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Abstract
The future scenario in computational sciences is the avail-
ability of abundant computational resources, thereby en-
abling high-performance computing. Therefore, the finite
element modeling of vibroacoustic problems with large
number of degrees of freedom can be efficiently realized
in high-performance clusters for solving using parallel
sparse solvers. The contribution addresses the different
capabilities of the in-house numerical tool, elPaSo (El-
ementary Parallel Solver), to solve large-scale finite ele-
ment models. Parallelization is performed with the dis-
tribution of workload among different computing nodes
and their threads with MPI (Message Passing Interface)
and OMP (Open Multi-Processing). An investigation is
performed on a generic model with fluid-structure inter-
action, where the complexity of the system matrix repre-
sents a wide range of practical vibroacoustic models for
solving. The model is subjected to various parallel LU
factorization routines of MUMPS and PARDISO using
an interface from PETSc (Portable, Extensible Toolkit
for Scientific Computation) suite. Finally, the perfor-
mances are evaluated in terms of solver clock, speedup
and the number of floating-point operations performed.

Introduction
Numerical simulation of vibroacoustic models is often
performed to anticipate the model’s behavior in prac-
tical application. Finite element method (FEM) have
proven to be efficient in evaluating the model response
at low-frequency ranges. However, with increasing fre-
quency, discretization using FEM yields sophisticated
models with very large system dimensions. To solve the
resulting sparse linear system of equations in the fre-
quency domain, one can deploy direct solvers or even
iterative solvers. As a first choice, direct solvers are of-
ten preferred due to the bad conditioning of matrices
resulting from FEM. Direct solvers can solve almost all
ranges of matrices. However, direct solvers are infamous
for their huge memory and time requirement for factor-
ization. By parallelizing the problem, this problem can
be solved by distributing the system to several computing
nodes in a high-performance computing (HPC) cluster.

Consequently, the contribution focuses more on the de-
ployment of direct solvers to solve large-scale vibroa-
coustic problems. Direct solvers are used in the frame
of multi-frontal solvers [1] which include efficient re-
ordering techniques to increase computational efficiency
during the time-consuming factorization phase. The
current investigation considers the two popular paral-
lel multi-frontal solvers namely the (1) MUMPS (Multi-

frontal massively parallel sparse direct solver) [2] and (2)
CPARDISO (Parallel direct sparse solver for clusters) [3]
from Intel MKL1. Both solvers are interfaced through
PETSc2 (Portable, Extension Toolkit for Scientific Com-
putation) [4]. The simulations are realized with a highly
parallelized in-house numerical tool, elPaSo (Elementary
Parallel Solver), whose software workflow is depicted in
Fig. 1.
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Figure 1: Software parallel framework for FEM computa-
tions

In this contribution, the computations are performed in
a medium-sized HPC cluster3. Each nodes are equipped

1Intel Parallel Studio XE 2020 Cluster Edition
2PETSc version 3.15.0
3TU Braunschweig Phoenix-cluster
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with 20 cores from 2 × Intel(R) Xeon(R) E5-2640v4 @
2.40 GHz processors. There are in total 304 such com-
puting nodes. Other high-end computing nodes are not
discussed for brevity. The non-uniform memory access
(NUMA) configuration of the cluster is leveraged to de-
cide the number of parallel MPI processes and OMP
threads used to factorize the sparse matrix. The inves-
tigations and resulting performance plots are obtained
from elPaSo compiled with Intel compilers, which yielded
better performance for HPC cluster equipped with Intel
processors when compared to GNU compilers.

Benchmark model
A typical vibroacoustic problem with Fluid-Structure In-
teraction (FSI) coupling is presented as a representative
example to account for a general level of complexity. Par-
allelization of the whole steady-state analysis routine in
the frequency domain is investigated by considering the
generic model as a benchmark. In Fig. 2, the generic
FSI model is shown, which comprises a curved shell as
the structural domain and an acoustic cavity as the fluid
domain.

Fluid

Shell

Figure 2: Finite element model of a the FSI model

The assembled finite element formulation of the strongly
coupled vibroacoustic radiation problem is given by:

KDu = f

where u =

[
uSS

uFF

]
, f =

[
fSS
fFF

]
, and

KD =

[
KSS −KSF

0 KFF

]
− ω2

[
MSS 0
KT

SF MFF

]

where KD denotes the dynamic stiffness matrix and
K,M are the stiffness and mass matrix, u and f are the
state and load vector, respectively. Subscripts of system
matrices S and F denotes the structural and fluid do-
main. Apparently, the coupling matrix KSF introduces
asymmetry to the sparse system. Even though there are
several techniques to transform the above equation to a
symmetric setting, the paper still continues with the dis-
cussion on solving unsymmetric systems due to the usage
of structural damping as damping model. This means

that an imaginary term can be introduced to both the
structural and fluid part through material parameters
that accounts for the damping losses. A constant loss
factor η is considered for the shell and acoustic medium
separately such that K = �(K)(1 + iη) where � denotes
the real part. For the structural part, a constant damp-
ing loss factor of ηS = 0.001 and a loss factor ηF = 0.05
for the acoustic medium is introduced. Hence, the dy-
namic stiffness matrix to be factorized is in the complex
space, that is KD ∈ C

n×n. The sparsity pattern of the
system is represented in Fig. 3. Also, the system matrix
is made available in [5] for any further use.
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Figure 3: Sparsity pattern of the benchmark model where
and denotes nonzero entries corresponding to the structural
and fluid domain respectively. The non-zero entries intro-
duced by the coupling interface are represented by .

The mesh properties of the shell and acoustic fluid are
specified in Table 1. The element types for the plate and
acoustic fluid are chosen in such a way that a similar
model can be created in ABAQUS for comparison pur-
poses, presented in coming sections. The assembled dy-
namic stiffness matrix in (1) for the model is a sparse ma-
trix with 1020250 degrees of freedom (DoF) and 29974672
numbers of non-zeroes. A similar model with coarser
mesh, with 501875 DoFs and 15047671 non-zeros, is also
considered to investigate the MUMPS solver with pure
MPI parallelization. In this case, a higher memory re-
quirement is expected due to more MPI processes and
the entailed data replication.

Reordering of the sparse matrix prior to factorization has
proven to strongly influence the performance. This is
linked to the amount of fill-in resulting from the LU fac-
torization. Multi-frontal solvers like MUMPS and PAR-
DISO perform the reordering phase so as to yield the
best performance. The solver settings used in this paper
perform a parallel nested dissection reordering algorithm
from METIS. The amount of fill-in (total non-zeros after
factorization to the initial number of non-zeros) resulting
from MUMPS and CPARDISO solvers are 75.52 % and
81.33 %, respectively for the fine model. As the fill-in for
the former is less, better performance can be expected.

DAGA 2021 Wien

865



Table 1: Finte element modelling details for the benchmark model

Domain Element types DoFs per node Material

Shell (Mindlin plate + disc) 4-node quadrilateral with
linear ansatzfunction

Translation: wx, wy, wz,
rotation: rx, ry, rz

Steel: isotropic, damped

Acoustic cavity (Helmholtz) 8-node hexahedron with
linear ansatzfunction

Pressure: p Air: isotropic, damped

Performance results
The benchmark model presented in the above section is
subject to steady state-dynamic analysis using elPaSo.
The mesh input as an HDF5 file contains the meta-
information to perform the analysis in the frequency do-
main. The solver packages MUMPS and CPARDISO
are deployed to solve the sparse linear system of equa-
tions in parallel. Assembling and distribution of ma-
trices is handled by the PETSc parallel sparse matrix
format (MATMPIAIJ). The sparse matrix is distributed
to different processor ranks as chunks of rows in a one-
dimensional manner. In the case of hybrid MPI OMP
mode, each MPI process creates multiple OMP workers
to work on the factorization using shared memory paral-
lelization. Hence, it can be expected that pure MPI par-
allelization requires more memory than the hybrid case,
where less amount of data is duplicated. For large-scale
models, for example the model considered as a bench-
mark, pure MPI parallelization demands higher memory
that overflows the RAM. This can be avoided by using
the hybrid mode and has shown to yield the same or even
slightly better performance. The current section mainly
focuses on the factorization phase which is the most time
and memory-demanding part of any multi-frontal direct
solvers. Therefore, discussion on reordering and back-
ward substitution phase is intentionally not included.
The solving time and other performance parameters are
presented for one frequency solve. An example for the
system solution is depicted in Fig. 4 where the pressure
distribution at 100 Hz is visualized.

p (Pa)

Figure 4: Sound pressure field at 100 Hz

So as to compare the performance of MUMPS in pure

MPI configuration and in hybrid MPI+OMP configura-
tion, the coarser model discussed in the previous section
is used. The performance plot in terms of time for fac-
torization in seconds plotted against increasing parallel
workers for different solvers is shown in Fig. 5. The x-
axis denotes the total effective number of processes (in
the case of pure MPI) or the number of threads (in the
case of hybrid). The workers are chosen in such a way
that there is a single MPI per socket and the respective
processor threads are pinned4 to the socket. It is evi-
dent that the MUMPS solver performs faster compared
to the other solvers for the considered benchmark exam-
ple. A comparison with ABAQUS5 is made where the
performance is low due to doubling the system dimen-
sion for solving the complex-valued stiffness matrix. Al-
though in this case, the performance saturation reaches
fast, the finer model is considered to evaluate the parallel
efficiency.
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Figure 5: Elapsed factorization time for the coarse model

In Fig. 6, a similar plot for the time required for factor-
ization is recorded for the finer benchmark example with
1020250 DoFs. Pure MPI configuration is not consid-
ered due to increased memory requirements. Therefore
the three solvers in hybrid mode are considered. The
respective plots for parallel speedup and floating-point
operations per second (in Giga scale, GFLOP/s) against
increasing parallel workers are given in Fig. 7 and Fig. 8.
An efficient distribution and parallel performance can be
observed for MUMPS in hybrid mode, which scales bet-

4KMP AFFINITY = noverbose, granularity=thread, compact,
1, 0 and I MPI PIN DOMAIN=socket

5ABAQUSTM2018 unsymmetric direct solver with one MPI per
computing node and rest as shared memory threads
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ter in terms of performance. Less GFLOP/s yielding by
MUMPS could be a reason for efficient LU factorization
and reduced fill-in, which results in better performance
for the considered problem type.
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Figure 6: Elapsed factorization time for the fine model
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Figure 7: Parallel speedup of various solvers for the fine
model. Marking denotes the first point where parallel effi-
ciency drops below 50%

Conclusion and discussion
The contribution presents solving of a vibroacoustic
benchmark model using parallel direct solvers MUMPS
and CPARDISO. The distribution of workload among
different HPC nodes is optimized using either MPI or
hybrid MPI+OMP with respect to the hardware topol-
ogy. The hybrid parallelization yields better performance
and memory resource usage due to shared memory par-
allelization. Whereas, pure MPI parallelization with
MUMPS requires comparatively higher memory. The
presented performance plots are compared to commer-
cial software ABAQUS where the system is solved for
doubled system dimension so as to account for complex
numbered computations.

Numerous optimizations can be performed on the solvers
to yield further performance growths. This includes
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Figure 8: GFLOP/s of various solvers for the fine model

proper prior numbering of mesh entities to yield a further
reduction of the fill-in. Also, other techniques like do-
main decomposition can be deployed to handle systems
that give higher flexibility and better handling of huge
computational models. For larger models, whose dimen-
sions are larger than the considered benchmark problems,
performance optimization of iterative solvers are also in-
teresting and are points for future research.
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