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Finite element analysis (FEA) is a crucial tool in biomechanical simulations, enabling the
study of complex biological systems under various conditions. FEBio, an open-source FEA soft-
ware designed for biomechanic and biomedical research, is widely used for such applications.
However, its computational performance across various workloads remains an important consid-
eration for researchers seeking efficiency and scalability. This thesis evaluates the performance of
FEBio using system-level and microarchitecture metrics, profiling tools, and comparative anal-
ysis in biomechanical simulation workloads. A case study on a finite element model of the
human eye, from the glaucoma treatment study that inspired this project, provides a practical
demonstration of FEBi0’s computational behavior under realistic conditions. By identifying per-
formance bottlenecks, analyzing their underlying causes, and proposing potential optimizations,
this research contributes to improving the efficiency and resource utilization of biomechanical

simulations, furthermore facilitating fruitful studies in the fields of bioengineering.
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Chapter 1: Introduction

Computational biomechanics is highly dependent on simulation software to model complex
biological structures and predict their behavior under various conditions. As these models grow
in complexity and size, so do the computational demands placed on simulation tools similar
to the software titled Finite Elements for Biomechanics (FEBid}erformance limitations in
such a software can signi cantly impact research ef ciency, making it crucial to understand and
optimize their underlying computational processes.

This thesis focuses on evaluating the performance of FEBio through a microarchitecture
and systems-level analysis, identifying bottlenecks, and exploring potential optimizations. Lever-
aging pro ling tools and performance metrics, this study aims to characterize the computational
challenges inherent in biomechanical simulations and propose strategies for improvement. Fun-
damentally, this research seeks to bridge the gap between bioengineering and computer archi-
tecture by evaluating how performance advancements can be achieved through existing software
and hardware optimization designs.

The following sections outline the motivation behind this research, de ne key terminology,

and present the primary research questions that guide this study.

1There are other software programs used in the eld of computational biomechanics for modeling and simulations
using nite element methods. However, the most well established nite element solver in the eld is FEBio: Finite
Elements for Biomechanics.



1.1 Motivation

Figure 1.1: Several scenes as an excerpt of the assembled FEBio Studio simulation with a model
of a human foot from the FEBIio Test Repository [41].

In several science and engineering domains, including biomechanics, simulating real-world
phenomena is incredibly important. Their ef ciency, especially, can be the bottleneck in time-
sensitive, imperative, and innovative research. Despite advances in computer architecture tech-
nigues to improve performance and ef ciency, there is still a lack of information at the intersec-
tions of bioengineering and computer architecture. For instance, FEBIo is a prominent biome-
chanics simulation software [25] that suffers from increased latency when modeling complex
real-world problems. An example simulation from FEBio Studio can be seen in Figure 1.1, where
a biophysical two-dimensional model of a foot having contact with a at surface is scene [41].
However, why limit this simulation to two dimensions? In this case, creating a three dimensional
model would be more computational intensive and complex to simulate with current commodity
platforms. By understanding and characterizing the real-world simulations used in FEBio and by
studying a representative sample of the nite element solvers and biomechanical work being sim-
ulated, we can target this lack of information and apply promising performance advancements.
In doing so, we can propose solutions that can improve simulation times and therefore increase
the productivity and fruitfulness of biomedical research.
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In this thesis, our objective is to pro le bioengineering and biomechanical workloads in the
widely used biomechanics simulation software, FEBIio, by discovering inef cient resource uti-
lization, data dependencies, and insuf cient software implementations to identify potential areas
for acceleration. By examining how these simulations are generated, their workload character-
istics, and where bottlenecks occur from a computer architecture perspective, we can explore
promising strategies to improve performance.

FEBIio allows bioengineers to create realistic biomechanical models, including different
types of materials and constraints, to make a functioning and accurate simulations. However,
these models can take hours, days, even sometimes weeks to complete. Based on existing work,
we are aware that linear solvers tend to be the bottleneck in scienti c computing systems [44].
We investigate whether that is also the case in FEBIo's system. Additionally, we look to break-
down FEBIio workloads using pro ling tools to gain a better understanding of where hotspots —
areas with increased latency or inef cient resource utilization — occur within the system. Specif-
ically, we look at internal metrics during the nite element analysis process, including calls to
linear solver and sparse matrix multiplication libraries, which form the majority of FEBio's com-
putational work ow. Essentially, we look to answer how much time and how many resources
are being used by different aspects of the software to provide insight into where opportunities for
advancement can be targeted.

Our goal is to discover opportunities for improved scalability and a reduction in simulation
times. With the rise of domain speci ¢ architectures and the growing need for more ef cient
computational tools in biological elds, understanding these bottlenecks is incredibly important.
Our work can be summarized by Figure 1.2, where we aim for our pro ling efforts, combined
with insights from related works in scienti c computing accelerators, to open up new opportuni-
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