Design for 1GA-type
discretization workflows

Gecko Technical Report

Summary of the results WP4

This project has received funding from the European Union’'s Horizon
Europe research and innovation programme under grant agreement No
101073106

Call: HORIZON-MSCA-2021-DN-01

SR RS
v
Lad
i

Funded by the
European Union



. Gecko

. Design for 1GA-type
1% discretization workflows

Executive summary

This report presents the research activities carried out within the GECKO project on the
development of advanced computational methods for efficient vibro-acoustic analysis using
Isogeometric Analysis (IGA) and Boundary Element Methods (BEM) for the acoustic domain.

The work addresses a major challenge in vibro-acoustic applications. Four complementary
research directions were investigated. First, novel and efficient model order reduction strategies
were developed for IGABEM to accelerate multi-frequency acoustic analyses while maintaining
accuracy. Second, methodological foundations were established for extending to parametric
model order reduction techniques. Third, efficient approaches for shape optimization and
eigenvalue analysis were explored by investigating the Shifted Boundary Element method for
acoustics and BEM. Finally, fast assembly techniques, including Fast Multipole Methods and
hierarchical matrix approaches, were investigated to improve the scalability of large-scale
industrial simulations.

Overall, this report demonstrates that integrating reduction techniques with geometry-enhanced
numerical methods can substantially decrease simulation times while maintaining accuracy.
These developments contribute towards faster engineering design cycles, improved
optimization capabilities, and enhanced the applicability of computational vibro-acoustic
simulations in industrial environments.
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Introduction

The (vibro-)acoustic field is a prime example where geometry-enhanced methods can have a
strong influence on current applications. Definitely at mid- and high-frequency problems, where
the acoustic wavelength is typically smaller or of the same order than the geometrical details
within the object considered, the accuracy of the geometric representation is the driving factor
for the analysis. To suppress the high computational burden, typically Model Order Reduction
schemes are applied. These methods should be adapted in order to comply with more accurate
geometrical descriptions.

The objective of this report is to summarize the developments conducted for the (vibro-)acoustic
field within the isogeometric framework. Each section of this report considers a different
application field such as: to apply recent (parametric) model order reduction strategies on
IGA-BEM and to explore different strategies, to accelerate the eigenvalue analysis and shape
optimization for parametrized structures, to extend the existing model order reduction strategies
to coupled vibro-acoustic problems, where acoustics are described by IGA-BEM. Moreover,
inclusion of fast assembly strategies for BE systems are considered for increased industrial
implementation.
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1 D4.1 Model Order Reduction strategies for IGA-BEM

This deliverable focuses on the development of efficient Model Order Reduction (MOR)
strategies for Boundary Element Method (BEM) within the isogeometric analysis (IGA) setting.
The objective of is to reduce the computational costs of multi-frequency analyses while
preserving accuracy. IGA BEM is particularly attractive for acoustic problems since it only
requires the discretization of the boundary and naturally satisfies the Sommerfeld radiation
condition. However, frequency sweep analyses remain computational prohibitive due to the
non-affine frequency dependence of the boundary element formulation.

To address this challenge, an efficient non-intrusive two-step MOR method was developed that
can also applied on top of commercial solvers, The proposed approach employs an automatic
Krylov subspace recycling (AKR) in combination with Chebyshev polynomial approximation to
construct an initial basis by minimizing the number of full system assemblies and allowing the
storage of the affine coefficient matrices of the system. By exploiting the affinely reduced
IGABEM system, a second reduction step based on the Reduced Basis Method (RBM) is
introduced, resulting in highly compact reduced-order models (ROM) and significant speed-ups
during the on-line phase.

The developed method was validated on representative multi-patch benchmark and industrial
inspired acoustic problems with conforming and non-conforming discretization. The
reduced-order models (ROM) accurately reproduced the responses obtained with the full-order
IGABEM models over the entire frequency range of interest, while substantially decreasing
computational effort thereby enabling faster engineering decision making and shortening
product development processes.

2 D4.2 (Parametric) Model Order Reduction strategies for
coupled vibro-acoustic analysis

This deliverable investigated the extension of existing parametric MOR (pMOR) strategies for
acoustic BEM problems towards coupled vibro-acoustic FEM-BEM analyses. While BEM is
particularly suitable for modeling acoustic radiation in unbounded domains, many engineering
applications require the simultaneous consideration of structural vibrations and acoustic wave
propagation. Coupled FEM-BEM formulations provide an efficient method for these
vibro-acoustic problems, but their computational cost rapidly increases when multiple
parameters, such as frequency, material properties or geometric variations, are introduced.

The deliverable outlines the main challenges associated with extending pMOR techniques to
coupled FEM-BEM formulations. In particular, the fundamentally different numerical properties
of both methods must be taken into account: FEM systems are sparse and predominantly affine,
whereas BEM systems are fully populated and exhibit non-affine frequency dependencies.
Potential reduction strategies therefore combine established MOR techniques for FEM with
adaptive sampling and Krylov-based approaches for BEM. Particular attention is given to the
construction of efficient reduction bases, the impact of the coupled eigenspectra on solver
convergence, and the need for suitable preconditioning techniques. This work provides the
methodological foundations for future developments aimed at efficient parametric reduction of
coupled vibro-acoustic problems.
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3 D4.3 Shape Optimization and Eigenvalue analysis

This deliverable focuses on acoustic systems wherein shape optimization and eigenvalue
analysis play critical roles. Within this context, both the BEM and the FEM present distinct
advantages and inherent limitations depending on the specific computational problem at hand.
To navigate these trade-offs, particularly within the realm of shape optimization, this work
explores the integration of IGA alongside traditional FEM and BEM frameworks. Ultimately, the
objective is to systematically address and mitigate the specific shortcomings of each numerical
method across targeted applications, while simultaneously leveraging and amplifying their
respective strengths.

BEM offers notable advantages for shape optimization and eigenvalue problems, primarily
through its use of a pure boundary representation that reduces spatial dimensions and yields
correspondingly smaller matrices. However, these benefits are counterbalanced by substantial
computational drawbacks, specifically the generation of fully dense matrices and the complex,
frequency-dependent nature of the system matrices. To mitigate these computational
bottlenecks, parametric MOR (pMOR) can be utilized to perform faster frequency sweeps,
effectively accelerating the BEM frequency solution; nevertheless, this approach remains
insufficient as a direct alternative to a dedicated eigenvalue problem solver. Despite this
limitation, incorporating parametric MOR techniques, proves highly effective in accelerating the
iterative parametric changes required throughout the shape optimization process.

Conversely, FEM presents a distinct computational profile for shape optimization and
eigenvalue problems. On one hand, FEM benefits from an affine frequency dependence of
highly sparse system matrices which greatly simplifies the use of eigenvalue solvers. On the
other hand, its performance is often hindered by the strict necessity of complex volumetric
meshing and the unfavorable scaling behavior frequently observed in large-scale eigenvalue
problems. To accelerate FEM-based shape optimization, pMOR is frequently deployed;
however, its overall efficiency remains tightly constrained by the inherent physical limitations of
mesh morphing within volumetric domains. To bypass this volumetric meshing bottleneck,
techniques such as the Shifted Boundary Method (SBM) can be introduced, effectively
substituting the volumetric requirement with an embedded boundary representation akin to that
used in BEM. Ultimately, despite the challenges associated with volumetric domains, FEM
retains a foundational strength in eigenvalue analysis compared to BEM; while FEM system
matrices are notably larger in dimensional size, their extreme sparsity allows them to be solved
with significantly greater speed and computational efficiency.

While primary focus is on the system size reduction and solution acceleration subsequent to full
matrix assembly, a comprehensive approach must also consider techniques for accelerating the
initial construction time of both BEM and FEM models. To this end, specific rapid construction
strategies can be implemented for BEM, most notably the Fast Multipole Method (FMM) and
Hierarchical Matrices (H-matrices), which significantly reduce the unfavorable computational
scaling typically associated with its dense matrix formulation. Analogous assembly acceleration
techniques can be adapted for FEM; however, these alternatives offer slightly less pronounced
advantages because FEM matrices already benefit from a profoundly sparse structure that
facilitates relatively efficient baseline assembly. Ultimately, this deliverable is dedicated to
maximizing the computational efficiency and minimizing the overall time costs associated with
both FEM and BEM. By advancing these numerical methods specifically for shape optimization
and eigenvalue analysis, this research targets highly relevant industrial applications and delivers
practical, optimized methodologies for real-world engineering challenges.
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4 DA4.4 Fast IGA-BEM approaches

This deliverable specifically focuses on accelerating both the construction and solution times of
BEM problems through the implementation of IGA. To that end, it provides a more in-depth
examination of the construction acceleration techniques previously introduced for frequency
domain BEM in Section 3, while simultaneously expanding the scope to include time-domain
implementations. In this work, the majority of the implementations utilize collocation based BEM
methodologies across both the frequency and time domains; however, analogous extensions
can be developed for Galerkin type formulations, which offer enhanced numerical stability at the
cost of increased mathematical and computational complexity. Addressing these construction
bottlenecks is critical because the inherent formulation of BEM dictates that both memory
requirements and computational costs scale highly unfavorably with the number of degrees of
freedom and the corresponding mesh resolution. Consequently, in the context of large-scale
industrial applications, this severe scaling behavior renders standard BEM computationally
prohibitive. Implementing advanced, rapid construction methodologies is therefore absolutely
essential to ensure these complex engineering problems can be practically resolved without an
exclusive reliance on high-performance supercomputing infrastructure.

To address these spatial construction bottlenecks, advanced acceleration techniques such as
the FMM can be effectively employed. By strategically evaluating mathematical interactions
across varying distance scales separatelyy, FMM successfully reduces the computational

complexity of matrix assembly from an unmanageable O(NZ) to an efficient O(N loglog N).
Similarly, the implementation of H-matrices utilizes a block-wise structure to perform low rank
approximations of distant interactions, thereby achieving significant data compression and
further expediting spatial construction. While these spatial techniques are vital across the board,
Time Domain BEM (TD-BEM) formulations present an additional, severe computational hurdle
of memory requirements that scale quadratically with the number of discrete time steps. To
circumvent this detrimental scaling behavior, the strict mathematical separation of temporal and
spatial variables becomes exceptionally critical and can be handled by robust interpolation
schemes applied between sequential time steps. Although a comparable separation technique
is entirely feasible for frequency domain BEM, an intervention is fundamentally less imperative
than in TD-BEM, where unchecked temporal scaling otherwise completely prohibits large-scale
analysis.
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5 CONCLUSIONS

This report summarizes the advances in the development of efficient computational
methodologies for vibro-acoustic analysis within the isogeometric framework. The work
addresses key challenges associated with high computational cost of accurate acoustic and
vibro-acoustic simulations while preserving geometric fidelity and accuracy.

Novel model order reduction strategies were developed for IGABEM to accelerate
multi-frequency analyses. In addition, efficient methodologies for shape optimization and
eigenvalue analysis were investigated by exploring Shifted Boundary Element Method and BEM
variants. Fast assembly techniques were also explored to improve scalability of large-scale
simulations.

Overall, the project demonstrates the potential of combining advanced reduction techniques,
accurate geometric representations, and efficient numerical algorithms to enable faster and
more reliable vibro-acoustic simulations. These developments promote shorter engineering
design cycles, more efficient optimization procedures, and facilitate the adoption of advanced
computational tools in industrial settings.
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