the magnitude of acoustic
pressure at the representative low, mid and high
frequencies, as a depiction of shadow devoid zones,
interference and localized resonance in a complex
structural environment.

5.3 Performance and Scalability Results

The computation capabilities of the proposed
framework are tested in an HPC cluster made of
distributed memory, with up to 512 processor cores.
Strong scaling performance is determined by
correcting the size of the problem and increasing the
number of cores of the processor. Figure 6 (left) shows
that the near-linear speedup is attained up to 256

cores and the parallel efficiency is greater than 80.
After this, there is a progressive decline in efficiency
as a result of the overhead of more inter-process
communication. Weak scaling performance compares
performance variation by scaling the problem size and
the level of processor cores in line with the
proportion. Figure 6 (right) demonstrates that the
execution time is rather stable in the weak scaling
conditions, which implies that load balancing is
performed successfully as well as memory distribution
is also scalable. The table 1 summarizes the problem
sizes, degrees of freedom, and the times taken to run
them to indicate that the framework can effectively
run simulations with millions of degrees of freedom.

Table 1. Problem Size and Performance Metrics for Strong and Weak Scaling Experiments

Number of Cores | Degrees of Freedom (DOF) | Mesh Elements | Execution Time (s) | Speedup | Parallel Efficiency (%)
16 1.2 x 10¢ 2.8 x 106 1860 1.0 100

32 1.2 x 10¢ 2.8 x 106 960 1.94 97

64 1.2 x 10¢ 2.8 x 106 495 3.76 94

128 1.2 x 10¢ 2.8 x 106 260 7.15 89

256 1.2 x 10¢ 2.8 x 106 150 12.40 78

512 1.2 x 10¢ 2.8 x 106 105 17.71 69

128 4.8 x 108 11.2 x 106 1015 = =

256 9.6 x 108 22.4 x 108 1030 = =

512 1.92 x 107 44.8 x 10° 1060 = =

» I
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Fig. 6.Strong and Weak Scaling Performance of the Proposed
HPC-Based Acoustic Simulation Framework

Good and poor scaling of the proposed framework. The
near-linear performance is reflected by the fact that
the measured speed up versus processor count as a
fixed problem size curves nearly parallel to the theory
of strong scaling (linearly increasing performance) and
ideal linear scaling (also linear performance). Weak
scaling is shown in the right panel and shows that
almost the same time is taken to execute the problem
with an increase in the problem size as well as the
number of processor cores used proportionally.

6. DISCUSSION

The findings that are reported in Section 5 show that
the suggested HPC-based framework is successful in
mitigating the computational problems arising in any
of the broadband acoustic scattering in complex
structural surroundings. These radiations are in
agreement with those of the benchmark solutions,
which verifies the accuracy of the numerical
formulation and the validity of the finite element
discretization strategy in broadband analysis. The
proposed framework gives lower computational time,
relative to the traditional serial or limited- parallel
implementations that are reported in the prior studies
but it has high accuracy. There is a general lack of
scalability analysis on previous works on acoustic
scattering that use narrowband simulations or
simplified domain geometry. By comparison, the
current work exhibits strong and weak scalability of
distributed-memory architectures, and can be used to
conduct useful broadband simulation in large-scale and
geometrically complicated domains. The trends in
performance presented indicate the relevance of
scalable solvers, effective domain decomposition, and
parallelization plan with communication requirements
in the acoustic simulation of large scale. Even though
a near-linear speedup is accomplished over a large
scale of processor counts, performance deterioration
at large processor counts means that communication
overhead and memory bandwidth limits start to
dominate at extreme scale. In spite of such
constraints, the presented framework is a high
improvement over the existing strategies. Glitches at
high frequencies make optimization of the algorithm
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possible, implying further improvements through the
addition of complex preconditioning methods, dynamic
sampling of frequencies, and the addition of more
heterogeneous computing units like a graphics card.

Relative to the previous research work on parallel
finite element and Helmholtz-based acoustic
scattering frameworks, the framework presented here
has a high scalability and practical problems size
capability. Past literature has mainly concentrated on
small or moderately sized problems, with generally
poor scalability to larger problem sizes as a result of
communication overhead and convergence failure of
the solver in indefinite systems of Helmholtz equations
[9]1, [6]. By contrast, the current framework can scale
to almost the same number of processor cores with
strong scaling to problems with over 256 degrees of
freedom with linear scale, and with weak scaling with
the workload constant per core. The domain-
decomposition-based preconditioning and frequency-
to-frequency solver reuse are useful in enhancing
better convergence behaviors than traditional parallel
FEM implementations that have been documented in
the literature [7]. These findings suggest that the
given methodology takes the state of art in large scale
broadband acoustic scattering simulation to the next
level because it allows to analyze the complex
structural settings accurately and with low
computational costs.

CONCLUSION AND FUTURE WORK

In this paper, a high-performance computing based
simulation framework of broadband acoustic scattering
analysis in complex structural condition was shown.
The suggested method scales a frequency-domain
formulation, based on a finite element method, to
parallelization over a distributed memory, and an
efficient approach to broadband frequency-sweep
strategy. The framework was numerically accurate,
big-scale case studies based on extensive benchmark
validation revealed it was even able to capture
frequency-dependent  scattering phenomena in
geometrically complex environments. To verify that
the proposed framework can scale with increased
degrees of freedom or particles, the scalability and
performance tests proved that the proposed
framework can scale with near-linear strong scaling
and with weak scaling that is stable under distributed-
memory HPC architectures to perform simulations with
millions of degrees of freedom. The proposed method
is much less expensive to compute than the literature
methods of serial or limited-parallel methods used to
study broadband acoustic scattering, but the accuracy
of the solution is high, thus, rendering the analysis of
broadbandacoustic scattering an engineering scale
problem solvable in practice. In spite of these positive
features, issues are still very high-frequency, and the
additional memory demands and the number of solver
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iterations can affect the possibility of efficient
computations. Changes to work in the future will be
aimed at extending the framework into the fully
couple vibro-acoustic problems to allow the
interaction between structural dynamics and acoustic
wave propagation to be more accurately modeled.
Besides this, model order reduction methods, and
adaptive frequency sampling methods will also be
explored to make broadband simulations even faster.
Lastly, investigation of GPU-implemented and
heterogeneous based computing is likely to be able to
improve the performance on the new HPC platforms
and provide the real-time or near-real-time execution
of acoustic analysis in complex contexts.
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