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Resumo

Simulações multifísicas são uma importante ferramenta tanto para a academia como

para a indústria, ajudando ambos a compreenderem como vários fenômenos físicos se com-

portam em um dado contexto. Com o crescimento do mercado de Computação de Alto

Desempenho (HPC) e o consequente maior acesso a hardware mais avançado e potente,

o uso extensivo de paralelização se tornou cena comum nas simulações multi-físicas. Isso

cria um problema de distribuição de carga, o que nesse caso, dado a natureza já com-

plexa das simulações multi-físicas, é um problema nada trivial. Por isso, nós propomos

nesse trabalho um balanceamento de carga usando várias abordagens ao invés da tradi-

cional abordagem única. Essa proposta foi implementada no software de simulação fluido-

dinâmica (CFD) MFSim, que faz uso de malha adaptativa bloco-estruturada, e validada

usando 3 casos industriais e um caso acadêmico.

Palavras-chave: Balanceamento de Carga. Simulação Multi-física. Fluido-dinâmica

computacional. Malha estruturada bloco-adaptativa.
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Abstract

Multi-physics simulations are essential for the academy and industry, helping to un-

derstand how multiple physical phenomena behave in a given context. With the growth of

the HPC market and the consequent greater accessibility to more advanced and powerful

hardware, extensive use of parallelization became a widespread scenario in multi-physics

simulations. This situation creates a problem of proper load distribution, which, in this

case, is complicated by the already complex nature of multi-physics simulations. This

work proposes multiple approaches to the load-balancing problem compared to the more

traditional single-approach solutions. This proposition was implemented for the compu-

tational fluid dynamics (CFD) code MFSim, which uses a block-structured adaptive mesh

and was validated using three industrial-scale cases and one academic case.

Keywords: Load-balancing. Multi-physics simulation. Computational Fluid Dynamics.

Block-Structured Adaptive Mesh..
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Chapter 1

Introduction

Multi-physics simulations are an essential tool with both scientific and industrial appli-

cations (KO et al., 2010) (MERZARI et al., 2023) (LONGARES; GARCÍA-JIMÉNEZ;

GARCÍA-POLANCO, 2023). However, direct-coupling multiple physics, each with its

own governing physical laws and equations, and required space and time discretizations,

many times different from each other, tend to create not only limitations on stability,

accuracy, or robustness of the overall simulation (KEYES et al., 2013a), but also load-

balancing problems (RETTINGER; RüDE, 2019) which adds to the already challenging

task.

To mitigate the load-balancing problem, various space-time discretization methods in-

corporating load-balancing techniques have been developed over the years (HENDRICK-

SON; DEVINE, 2000) (DAS; HARVEY; BISWAS, 2001). One of those techniques, the

adaptive mesh refinement, has been constantly developed and upgraded at least since

2001 (LAN; TAYLOR; BRYAN, 2001), for many types of applications (BAIGES et al.,

2018) (SAKANE; AOKI; TAKAKI, 2022), discretization methods (JUDE; SITARAMAN;

WISSINK, 2022) (YU; FAN, 2009), solvers (SAMPATH et al., 2008) (TEUNISSEN; KEP-

PENS, 2019) and hardware and software environments (SAKANE; AOKI; TAKAKI,

2022) (MATSUSHITA; AOKI, 2021).

Though many advances have been made, there is still room for improvement, especially

for general-purpose multi-physics simulators with high-order, high-accuracy discretization

methods that make use of block-structured adaptive mesh with dynamically sized blocks

(FLúIDOS, 2022) and tackle industrial-scale problems, which tend to bring less than ideal

settings, very large domains, and execution time.

1.1 Motivation

Simulations that handle many physical phenomena have been rather typical, both

in the academy (NORDSLETTEN et al., 2011) and in the industry (BAYAT et al.,

2021) in the past years. Part because of the constantly increasing computational power
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(KEYES et al., 2013b), now going to the exascale (SIRCAR et al., 2023), at the same

time the High Performance Computing (HPC) market grows (RESEARCH, 2022) allow-

ing for more accessible hardware; Part because of the wide range of applications, coming

from the more traditional ones as engineering and science (WILLIAMSON et al., 2012)

(EWERT; KREUZINGER, 2021), passing through public health (DESAI; SAWANT;

KEENE, 2021), food processing (SMAN, 2022) and even forensic investigation (GEN-

TILI; PETRINI, 2016).

With such a wide field of applications, it is expected a plethora of codes (ONLINE,

2025) (ARC4CFD, 2025) (NASA, 2025) (MOCZ, 2025) (PROJECT, 2025), both special-

ized and general purposes, using different spatial and time discretization methods, with

varying levels of accuracy, methods to couple the physics and various implementation

of solvers. A load-balancing technique that works well for one code may not work for

another. At the same time, it is also possible that, in the same code, a load-balancing

technique that works well for one case may not work for another, thanks to differences in

the physics involved and how they interact with each other.

Also, codes that work with industrial-scale problems have additional challenges (JANS-

SON et al., 2019), as these cases tend to bring less than ideal settings for coupling the

physics, with many enabled physics, and very commonly, using retro-feeding mechanisms,

under huge domains and, by extent, large requirements of both computational resources

and execution time (LONG et al., 2021).

Adding to that, most of the load-balancing solutions are limited to proposing an

algorithm that can be applied to all physics supported by the code, giving little or no

freedom of customization at all to the user, which, depending on the case, can make a

simulation not possible to balance, while it could be if the user could adjust some of the

configurations of the load-balancing operation, according to the specifics of the studied

case and used code.

This presents a situation where load balancing is necessary, but it is not easy to imple-

ment. Implementing it requires a careful understanding of the used code, its limitations,

and the kind of simulations the code is built to run.

Our primary motivation for this work is to address this situation by proposing a multi-

approach load-balancing solution that considers the inherent challenges of multi-physics

simulations and the code used to run the simulations.

1.2 Objectives and Research Challenges

This work uses the general-purpose multi-physic simulator MFSim (more details in

section 2.3), which already has load-balancing capabilities but fails to balance some

industrial-scale simulations. The limitations stem from the simulation’s complexity, as

well as constraints on the MFSim mesh, solver, and physics coupling, and the load-
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balancing technique’s inability to identify where the load is being generated accurately

and when to apply the load-balancing.

Our first objective is to implement the multi-approach load-balancing into MFSim’s

code to mitigate the limitations that prevent the proper functioning of the load-balancing.

This is what section 3.2 describes.

The second objective is to validate the proposition by testing this modified version of

MFSim with industrial-scale simulations that were previously incapable of applying load

balancing, to verify whether the proposition can address this limitation. This is described

in section 4.2.

The third objective is to evaluate the results of the second objective, both in terms

of macro and micro evaluation, to see how the proposition behaves and its limits when

applied to the test cases. This is described in sections 4.3 and 4.4.

The fourth objective is to compare our proposition with the state-of-the-art in load

balancing of multi-physics simulations, which is what section 4.5 describes.

The final objective is to outline our future (and some not-so-future) plans to expand

the multi-approach load-balancing, mitigating some of the identified limitations, and en-

hancing its capabilities for new Graphics Processing Unit (GPU)-enabled multi-physics

simulations.

1.3 Hypothesis

The central hypothesis of this work is that balancing a multiphysics simulation is

a complex task, highly context-dependent. Therefore, a multi-approach solution can

produce satisfactory results, significantly impacting the time required to run a sufficiently

balanced simulation.

1.4 Contributions

The main contribution of this work is the development and evaluation of the many-

approach load-balancing, described in section 3.2, which provides a better tool for unbal-

ance detection in the scope of multi-physics simulation (see section 3.2.2) and a series of

approaches (hence the many-approach) for the load-balancing decision.

These approaches can both work out-of-box with a default, automatic algorithm (sec-

tion 3.2.3) or can be tuned by the user (see sections 3.2.1, 3.2.3 and 3.2.4), allowing it a

lot of freedom on when to use or not the load-balancing operation.

We also implemented another tool, not necessarily an approach to load balancing, but a

fail-safe, inspired by the rollback functionality typically present in Data Base Management

System (DBMS) systems, but tailored to the context of load-balancing multi-physics
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simulations. This was necessary because of the limitations of the used code (see section

3.2.5).

The implementation was then validated using three industrial-scale cases and one aca-

demic case, which enabled the second contribution of this work: comparing the proposed

many-approach load-balancing with other propositions.

The third contribution derives from the knowledge obtained during the development

of this work, which is linked to our conclusion, which, in short (see section 5 for the

proper conclusion), shows that there are more ways to redistribute the load of a multi-

physics simulation than by only using the load-balancing operation, such as adding more

computational resources or even using data from one simulations to speedup another. We

investigated and published a paper on this topic, a spin-off-like contribution.

1.5 Outline

This dissertation is structured into five chapters. The current section is the introduc-

tion, which briefly presents the problem of load-balancing multi-physics simulations.

In Chapter 2, we delve into the base concepts necessary to understand the proposition,

the framework used to run multi-physics simulations, and the state of the art of load-

balancing multi-physics simulations.

Chapter 3 outlines the dissertation proposal and its challenges, offers insights into the

implementation specifics, and presents the various components along with their respec-

tive functions and the methodologies applied, thus showing the achievement of our first

objective.

Moving on to Chapter 4, we present the 4 test cases we used for experimental assess-

ments, which underscore the achievement of the second, third, and fourth objectives. We

also furnish an in-depth analysis of how this work compares to prior proposals.

Last, in Chapter 5, we discuss the conclusions drawn from the development and ex-

perimentation of the proposed solution, how they proved our hypothesis, the published

papers based on the proposition or derived from it, and the future improvements of the

proposition, fulfilling our last objective.
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Chapter 2

Background and Related Work

This chapter will present some concepts related to Multi-physics simulations (Section

2.1). It also presents load balancing techniques (Section 2.2) and, finally, some related

work (Section 2.4).

2.1 Multi-physics simulations

Simulations that handle more than one physical phenomenon, governed by their prin-

ciples regarding their evolution throughout the simulation and in which conditions they

achieve an equilibrium status, are considered multi-physics simulations (KEYES et

al., 2013a). Their field of application is ample, varying from the traditional science and

engineering fields (WILLIAMSON et al., 2012) (EWERT; KREUZINGER, 2021), pass-

ing through public health (DESAI; SAWANT; KEENE, 2021), food processing (SMAN,

2022), and even forensic investigation (GENTILI; PETRINI, 2016).

Solving a multi-physics simulation requires solving the partial differential (or integro-

differential) equations describing the studied physical phenomena. In most cases, this

can’t be done analytically. So, to obtain a satisfactory resolution to the problem, nu-

merical approximations must be used, hence the need for discretization of the equations

in terms of time and space (FERZIGER; PERIĆ; STREET, 2019) (FORTUNA, 2000).

Sections 2.2 and 2.1.2 will provide further insight into those themes.

Once the discretized equations are in place, a series of linear systems are mounted

to solve the equations (KEYES et al., 2013a) (FERZIGER; PERIĆ; STREET, 2019)

(FORTUNA, 2000). A widespread method to achieve that is to use multigrid algorithms

that solve the discretized equations in a variable resolution grid to reduce errors (KEYES

et al., 2013a). This is further explained in section 2.1.4.

And since we are considering multi-physics simulations, there’s also the need to address

how the physics are coupled, as they have different governing laws and possibly different

forms of time-space discretization (ZHANG et al., 2021) (POZZETTI et al., 2019). Inte-

grating this into a single simulation can be done directly (POZZETTI et al., 2019), with
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a single code managing both physics and its particularities, or indirectly, with separate

codes managing each physics and an overseer code managing the integration of the results

(BESSERON; ADHAV; PETERS, 2024). Section 2.1.3 will explore these themes further.

Let’s start with space discretization, which is a requirement for all multiphysics sim-

ulations. Then, we will proceed to time discretization, again a requirement for all multi-

physics simulations, and then to more details regarding physics coupling and solver.

2.1.1 Spatial discretization and mesh

Most of the natural physical phenomena of interest for multiphysics simulations are

described by partial differential or integro-differential equations. This kind of equation,

usually considered a continuum of time and space, can calculate how physical phenomena

behave in that region of space and time. This region is called domain and defines the part

of space and time that is being studied in the simulation (FERZIGER; PERIĆ; STREET,

2019) (FORTUNA, 2000), and the phenomena studied are valid.

Since computers are discrete machines (RALSTON, 1986), they can’t solve a con-

tinuum equation (or system of continuum equations). That creates a necessity to ap-

proximate the continuous domain with a discrete model, converting the infinite points

of space-time contained within the domain into a representation with a finite number of

points for space and time. Once that representation of the domain is in place, the con-

tinuum equation, or system of equations, is also converted from the original continuum

equations (partial differential or integro-differential equations) to algebraic equations that

can approximate the original ones, fit in the finite representation of the domain and be

organized in linear systems that can be latter processed by the computer. This process is

called discretization (FERZIGER; PERIĆ; STREET, 2019) (FORTUNA, 2000). In this

section, we discuss only spatial discretization, with details regarding time discretization

presented in section 2.1.2.

To discretize the domain in terms of space, we create a grid, a mesh (FORTUNA,

2000), composed of points (or nodes) interconnected by vertices. The space between

adjacent nodes forms a cell later used by the discretized equations to obtain the physical

properties in that specific region of the domain. The cells have a center and faces. When

a face coincides with the domain boundaries, it is considered a boundary face. This

classification is necessary to identify when boundary conditions of the domain should

be applied to a cell. Also, some physical properties can only be obtained in the faces,

like values for the velocity vectors, while others can only be obtained in the center, like

pressure (FORTUNA, 2000). Figure 1 shows a graphical representation of nodes, centers,

and faces of cells in Two Dimension (2D) and Tree Dimension (3D) meshes.

The meshes can be further classified regarding their inner structure. They can be struc-

tured, block-structured, or unstructured (FERZIGER; PERIĆ; STREET, 2019) (FOR-

TUNA, 2000).
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Figure 1 – Nodes and faces on 2D and 3D mesh (MANCHESTERCFD, 2024)

A structured or regular mesh is a type of grid in which each cell is numbered sequen-

tially in reference to the axis of the grid, which allows the use of indices to access each

cell. Also, all cells have a fixed number of neighbors, 4 in 2D grids and 6 in 3D grids,

and the space between their nodes (deltas in each axis) can be fixed (uniform) or variable

(non-uniform). They can also be Cartesian or curvilinear (non-orthogonal) (FERZIGER;

PERIĆ; STREET, 2019) (MANCHESTERCFD, 2024). Figure 2 provides examples of

these structured meshes.

Figure 2 – Types of structured mesh (MANCHESTERCFD, 2024)

The main advantage of structured meshes is that the fixed neighborhood they allow

simplifies the programming of the matrices later used by the algebraic equations and the

linear systems built upon them. The main disadvantage is that they can only be used for
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simple geometries (FERZIGER; PERIĆ; STREET, 2019).

The block-structured mesh expands the structured meshes. It provides easy access

to the cells from the structured meshes, but organizes the entire mesh as a group of

blocks rather than a single object. Those blocks, also called patches can have cells of

uniform (matching) or variable (non-matching) sizes and in the case of the latter, this

allows refinement regions on the mesh. They can be aligned to the axis (Cartesian) or be

body fitting (curvilinear), and they can have overlapping blocks forming levels (composite

or chimera meshes). Figure 3 shows graphical examples of these settings.

The main disadvantage of this type of mesh, especially for the non-matching or com-

posite ones, is that conservation is not easily enforced at block boundaries, as it is neces-

sary to interpolate the values of the studied physical properties between the less and more

refined blocks. The main advantage is that more complex geometries can be more easily

modeled, as the domain is decomposed into sub-regions better fitting the region geome-

try and, at the same time, allowing refinement areas for more precision of the physical

phenomena studied in the simulation (FERZIGER; PERIĆ; STREET, 2019).

Figure 3 – Types of block-structured mesh (MANCHESTERCFD, 2024)

There is also a subtype of block-structured mesh, which adds adaptability, the Structured

Adaptive Mesh Refinement (SAMR). This subtype allows the creation of refinement zones

where the space width of the cells can be reduced to provide more accurate results for

the discretized equations (BERGER; OLIGER, 1984). These zones can be superposed,

creating finer grids that overlap the entire domain or are limited to a particular area, thus

creating a locally refined area. The main advantage of this subtype is the possibility to
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Though this type of mesh makes it easier to fit into more complex geometries, the

irregularity of the data structure makes generating and plotting this type of mesh a more

difficult task (MANCHESTERCFD, 2024). Also, the matrix of the algebraic equation

system no longer has a regular, diagonal structure, which creates the need for reducing

or reordering the number of points before trying to solve the systems, which takes time

(FERZIGER; PERIĆ; STREET, 2019).

Lastly, meshes can also be classified according to their implementation. This can vary

wildly, and combinations or hybrid forms are possible, but the main classes are the ones

based on binary trees and the ones based on hashes.

Figure 6 – Example of block-structured mesh implemented by an octree with single di-
mension blocks (TATARCHENKO; DOSOVITSKIY; BROX, 2017)

The most common meshes based on binary trees are the quadtree, octree, and

mtree. A quadtree is a binary tree with four children for each node (hence its name),

while an octree has eight children, with each child being used to map elements of the

mesh-like nodes (of the mesh, not the tree), cells, or even blocks. A generalization of the

quadtree/octree is the mtree that allows more children per node (SOUSA et al., 2019).

Multiple trees can be used depending on the domain, implementation, or environment.

Thanks to these characteristics, quad/octrees can be used with nearly all types of meshes,

which makes this implementation one of the most common in multi-physics simulations

(JUDE; SITARAMAN; WISSINK, 2022) (TATARCHENKO; DOSOVITSKIY; BROX,

2017) (NIEMöLLER et al., 2020) (TEUNISSEN; KEPPENS, 2019) (SAMPATH et al.,

2008) (SOUSA et al., 2019) (CASTELO; AFONSO; BEZERRA, 2021) (SILVA et al.,

2023).

When used with block-structured meshes, quad/oct/mtrees can have an interesting

feature, which is generating the blocks (or patches) with the same dimension, which makes

the load balancing task easier (JUDE; SITARAMAN; WISSINK, 2022) (see Figure 6 for

an illustration of block-structured mesh generated by octree with single dimension blocks).

Still, these trees are flexible enough to allow blocks with varying dimensions, which can
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be more adequate for some problems (SILVA et al., 2023). Figure 7 shows an example of

an mtree with blocks of different dimensions at the same level.

Figure 7 – Example of block-structured mesh implemented by an mtree with varying di-
mension blocks (SILVA et al., 2023)

The other mesh class regarding the implementation is the hash, which uses a hash to

map the mesh elements: nodes, cells, or blocks/patches. In parallel environments, more

than one hash may be used, with each parallel partition having its own hash containing

the mesh (VILLAR et al., 2007). The most striking feature of this implementation,

when combined with a block-structured adaptive mesh, is the generation of varying-

sized blocks (or patches) for each refinement zone, called the patch-based Adaptive Mesh

Refinement (AMR) approach (JUDE; SITARAMAN; WISSINK, 2022).

2.1.1.1 Discretization techniques

A discretization technique is built upon the mesh, influencing how the equations will

be discretized. Three main techniques (or methods) are used by multi-physics simulations:

finite difference, finite volume, and finite element (FERZIGER; PERIĆ; STREET, 2019).

The Finite Difference Method (FDM) was initially developed by Euler in the 18th

century and consists of applying approximations to the partial derivatives of the equations

for each point on the grid (or mesh). The result is one algebraic equation per grid node,

in which the variable value at that node and a certain number of neighboring nodes

appear as unknowns. Though this method is straightforward and effective, especially for

structured meshes, enforcing conservation laws is challenging unless special care is taken

(FERZIGER; PERIĆ; STREET, 2019).

The Finite Volume Method (FVM) uses the integral form of the equations and orga-

nizes the grid cells as control volumes in which the equations are applied. It can be

used with any grid and, by design, easily enforces conservation laws. The main disadvan-

tage of this method is the complexity of developing higher-order methods in 3D meshes

(FERZIGER; PERIĆ; STREET, 2019).

The last of the three techniques is the Finite Element Method (FEM), which is sim-

ilar to the Finite Volume Method, organizing the mesh into a set of discrete volumes or

finite elements. These elements can be of any shape, making this method very useful for
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unstructured meshes. The main difference with the FVM is that the equations are mul-

tiplied by a weight function before they are applied to the elements. Its main drawbacks

are derived from the unstructured meshes commonly used with the method, which creates

irregular matrices for the linear systems (FERZIGER; PERIĆ; STREET, 2019).

2.1.2 Time discretization

As is the case with space, which is a continuum that needs to be discretized for

computers to solve the continuum equations that describe the physical phenomena studied

in multi-physics simulations, time, another continuum, and part of the same equations,

must also be discretized.

There are many methods and techniques used to achieve this (GOTTLIEB; KETCHE-

SON, 2016), many of them directly related to spatial discretization techniques (FERZIGER;

PERIĆ; STREET, 2019) (DONEA; QUARTAPELLE; SELMIN, 1987). But, generally,

all of them follow the same principle: divide the time the simulation must run into smaller

slices of time, the timestep, which evolves throughout the simulation until its completion.

In this principle, there are two primary forms for creating these time slices: by fixing

the time width of each timestep or by varying the width throughout the simulation

according to specific criteria (a dynamic timestep) (VILLAR et al., 2007). The use

of each form depends on the problem studied by the simulation (FERZIGER; PERIĆ;

STREET, 2019).

2.1.3 Physics coupling

To have a multi-physics simulation, we need to couple many different types of physics,

each with its own governing laws and subsequent discretizations in terms of time and space

(ZHANG et al., 2021) (POZZETTI et al., 2019). This coupling can be done directly or

indirectly.

Directly coupling means a single code manages all discretizations from all equations.

This can be done by using multiple space discretizations (grids) and/or multiple timesteps

(POZZETTI et al., 2019) (VILLAR et al., 2007), each for each physics, with coupling tech-

niques, like the fractional timestep (YUSTE; QUINTANA-MURILLO, 2012) (VILLAR

et al., 2007), been used to communicate the result of a physics to another and vice-versa.

Indirectly coupling means specialized codes are used for each physics with an overseer

code managing the specialized ones and the communication between them (BESSERON;

ADHAV; PETERS, 2024) (TOTOUNFEROUSH, 2022). This is usually achieved by a

coupling library like preCICE (CHOURDAKIS et al., 2022) integrated with the overseer

code.

Another essential classification regarding physics coupling is how the physics interacts

with each other. Some physics models only receive feedback from others, exhibiting a
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passive behavior, while others interact with each other, employing a retroactive feedback

mechanism. An example of a physics with passive behavior is acoustics, which receives

the pressure field from the fluid dynamics to calculate sound propagation but does not

influence the fluid dynamics itself (NIEMöLLER et al., 2020) (KALTENBACHER, 2018)

(MOHAMED, 2016).

For an example of physics with retro-feed mechanism, fluid-structure interaction can

calculate, for example, vibrations induced into a structure by the fluid dynamics (fluid

-> structure interaction) and a following change in fluid direction caused by the struc-

ture vibration (structure -> fluid interaction) (DOWELL; HALL, 2001) (BELYTSCHKO,

1980). In the same way, combustion can be coupled with fluid dynamics to evaluate, with

a good level of detail, how a chemical reaction occurs inside of a combustion chamber,

with the combustion being influenced by the pressure and velocity vectors from the fluid

(they can be the trigger to ignite the reaction) and, as the chemical reactions occur, the

pressure and velocity end up been influenced by the changes in the chemical composition

of the fluid, caused by the chemical reactions (MURRONE; SCHERRER, 2005) (YIN;

ROSENDAHL; KÆR, 2011).

This can vary wildly from simulation to simulation. For example, the same simulation

can have physics without the retro-feed mechanism and with the mechanism simultane-

ously.

2.1.4 Solver dependency

Once the discretized equations are in place, the space and time discretizations are de-

fined, is time to solve the linear systems built upon the discretized equations. This is done

by the solver, which, depending on the problem studied (and subsequent equations), will

solve the linear systems directly or by an iterative (execute operations until convergence)

method (FERZIGER; PERIĆ; STREET, 2019).

One of the many iterative methods is the Multigrid Method (MG). This method stems

from the premise that as the convergence rate deteriorates as the meshes become more

refined, the error frequencies must be smoothed by the grids with a more appropriate

width (level of refinement) (VILLAR et al., 2007). Thus, the long wavelength part of the

error is smoothed on coarser grids while the short wavelength part is reduced with a small

number of iterations with a basic iterative method on the fine grid (WESSELING, 1995).

The discretized equations are then solved in each level, from the most refined to the

coarsest, with the communication from the finest to the coarsest level being nominated

restriction, which can be followed by a relaxation, and the communication from the coars-

est to the finest level been the prolongation/interpolation (VILLAR et al., 2007). This

ensures the same operations are executed at all levels, forming a cycle that can take the

shape of a V or W. Figure 8 shows a graphical representation of these shapes for a 4-level

mesh.
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equations and generated by the AMG algorithm directly without the need for intervention

from the user. In addition, AMG can be used for many kinds of problems where the

application of GMG is difficult or impossible (RUGE; STüBEN, 1987).

Another type of solver is those based on minimization algorithms like the Generalised

Minimal Residual Method (GMRES). Instead of using an iterative method to solve the

linear systems, like the multigrid solvers, this type of solver employs preconditioning

to transform the system’s equations into simpler equivalents, thereby facilitating their

solution (hence its minimization). Usually, this solver requires more memory than the

iterative ones, but can achieve faster convergence if the preconditioning is done correctly

(JUDE et al., 2020).

2.1.5 Method accuracy and computational cost trade-off

Simulating multiple physics and their interactions over physical domains, which can

be large depending on the problem, takes its toll on computational requirements and

time (FERZIGER; PERIĆ; STREET, 2019). Hence, there are constant improvements in

discretization methods, mesh generation, and solvers, some of which have already been

discussed in the previous sections.

Another approach to mitigating the computational costs of multi-physics simulations

considers the desired level of solution accuracy and the associated constraints on compu-

tational costs.

The more precise (or accurate) a simulation is, the greater the computational costs

(MOHAMAD, 2011). The inverse is also true. Thus, considering the problem studied, it

is necessary to decide if a more accurate but slower method is required or a less precise,

but sufficiently accurate and faster method is a better choice (SUSS et al., 2023). The

methods, algorithms, and techniques presented in sections 2.1.1.1, 2.1.2 and 2.1.4 are high

accuracy but, depending on the problem, slower. This section presents an alternative,

usually with lower accuracy, but a faster method.

This presentation is necessary because load balancing is directly affected by how accu-

racy will be approached and why some methods are naturally more scalable than others.

Continuing, one of the lower accuracy but faster methods available for multi-physics

simulations is the Lattice-Boltzmann Method (LBM). In this method, instead of discretiz-

ing the domain into a grid composed of nodes, elements or control volumes, to represent

parts (or slices) of the simulated space, with thousands of particles each, and in which the

discretized equations will be applied by an iterative solver over several slices of time, we

discretized the space into a grid of particles and then group these particles not in control

volumes (or elements or nodes) but into distribution functions which are solved over slices

of time (MOHAMAD, 2011) (ZHANG, 2011).

The main advantages of this method are its easy application to complex geometries

(MOHAMAD, 2011), better implementation of physics in the particle level (ZHANG,



30 Chapter 2. Background and Related Work

2011) and, since the distribution functions are explicit and locale, the method is relatively

easy to parallelize (MOHAMAD, 2011), hence why it tends to be faster (SUSS et al., 2023).

The main drawbacks come in the form of loss of accuracy (MARIÉ; RICOT; SAGAUT,

2009) (SUSS et al., 2023), which, depending on the physics (or techniques) involved in

the simulation, can be a problem (SUSS et al., 2023) (ELHADIDI; KHALIFA, 2013).

2.2 Load balancing

As explained in the previous sections, multi-physics simulations can take their toll

on computational requirements (FERZIGER; PERIĆ; STREET, 2019) (see also sec-

tion 2.1.5). Hence the extensive use of parallel environments (PERMANN et al., 2020)

(BERNASCHI et al., 2009) (DUBEY et al., 2009) (BARTUSCHAT; RÜDE, 2015), like

the HPC (DADVAND et al., 2013) (SRIVASTAVA; DADHEECH; BENIWAL, 2011), en-

abled by the increasing computational capability (KEYES et al., 2013a), this creates a

necessity to distribute the computational load throughout the many processing units, the

cores, used during the simulation, to prevent that a core or group of cores do more useful

tasks than others, creating a situation of load imbalance (NIEMöLLER et al., 2020).

To prevent this situation, a load balancing technique measures the efficiency loss

due to non-useful tasks for each core and then redistributes the tasks between the cores

(GARCIA-GASULLA et al., 2020). To implement this measure, the technique must first

distinguish between useful and non-useful tasks. This is generally done by organizing the

tasks into computations and communications.

Computations are tasks directly related to solving the discretized equations. At the

same time, communications are operations related to synchronizations or data trans-

fer between processes (or cores) and somewhat related to the computations (GARCIA-

GASULLA et al., 2020) (NIEMöLLER et al., 2020). Though communications aren’t

directly related to solving the discretized equations, they are necessary to the overall

simulation, so non-useful tasks (regarding solving equations) must not be considered as

unnecessary tasks (NIEMöLLER et al., 2020). So, the premise for identifying a situation

of load imbalance is when more time is spent with operations not related to the solu-

tion of the problem’s equations than with operations directly related (HENDRICKSON;

DEVINE, 2000).

Also, both computations and communications are problem-dependent. In other words,

depending on the problem studied, the mesh used, discretization techniques, solver,

physics coupled, methods, and even the hardware used, the time spent on computations

and communications will vary (NIEMöLLER et al., 2020). This leads to load balancing

techniques also being problem or context-dependent. Therefore, a technique well suited

for a particular context may not be suited for another or at least require careful consider-

ation before being used (GARCIA-GASULLA et al., 2020) (HENDRICKSON; DEVINE,
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2000).

Then, after the tasks are grouped adequately by the technique, considering all relevant

factors within the given context, a metric is developed to identify when a load imbalance is

present. Usually, this involves attributing weights to the particles, nodes, control volumes,

or other components with computations, the load-generating objects, and then counting

these weights to know the workload of a core. If a core or group of cores has more weight

than others, then a load imbalance situation is identified (SCHORNBAUM; RüDE, 2018)

(NIEMöLLER et al., 2020) (RETTINGER; RüDE, 2019).

With the load imbalance identified, the technique uses a load balancing algorithm

to redistribute the tasks (computations and communications) between the cores. Since

the computations are tasks directly related to solving the discretized equations, and those

discretizations are dependent on the discretization technique and the type of mesh used

(see section ), the load balancing algorithms are usually applied over the mesh (HEN-

DRICKSON; DEVINE, 2000).

One of those algorithms is the RCB. Berger and Bokhari initially proposed this algo-

rithm (BOKHARI, 1987), which redistributes the tasks by splitting the domain into two

halves, each containing half of the tasks. Then, proceeds to apply the same approach to

each half and continues to do so, recursively, until all generated subdomains, or partitions,

have an equal or near equal number of tasks and all available cores are used (BOKHARI,

1987) (HENDRICKSON; DEVINE, 2000). Figure 10 illustrates a mesh balanced by the

RCB.

Figure 10 – A RCB redistribution (right) of a mesh (left) in 16 cores (BOKHARI, 1987)

The generated partitions have a rectilinear shape but are not necessarily the same size.

This specific shape is beneficial for meshes that already utilize rectilinear subdomains,

such as some implementations of block-structured adaptive meshes (LIMA et al., 2012).

Being RCB a natural choice for a load-balancing algorithm for this kind of mesh, it is

well-suited for this application.

Another load balancing algorithm type is based on the Hilbert curves, the SFC. The

SFC has been used for scientific applications for some time (BADER, 2012) (BULUÇ et
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Figure 11 – Quadtree describing the workload of a multi-physics simulation
(NIEMöLLER et al., 2020)

al., 2016), including mesh generations (LINTERMANN et al., 2014) (HENDRICKSON;

DEVINE, 2000), and can also be used for load balancing (HENDRICKSON; DEVINE,

2000) (NIEMöLLER et al., 2020). In general, these algorithms, instead of using cutting

planes to split the domain, create an octree (or quadtree in case of 2D meshes) to keep

track of the load in the mesh (see Figure 11).

The traversal of the tree relates the load of the sub-trees (which represent regions of

the mesh) with each cell of the traversal, providing the overall workload of the whole

domain. This can be used to calculate the ideal load of each core as the traversal contains

both the total load of the domain and the load for each core. At the same time, since

each cell relates to a sub-tree which refers to regions of the mesh, the load can be traced

from and back to the mesh as well (HENDRICKSON; DEVINE, 2000) (NIEMöLLER et

al., 2020) (see Figure 12). This approach enables treating the load balancing of 2D or 3D

meshes as a One Dimension (1D) problem, rather than a multidimensional one (MIGUET;

PIERSON, 1997), or as a chain-on-chains problem (PıNAR; AYKANAT, 2004), thereby

greatly simplifying the solution.

Figure 12 – Tree traversal summarizing the workload in the mesh (NIEMöLLER et al.,
2020)

When a load imbalance situation is found, the 1D representation of the workload is

then used to identify which cells of the array should be moved between cores to redis-

tribute the load between the cores in such a manner that no core or group of cores does

more computational work than others. Since those cells can be mapped to mesh regions,
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moving these cells between cores also implies moving areas of the mesh between cores. In

other words, the load balancing is done by balancing the workload array (1D object) and

propagating this balancing through to the mesh (2D or 3D object).

Figure 13 – Balancing the workload array in a SFC (NIEMöLLER et al., 2020)

Figure 13 illustrates this process, where the workload array Wk, divided into four

partitions, has the first and second partitions doing more work than the others, with the

second partition being more overloaded. Balancing the array Wk involves moving one cell

from the first partition to the second, balancing the first partition, and then moving two

cells from the second partition to the third (which was initially underloaded), thereby

balancing the second partition. The third, which became more loaded with the newly

received cells, also moved one cell to the last partition, thus balancing the entire array.

This balancing is later propagated to the mesh, balancing the whole domain.

There is another type of load balancing algorithm that differs from both RCB and

SFC in that it balances the domain locally rather than globally. In these algorithms,

also called diffusion algorithms, when a load imbalance situation is found in one core,

they move some of the load from that core to one of its neighboring cores. Then, they

repeat that operation until the overall load imbalance is reduced to an acceptable level

(HENDRICKSON; DEVINE, 2000) (SCHORNBAUM; RüDE, 2018).

Since the balancing operations are done locally or involve only the heavily loaded core

and some of its neighbors, these algorithms are essentially asynchronous as they don’t

require knowing the load of every core in the simulation to do their work. This makes

these algorithms very effective in dealing with minor changes in the load balance of the

simulation, but also more challenging to implement as multiple cores can be more loaded

and multiple load balancing operations can be engaged simultaneously (HENDRICKSON;

DEVINE, 2000).
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2.3 MFSim

Code capable of doing this is required to run a multi-physics simulation. MFSim is

one of these codes. An MPI (UNIVERSITY, 2024) parallel Computational Fluid Dy-

namics (CFD) software written mostly in FORTRAN with some modules in C/C++,

developed by the Fluid Mechanics Laboratory of the Federal University of Uberlân-

dia (MFLAB) in Brazil. This computational platform’s development began with the

work of (VILLAR et al., 2007) and has been continuously developed over the years into

a multidisciplinary and multiphysics code. Nowadays, this platform application allows

simulating 3D problems involving: turbulent flow (VEDOVOTO; SERFATY; NETO,

2015) (DAMASCENO; VEDOVOTO; SILVEIRA-NETO, 2015), Fluid-Structure Interac-

tion (FSI) (NETO et al., 2019) (SOUZA et al., 2022) (MORALES et al., 2023) (STIVAL

et al., 2022), multi-phase flows (PIVELLO et al., 2014) (BARBI et al., 2018) (PINHEIRO

et al., 2019) (PINHEIRO et al., 2021), gas-solid and gas-liquid flows (SANTOS, 2019),

chemically-reactive flows (DAMASCENO; SANTOS; VEDOVOTO, 2018) (CASTRO et

al., 2021) and counts even with Large Eddy Simulation (LES) approaches considering

isotropic and anisotropic modelings. Recently, the MFSim code was used to assess hyper-

saline solutions disposal operations, as local environmental regulations are crucial for

minimizing the impact on marine ecosystems (MOTA; VEDOVOTTO; ARISTEU, 2023).

Regarding the mesh, MFSim uses a multi-level, block-structured, with dynamically-

sized blocks, adaptive mesh for the Eulerian space (fluid dynamics, turbulence, and other

physics), and a mesh-less approach for the Lagrangian space (immersed boundary and

particle-based physics) (VILLAR et al., 2007). It also employs two discretization tech-

niques: the Finite Volume Method (main) and the Finite Element Method (primarily for

fluid-structure interaction).

Regarding the solver, MFSim uses the GMG as the main solver and the solver toolkit

provided by the library PETSc (BALAY et al., 1998) as a secondary solver. MFSim

also features load balancing capabilities, utilizing the RCB algorithm implemented by the

Zoltan library, part of the Trilinos Project (TRILINOS, 2020).

2.4 Related Work

The work of Hendrickson (HENDRICKSON; DEVINE, 2000) in 2000 was the first to

relate load balancing to spatial discretization (mesh and discretization technique). Fol-

lowing, Lan (LAN; TAYLOR; BRYAN, 2001) proposed an update to the block-structured

adaptive mesh algorithm initially developed by (BERGER; OLIGER, 1984), using a do-

main decomposition technique based upon graph partitioning.

Still, a few years later, Devine’s work (DEVINE et al., 2005) shows that even with the

advances in load balancing of multi-physics simulations already made, the problem was
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far from being solved, as more and more physics were being coupled. Additionally, with

the widespread use of heterogeneous hardware, the load balancing problem has resurfaced,

necessitating new approaches.

In the same direction, Dubey (DUBEY et al., 2014) compared a series of adaptive mesh

frameworks, evaluating them for their load-balancing capabilities, heterogeneous hardware

support, coupled physics, and other criteria. They concluded that load balancing still

needed improvements.

Following this conclusion, the work of Schornbaum (SCHORNBAUM; RüDE, 2018)

proposed another upgrade for the block-structured adaptive mesh algorithm by imple-

menting a forest of octrees to separate the load-balancing data structures from the mesh,

with only the mesh topology and other metadata regarding each partition been directly

handled by the load balancing algorithm who uses a diffuse approach (see section 2.2

for more details regarding diffuse load balancing algorithms). The authors implemented

their proposal in the framework waLBerla, a multi-purpose code that models fluid, turbu-

lence, particle, and rigid body physics. They balance the block-structured adaptive mesh

over 450 thousand cores while using the Lattice-Boltzmann method (for details regarding

this method, see section 2.1.5). This work was later expanded by Bauer (BAUER et al.,

2021), who integrated GPU support into the load-balancing algorithm, still maintaining

the Lattice-Boltzmann method.

Another work using the waLBerla framework was conducted by Rettinger (RET-

TINGER; RüDE, 2019), who employed the Lattice-Boltzmann method, a block-structured

mesh without adaptability, and SFC as a load balancing algorithm. The authors man-

aged to reduce the overall simulation time by 14% thanks to the better load balancing

produced by their implementation.

Regarding more accurate but slower methods, the work of Niemöller (NIEMöLLER

et al., 2020) developed a load balancing technique for directly coupled multi-physics sim-

ulations composed of fluid dynamics and acoustics, using the finite volume method (see

section 2.1.1.1) as a discretization technique, applied over adaptive unstructured meshes.

The authors developed an upgraded version of SFC (see section 2.2) with incremental

balancing until a satisfactory level of load imbalance was achieved, a strategy usually

found in diffuse load balancing algorithms. With this implementation, they improved

load balance up to 20% in a simulation with 6144 cores on homogeneous hardware and

achieved an evenly distributed load in a simulation on heterogeneous hardware.

Other work utilizing a high-accuracy method is that of Jude (JUDE; SITARAMAN;

WISSINK, 2022), which employed an orchard of octrees to implement a block-structured

mesh. The finite difference method was used as a discretization technique to solve ro-

torcraft simulations with immersed boundary and fluid dynamics. The load balancing

algorithm is a version of SFC applied to the orchard of octrees, resulting in increased

efficiency, especially in heterogeneous systems with mixed CPU and GPU.
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2.4.1 State of the art summary

Table 1 highlights a comparative analysis of the diverse solutions identified within

the state-of-the-art literature, visually summarizing the works as mentioned earlier by

their most important features for load balancing of multi-physics simulations, which are:

mesh type, mesh structure, presence of adaptability, discretization technique and solver,

load balancing algorithm, presence of retro-feeding physics, physics simulated, level of

specialization of the code and hardware support concerning processing units (Central

Processing Unit (CPU) and GPU).
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Table 1 – State of the art summary.

Mesh Type Mesh
Structure Adaptability

Discretization
Technique &

Solver
LB Algorithm

Retro-
feeding
physics

Physics Specialization Hardware
Support

(SCHORNBAUM;
RüDE, 2018)

Block-
structured octree ¥ LBM Diffusion ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU

(BAUER et al.,
2021)

Block-
structured octree ¥ LBM Diffusion ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU-GPU

(RETTINGER;
RüDE, 2019)

Block-
structured octree ○ LBM SFC ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU-GPU

(NIEMöLLER et
al., 2020) Unstructured octree ¥ FVM-AMG SFC ○

Fluid
Turbulence
Acoustics

Computational
Acoustics CPU

(JUDE;
SITARAMAN;

WISSINK, 2022)

Block-
structured octree ¥ FDM-GMRES SFC ¥

Fluid
Turbulence

Immersed Boundary [1]

Rotorcraft [2] CPU-GPU

1. Immersed Boundary is a physical model to describe a body inserted into a fluid. This body can be rigid or fully deformable

(VERZICCO, 2023).

2. Rotorcraft CFD simulates physics inside the scope of rotor movement used by helicopters, drones, and other rotor-based machinery

(JUDE; SITARAMAN; WISSINK, 2022).
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than used to redistribute the weights throughout the mesh, generating a new weight matrix

which is than used to rebuild the mesh. Since the original weight matrix relates lbot’s

control volumes to workload, the first step to rebuild the mesh is to relate those control

volumes to the new load distribution. And here, things get more difficult because the

mesh has its own rules and is intrinsically associated with the GMG’s v-cycles.

That means the load-balancing operation must create a new, redistributed mesh,

which at the same time, doesn’t produce any improperly nested levels, violating one or

both of the two rules, and doesn’t prevent the GMG’s v-cycles. This can be daunting to

achieve depending on the mesh geometry and/or the physical phenomena studied in the

simulation, as some geometries may present limitations on how many parts they can be

subdivided with, thus imposing a limit on how many sub-parts the load balancing can

safely create; And, some physics may require extra mesh elements, which may not be

adequately computed by the load balancing, or even uses a somewhat inflexible stencil

for solving the discretized equations, which again, creates another limit for how many

sub-parts can be made upon a given area of the mesh (DUBEY, 2014).

Since the load balancing algorithm only knows the weight matrix, which hides the

mesh internal structure, the RCB may try to redistribute a heavy workload area, densely

packed with refined levels. This redistribution may violate one or both of the rules,

thus creating a badpoint (more details of badpoints are defined in section 3.1.1). Since

badpoints describe mesh partitions that degrade fine-coarse interface communications,

introducing additional errors to the solver and potentially preventing solver convergence,

this situation is a critical issue. When identified by MFSim (the code used in this work),

it will result in an immediate stop to the simulation.

This poses a heavy constraint on the load balancing algorithm, as even if the RCB

manages to successfully redistribute the workload throughout the simulation used cores,

if a single badpoint is found in one of those cores, the simulation will crash.

Disabling or ignoring the mesh rules is not an option either, as they are directly

related to a serious problem that can crash the solver if not observed. Therefore, the

most common approach to this problem is to modify the badpoint recognition algorithm,

which is time-consuming and heavily dependent on the simulation. Also, a tuning in this

algorithm that works for one simulation may not work for another.

This is one of the main challenges the proposal described in section 3.2 faces.

Continuing, another problem that may happen in load balancing is related to what

we call zeroed cores.

Since Zoltan’s RCB receives only the weight matrix generated from the mesh, but

without knowing any details regarding the mesh, the balanced weight matrix may result

in some cores having not weight at all. This will generate a mesh with cores without

any level, patch, or control volumes. This usually happens when, by the load-balancing

algorithm standards, there are more cores than the actual weight in the matrix to be
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balanced. This behavior is not inherently incorrect, since load balancing algorithms are

designed to efficiently distribute load among the used cores (GARCIA-GASULLA et al.,

2020); if there is more capacity than load, an efficient redistribution of load may imply

that some cores have no load at all. The cores with no load are the zeroed cores.

Also, the behavior is unrelated to MFSim’s integration with Zoltan’s Application Pro-

gramming Interface (API) and even with the RCB algorithm. Figure 21 shows the results

of two load-balancing tests run directly in Zoltan, with both RCB and SFC algorithms

(more details for both algorithms are in section 2.2), using the same weight matrix and

having the same amount of available cores as a start condition. Both algorithms pro-

duced a zeroed core, indicating that the behavior does not depend on the load-balancing

algorithm or the MFSim use of Zoltan API.

Figure 21 – Zeroed cores for both RCB (left) and SFC (right) algorithms on Zoltan. Num-
bers indicate the core ID of each matrix cell. Red circles indicate cells with
a higher weight on the matrix. Other colors indicate core limits.

The problem with the zeroed cores is that the mesh is designed to work with the

GMG v-cycles and having cores with no load/mesh at all, interferes with the fine-coarse

interface operations like the interpolations, relaxations, and prolongations (the last two

are part of the v-cycles - see sections 3.1.1 and 2.1.4 for more details) and ghost cells,

which require data from other cores that in this scenario, have no data at all.

Figure 22 shows an example of this situation, highlighting the zeroed cores with a black

marker. All patches neighboring the marked zone have ghost cells, which will not function

properly as they attempt to communicate with cores that have no mesh and, therefore,

no levels, patches, or control volumes to be virtualized by the ghost cells. Also, when

the GMG iterates over those patches while running a v-cycle, relaxation and prolongation

will be harmed by the malfunctioning ghost cells, which may introduce errors into the

solution or fail altogether.
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directly below, where the tube is modeled as an immersed boundary (STIVAL et al.,

2022) (SOUZA et al., 2022) (MORALES et al., 2023) (another object a lot larger than a

particle).

In this simulation, tracking the particles is important as long as they collide with

the tube, which is the main objective of the simulation. However, to track the particles,

we need to refine the mesh since particles are small objects, and the larger the mesh,

the more inaccurate the tracking will be. However, when the particles are set to collide,

tracking is not necessary anymore, and we can work with a coarser level that sufficiently

contains the immersed boundary representing the tube. Again, it is possible to cover

the immersed boundary with the same refinement level of the particles, but this tends to

create an overhead, multiplying the operations that were sufficiently solved in a coarser

level, and since we are running those operations for thousands if not millions of timesteps,

this additional refinement can severely impact the overall simulation’s time.

For this simulation, the WeCA will correctly associate more weights to the areas where

the particles are tracked, as they are in the finest level, and considering the resulting

balancing doesn’t produce bad points or zeroed cores, will assign more cores to the particle

tracking operation. The problem with this balancing is that the main objective of the

simulation is not to track the particle motion but to study how the liquid film formed by

the collision of the particles with the tube is corroding it, which is tracked by a coarse

level and therefore, results in less weight than the areas tracking the particles motion.

Therefore, a better balancing should be able to attribute more weight to this operation

rather than to the particle tracking one.

To address this situation, we proposed and implemented a change in the WeCA that

enables users to specify the scope. This is done by packing the WeCA as a UDF (AL-

TERYX, 2024), which allows the user to change the algorithm without needing to recom-

pile the full MFSim’s code. Hence, depending on the case configuration, the user can

set the scope to only some refinement levels, rather than all of them. Considering the

example described earlier, a proper change in the WeCA would limit the loop from the

level with the immersed boundary (ltop-1) to the second most coarse level (lbot+1), thus

attributing more weights and, therefore, more cores after the RCB load balancing, to the

areas where the liquid film is formed and interacts with the tube, corroding it, which is

precisely what the simulation wants to know.

The UDF is implemented as a Fortran file, which is compiled at the start of the simu-

lation as a shared library and then loaded on the fly into MFSim’s memory space. Then

is verified if the loaded library has an implementation of the WeCA. If it exists, the pro-

cedure pointer for the WeCA, later used by the load balancing operation to generate the

weight matrix, will be assigned to the WeCA from the newly loaded library. If it doesn’t

exist, then an internal, default implementation of WeCA (shown in 1) will be assigned

to the procedure pointer. Then, the flux continues, and when an imbalanced situation is
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found, the load balancing operation is invoked. The procedure pointer configured earlier

is then used to generate the weight matrix. This implementation will be used if a WeCA

implementation was present at the UDF. If not, the default WeCA will. Figure 23 brings

an illustration of this flux, considering the overall flux of the simulation.

Figure 23 – WeCA UDF flux inside the general simulation flux

Taking the example simulation described earlier again, with a WeCA implementation

at the UDF ranging from the level with the immersed boundary (ltop-1) to the lbot+1,

when the load balancing operation is invoked during the simulation, the WeCA procedure

pointer will be assigned to the UDF’s WeCA and the produced weigh matrix will consider

only the level ltop-1 to lbot+1, instead of the default ltop to lbot+1. Then the load

balancing flux continues (as described in section 3.1.2), and assuming no badpoint or

zeroed cores were produced, the new, balanced mesh will attribute more cores to the
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areas where the liquid film is formed and interacts with the tube, which is exactly what

the simulation want.

Since the WeCA UDF allows for more control over the load balancing operation,

another use is to enable load balancing when it was previously impossible due to badpoints

or zeroed cores. Depending on the case studied, a balancing ranging from ltop to lbot+1

may produce a mesh with zeroed cores, while the balancing ranging from ltop-1 to lbot+1,

in the same case, may not. This, unfortunately, can vary wildly from case to case, making

it nearly impossible to devise a heuristic or single-interval configuration that can safely

balance the simulations. Again, this is precisely the scenario the UDF is designed for.

3.2.2 Time of Timestep

The second proposed change is in the triggers for load balancing and the identification

of extra mesh load.

MFSim uses a block-structured adaptive mesh for the Eulerian space. The adaptability

implies changes in the mesh during the simulation (see figure 4 for an example of this

kind of mesh). These changes are generated during a remesh operation, which rearranges

the mesh considering some criteria. After a remesh, the mesh stays static until the next

remesh. The frequency and criteria used to trigger the remesh are configured by the user

and are case-dependent. The critical part here is that when it comes to load-balancing, a

remesh operation changes the mesh and requires a subsequent load-balancing operation,

which is the default trigger.

Since the WeCA considers only the adaptive mesh (as this is the mesh that describes

the domain and where the refinement levels are), any operation outside this mesh can’t be

adequately detected by the algorithm. This means that any heavy computing operation

performed outside the mesh or, at least, not related to a refined area of the mesh, will be

overlooked by the load balancing.

Then, it is necessary to, first, identify these heavy operations happening outside the

mesh. Second, change the load-balancing operation to consider this outside mesh load,

whether by increasing the weights of the areas where they occur, or by being a trigger to

the load-balancing, or both.

To achieve that, we created a tool to analyze how the time is consumed in each

timestep, the ToT.

While the timestep is, in itself, a measure related to how time is discretized in the

simulation (see section 2.1.2 for more details), it consumes computing time to advance a

simulation one slice of time (or timestep). Therefore, if we can measure this time and use

it for load-balancing purposes, it may be possible to identify these extra mesh loads.

In fact, MFSim already computes the time consumed by the timestep in every core

used in the simulation. However, upon analyzing this time, we discovered that it tends

to be the same or have very close values for the used cores, which is highly unlikely to
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Figure 26 – ToT flowchart in each timestep

3.2.3 Loadbalancing decision

Now that we know how much time the simulation is spending on computations only,

we can supplement the load balancing operation with this information to enable it to

identify extra mesh loads and provide an additional tool for recognizing imbalance.

This can be done by simply analyzing the ToT of every core after they’re synchronized

before ending the timestep. We can generally compare the ToT’s to find the fastest and

the slowest core. If there is a significant difference between them, we can consider the
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the ToT’s are showing a tendency for increase. If the percentage of decreases is greater,

we believe the ToT’s to have a decreasing tendency, and, if there is a greater percentage

of stability, we consider the ToT’s to be somewhat stable. If we can’t identify one of those

3 tendencies, we believe the ToT’s to be fluctuating. We also calculate the highest and

lowest ToT in memory and the difference between them.

With the four possible tendencies for the ToT’s, we can start to decide if a load-

balancing operation is necessary or not. The most obvious scenario is when we tend to

an increase in the ToT’s. That may indicate the simulation is getting slower, and load

balancing should be considered. If we have a tendency of stability or decrease in the ToT’s,

the simulation is most likely getting faster, and load-balancing isn’t necessary. The trick

scenario is when we have a fluctuation in the ToT’s. For that case, we use the difference

between the lowest and highest ToT, which shows us how far in the memory the slowest

core deviates from the fastest one. We compare this to a user-configured threshold, and

if the difference exceeds the threshold, load balancing should be considered. If not, it

shouldn’t.

This evaluation is conducted for each memory and, at its conclusion, provides rec-

ommendations regarding load balancing, considering the load in both normal timesteps

(represented by the normal ToT’s) and remesh timesteps (represented by the remesh

ToT’s). That way, we managed to analyze the load separately for each type of timestep,

and now we have combined both analyses to determine whether load-balancing should be

executed or not.

Again, the most obvious decision is when the analysis of both normal and remesh

ToT’s indicates that load balancing should be considered. The same applies when both

indicate that load balancing shouldn’t be considered. Those are the straight-to-the-point

cases. The other two are more complex.

When the analysis of the normal ToT’s indicates that load balancing should be con-

sidered, while the analysis of the mesh ToT’s indicates that load balancing shouldn’t be

considered, we consider that the load balancing should be executed.

Inversely, if the analysis of the normal ToT’s indicated that load-balancing shouldn’t

be considered while the analysis of the remesh ToT’s indicated the load balancing should

be considered, we assume that the load balancing shouldn’t be executed.

The motive behind this decision to prioritize the analysis of the normal ToT’s is that

this kind of ToT’s are (or should be) the majority of the timesteps in a simulation. That

means if the load is increasing while the mesh is "static" (remember, changes in the mesh

occur during a remesh), more load is likely being added to the simulation outside the

mesh, which is the exact source of imbalance we are looking for. Therefore, it makes

sense to prioritize a recommendation of balancing coming from the normal ToT’s over the

remesh ToT’s.

Also, if the analysis of the remesh ToT’s indicated a need for load balancing while the
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analysis of the normal ToT indicates otherwise, it is possible (and very likely) that the

mesh is getting more complex and by extent, more challenging to remesh as the simulation

advances in time. That could explain why the remesh ToT’s analysis detected a load in

those operations. But, without the load being detected in the normal ToT’s too, we can

conclude that while the remesh operations are getting more expensive in terms of time

(and probably other resources), the computing of the timestep normal operations (solution

of the discretized equations, generation of output data, etc), which are the computations

that compose the simulation itself, are not. In that scenario, it makes sense to postpone

a load-balancing operation until the load is detected in the normal timesteps as well,

especially if the load-balancing operations are costly.

Continuing, after the decision is finally made, the load-balancing operation is either

applied or not. If applied, the memory of the ToT will register that for later use.

This leads us to the next section, where we elaborate on the load-balancing policies,

which are also part of our proposal for balancing multi-physics simulations with a block-

structured adaptive mesh.

However, before we proceed, we must clarify a few points regarding the load-balancing

decision algorithm explained in this section.

The first thing is that the ToT evaluation we proposed here is heavily dependent

on the size of the memories used in the analysis and in the threshold used to solve the

fluctuation scenario. A too-short memory may be unable to capture a slow-growing load.

At the same time, a large memory may flood the analysis with stable or decreasing ToT’s

for most of the memory while ignoring the newly added ToT’s where a sharp increase can

be observed. Additionally, for the threshold, load balancing may not occur if the limits

are too high. If they are too low, load balancing may occur more than necessary, which

brings us to the second thing.

As we stated earlier, nearly everything is case-dependent regarding multi-physics sim-

ulations. Load-balancing is not an exception to this (see section 2.2 for more details) and

while the ToT analysis is a useful tool to improve the load balancing in those simulations,

as we are going to present in chapter 4, is very difficult, if not impossible to elaborate a

single or automatic configuration for the size of the memories and the threshold.

That is why we left those for the user to set as they see fit for their simulations. We

set some default values for both memory size and threshold, but these are only default

values and may not work for every simulation.

3.2.4 Loadbalancing policies

Considering the inherent constraints imposed by the multi-physics simulations, as we

stated before, and the limitations of our propositions, as explained in the last section, we

decided to expand the load-balancing decision by delegating more power to the user.



58 Chapter 3. Many-approach Loadbalancing

Initially, the load balancing decision in MFSim was to be executed at every remesh

(LIMA et al., 2012). This approach may be effective for some simulations, but it may not

work for others. In our experience, for industrial cases, it usually doesn’t work. But, it is

a valid policy if the user sees fit and was kept.

Another policy was a change from the last one. In this case, the load balance will be

executed only in the first remesh operation. After that, no more load balancing will be

executed.

Other policies developed based on the concept of threshold are used in the algorithm

described in Section 3.2.3. The possible thresholds are:

❏ for every remesh until a specific one

❏ for every remesh after a specific one

❏ until a certain timestep

❏ after a certain timestep

❏ by analyzing the normal ToT’s and testing if the average difference between the

lowest and highest ToT’s in the memory is above the threshold

❏ by analyzing the remesh ToT’s in the same way of the above

The last policy is the automatic one, which combines the other policies. First, it tries

to run the load balancing at the start of the simulation. If that is not possible, go for the

analysis of the normal ToT’s as described in the threshold policy. If that is not possible,

analyze the remesh ToT’s as described in the threshold policy. If that is not possible, try

to decide by running the evaluation described in section 3.2.3, the ToT analysis. If none

is possible, don’t balance.

Summarizing, we have the following load-balancing policies:

❏ balance at the start of the simulation

❏ balance for every remesh

❏ balance by threshold:

– for every remesh until a specific one

– for every remesh after a specific one

– balance until a certain timestep

– balance after a certain timestep

– balance by average ToT difference of the highest and smaller ToT

❏ balance by ToT analysis

❏ automatic
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3.2.5 Rollback of loadbalancing

The final part of our proposal addresses the inherent risk associated with the load-

balancing operation. As we explained in section 3.1, a load-balancing operation must not

generate badpoints or zeroed cores, and everything we proposed in the last sections is

to reduce the chance of those problems occurring.

But if they do occur anyway? There is always the risk.

That is why we also implemented a functionality inspired by the DBMS software:

rollback.

In a DBMS, a rollback creates a "safe zone" where changes can be made to the database

without actually changing the database permanently. If something goes awry, the changes

are undone, thus preserving the database (GEEKSFORGEEKS, 2024a). We’ve imple-

mented this concept for multi-physics simulation.

From the problems we described in section 3.1, one is a killzone and the other is a

highly undesired situation. MFSim already has the means to identify both conditions,

so we implemented an algorithm that combines this identification part with the load

balancing, evaluating if the generated balanced mesh has any badpoint or zeroed core.

If any of those are found, the balanced but faulty mesh is discarded, and the original

mesh, previously copied as a backup, is restored. The simulation then continues. If this

occurs inside a remesh, the remesh is executed normally in the restored mesh, and the

simulation continues. Figure 29 shows a flowchart of this algorithm.

Figure 29 – Rollback of failed load-balancing operations

A register of failed balancing will be maintained, and if the load balancing continues
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to fail when triggered again by the policy, the system will disable the load-balancing

operation altogether.
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Chapter 4

Experimental Evaluation and Analysis

This chapter presents the experiments performed to test and validate the proposition

described in section 3.2.

The first section describes the environment used. The following section describes the

simulation used, the test cases, both industrial and academic. Then, we describe the

metrics used to evaluate the proposition. The last section presents the impact of the

proposal on the test cases, which compose the results and discussion.

4.1 Environment

The environment used to run the experiments consists of 4 different machines and the

MFSim code already described in section 2.3. One machine is a personal computer, with

high-end hardware, which we’ll assign the label Ryzen. The second is a workstation,

with the label Workstation. The third is a server node, with the label Node, and the

last is a cluster, with the assigned label of Cluster. Details for each of the used machines

are provided in table 2.

Table 2 – Configuration of the machines used to test and validate the proposition

Machine Processor & RAM Operating
System

Software
Stack

Ryzen 1x AMD Ryzen 9 5900x 12c/24t - 64 GB DDR4 Ubuntu
22.04 LTS

GCC
12/GCC

13

Workstation 1x Intel Xeon Gold 6238R 28c/56t - 64 GB DDR4 Ubuntu
22.04 LTS

GCC
12/GCC

13

Node 1x AMD Epyc 7543P 32c/64t - 128 GB DDR4
Oracle
Linux

Server 8.9
GCC 13

Cluster 9x nodes: 2x AMD Epyc 7452 32c/64t - 256 GB DDR4
7x nodes: 2x Intel Xeon Silver 4114 10c/20t - 96 GB DDR4

CentOS
8.2

GCC
12/GCC

13

The processors for each machine are described using the notation number_of_coresc /

number_of_threadst. This means a processor with 12c/24t has 12 cores and 24 threads.
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Also, the Cluster is a collection of many machines, all of which are eventually used for

the tests. Still, the simulation is run on the compute nodes, which are machines reserved

for computation purposes. That’s why we only describe those machines of the Cluster

in table 2.

Another critical detail in the previous table is the Software Stack column. This refers

to the software collection required to run MFSim. Though we cited only the codename for

each collection to indicate versions in which we run the tests (and any possible influence

on the results), this part of the environment will be detailed further.

Figure 30 – Stack hierarchy. Blue boxes indicate the main components. Green boxes
indicate libraries that depend on the compiler only. Orange boxes indicate
libraries that depend on the MPI implementation and the compiler.

Generally, a stack is constructed around the compiler, which is built specifically to

run MFSim, though it can also be used for other purposes. Above the compiler are built

those libraries and tools that depend only on the compiler. Then, an MPI implementation

is added to the stack, and above it, any library or tool that depends on MPI. Figure 30

brings an illustration of the stack organization and its hierarchy.

The stack’s codename is generated considering the major version number of the com-

piler. Table 3 presents the libraries and tools composing each of the software stacks used.

Most libraries and tools have very close versions, with some having identical versions and

some belonging to only one stack.
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Table 3 – Software Stack composition

Component GCC12 GCC13
compiler gnu 12.2 gnu 13.2
python 3.11.2 3.11.4
valgrind 3.20.0 3.21.0
cmake 3.25.2 3.27.1
lapack 3.11 3.11.0
swig 4.1.1 4.1.1
boost 1.81.0 1.82.0
eigen3 3.4.0 3.4.0
fmt 9.1.0 10.0.0
scons 4.5.2 4.5.2
googletest 1.13.0 1.13.0
coolprop 6.5.0 6.5.0
suitesparse 7.0.1 7.1.0
gsl 2.7.1 2.7.1
metis 5.2.1
openmpi 4.1.5 4.1.5
hdf5 1.14.0 1.14.1
trilinos/zoltan 14.0.0 14.2.0
scalapack 2.2.0 2.2.0
parmetis 4.0.3
mumps 5.6.1
petsc 3.19.0 3.19.5
slepc 3.19.0 3.19.2
sundials 6.5.0 6.6.0
cantera 2.6.0 2.6.0

4.2 Simulations and test cases

Now, we describe the simulations we tested the proposition upon. The three industrial-

scale simulations were used because it was not possible to balance without the proposition,

and they served to verify whether the proposition works and its limitations. The aca-

demic case was already balanced without the proposition and served as a control group.

Additionally, since this simulation runs significantly faster than the others, it also enables

us to conduct a statistical analysis, which requires numerous runs of the simulation to

collect data for later processing.

4.2.1 SPRAY

The first industrial case we tested was the SPRAY. This case simulates a flow inserted

by an injector into a tube of a boiler located at one of Petrobras refineries. This simulation

aims to investigate how the injector-inserted flow reduces the corrosive capabilities of the

flow already inside the tube by tracking the injected flow at a particle level and examining
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objectives of this proposition is to detect all load-generating elements in a multi-physics

simulation, including the extra mesh ones.

This load was then distributed over 32 cores, with memory requirements up to 50 GB

of RAM. All runs were executed in the Node.

4.2.4 SPHERE

This is an academic test case developed by Rubens (JUNIOR et al., 2005) as part of

his thesis, with references from other similar works. The main objective is to study the

flow around a stationary sphere, especially the vortex (turbulent flow) created at the back

of the sphere. Figure 34 provides an animation of the full run of this test case.

Figure 34 – Animated example of the sphere test case

The domain has dimensions of 1.024 x 0.512 x 0.512 meters (X, Y, and Z axes, respec-

tively), discretized into a mesh with a minimum precision of 0.032 meters and a maximum

precision of up to 0.002 meters, distributed across four refinement levels. The case begins

with 114,000 load-generating elements, primarily control volumes, distributed across four

cores, with an average RAM consumption of 450 MB. Throughout the simulation, thanks

to the adaptive refinement, the load is increased up to 243 thousand load-generating

elements.

4.2.5 Summary of Test Cases

To summarize the test cases, we created Table 4 presenting the most relevant data

regarding the scope, simulated physics, and size (in terms of control volumes, particles,

or other load-generating elements) of each test case.
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Test Case Scope Physics Size LB criteria

SPRAY Industrial

Fluid
Turbulence

Particle
Multi-phase

Volume of Fluid

+42 million ToT analysis

FEIXES Industrial

Fluid
Turbulence

Immersed Boundary
Fluid-Structure Interaction

+193 million auto

CALDEIRA Industrial

Fluid
Turbulence

Immersed Boundary
Multi-phase

Chemical Reaction

2 to +16 million auto

SPHERE Academic
Fluid

Turbulence
Immersed Boundary

243 thousand all

Table 4 – Test Cases Summary

4.3 Metrics

As explained in section 2.2, the main objective for load-balancing is redistributing the

workload throughout the simulation used cores, as best as possible, in such a way that the

overall time spent to run the simulation is reduced. That gives us two different measuring

data to analyze: load-generating object distribution and time spent.

The first data, the load generating object distribution, can be obtained by count-

ing, throughout the cores, the control volumes, particles, and other objects in the simula-

tion over which computations are executed and therefore, workload generated (see section

3.1.2 for details). A well-balanced simulation will have cores with roughly the same num-

ber of those objects. A balanced enough simulation will present cores with an amount of

load-generating objects that is possible to achieve, respecting the applicable constraints

(see section 3.1 for details), and that reduces the overall time spent on the simulation.

The difference between a well-balanced and balanced enough simulation is necessary

because of the complexity of the load-balancing operation, as described before. In general,

the more physics a simulation has, the more complex and unbalanced it tends to be. So

the ideal result will be very unlike, and we will have to settle for what is possible anyway.

The second data, the time spent with the simulation, can be measured using two

different but related approaches. The first approach analyzes the overall time spent in

the simulation, while the second analyzes the time spent in a range of timesteps. Both

analyses are related because the overall time spent in a simulation heavily depends on the

time spent on the timestep. The slower the timesteps, the greater the time spent on the
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simulation, and vice versa. Which approach to choose when evaluating load-balancing,

depends on the simulation.

In academic simulations, like SPHERE (section 4.2.4), which tends to run in a matter

of minutes or a few hours, the first approach is the best choice, as enables us to evaluate

the impact of the proposition in the whole simulation and not only in some parts. But,

for industrial scale cases like SPRAY, FEIXES, or CALDEIRA (sections 4.2.1, 4.2.2 and

4.2.3 respectively), which run for weeks or even months on end, this approach may not

be a possibility.

First, we need at least two runs of the same simulation (more details to follow) for

comparison, which takes a considerable amount of time. For example, each FEIXES

execution requires at least one week of runtime just to initialize all the simulated physics

and another three months to run entirely. Since it is a memory-intensive simulation, it

only runs on the Cluster and requires at least 2 nodes. In the best scenario, with all the

required resources available all the time, it would be necessary to wait three entire months

to run two versions of FEIXES, using 4 of the nine most powerful nodes of the Cluster,

just to analyze if the proposition had produced a balanced enough simulation or not. This

is not feasible in reality, both in terms of resources (the most realistic is having resources

for just one run at a time) and time for analysis and adjustments for the proposition if

needed.

The second problem with evaluating the overall time spent in the simulation is that

some simulations, especially those at an industrial scale, may "grow" over time, creating

more load-generating objects as they run. While it is fascinating to analyze how the

proposition responds to this growth, it also limits the proposition’s applicability, as the

simulation workload may increase to a point where load balancing alone is insufficient

to redistribute the load properly and, therefore, reduce the time spent. In other words,

the simulation may end up adding more load than the available resources can handle (in

terms of computing power, cores, and memory). In that scenario, load balancing won’t

have any practical effect.

This may exacerbate the situation, as it adds more tasks to the simulation. Since it is

not possible to add more resources on the fly (a characteristic that MFSim inherits from

its parallelization technique with MPI (UNIVERSITY, 2024)), the only way to add more

resources to a simulation is to create a checkpoint, stop the simulation and restart the

simulation with more cores assigned to it. This changes the evaluation entirely, as it is

very different to analyze the redistribution of X elements over 64 cores than to investigate

the redistribution of the same X elements over 128 cores.

That is when the second approach comes in handy. Instead of analyzing the whole

time spent in the simulation, let us examine the time spent with some timesteps, which,

as explained before, compose the entire time spent and compare that window of execution

to verify if the proposition achieved the desired objective.
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It is valid to point out that analyzing only some timesteps may also mislead the analysis

conclusion, though, as after the timesteps are evaluated, the time difference (if it exists)

may disappear between the control simulation and the load-balanced simulation. For

example: by comparing the same range of timesteps between the control and balanced

simulations, we find out that the balanced timesteps are 20% faster than the control

simulation timesteps. But, after hundreds of timesteps later, the difference between the

timesteps disappears, invalidating the conclusion.

We argue against that because, first, depending on the load-balancing policy defined

by the user (more details in section 3.2.4), as soon a new situation of unbalance is de-

tected, a new load-balancing operation will be executed, ensuring the timesteps of the

balanced simulation stays faster than the timesteps of the control simulation. Second,

since the overall time spent with the simulation is heavily dependent on the time spent

in the timesteps, even if a single timestep of the balanced simulation is faster, then the

overall balanced simulation will be faster. In general, analyzing a range of timesteps not

only enables us to evaluate the impact of the proposition in large simulations within a

reasonable time frame but also tends to produce acceptable results. It may not be the

exact time gain with the load balance, but it will give us something to compare.

To finalize this section, we must define the concepts of control simulation and balanced

simulation. Both of the simulations run the same case, which means, the same simulated

physics, same starting conditions, same mesh, same extra-mesh objects. The only differ-

ence in configuration between than is that the control simulation doesn’t have any load

balancing enabled while the balanced simulation has load balancing enabled.

Additionally, both simulations must use the same environment, i.e., the same software

stack, the same number of cores and memory requirements, and the same machine(s)

used. The machine requirements for the test are crucial when using the Cluster, as AMD

nodes are generally faster than Intel nodes. It’s interesting to evaluate the performance

of simulations in both types of nodes simultaneously to see how the proposition performs

in heterogeneous hardware. However, to have a proper comparison, we must ensure that

the control and balanced simulations run in the same configuration. For example, if the

control simulation was run in 1 AMD node and 1 Intel node, the balanced simulation

must also run 1 AMD node and 1 Intel node, even if the nodes aren’t the same. That

brings us to another requirement.

As nearly everyone in MFLab uses the Cluster, all simulations we run on it for this

work were ensured to have full use of the nodes. That means we avoid using nodes that

already have another simulation running to prevent any workload for the other simulation

from disturbing our simulation and, therefore, inducing load by an external factor. This

is also another motive why we described a few paragraphs earlier in this section that

analyzing the whole time spent was not always feasible.

Summarizing, the metrics we use for this work are:
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❏ load generating object distribution: the more even throughout the used cores, the

better

❏ time spent on the timestep: the smaller, the better

4.4 Results

In this section, we present the results of applying the proposition described in section

3.2 in the test cases and environment described in sections 4.2 and 4.1 respectively. This

section is organized as follows.

The first subsection will present the overall impact in a large simulation, providing a

more macro analysis of the whole proposition, considering the metrics defined in 4.3.

The second subsection will present a more detailed analysis of the proposition, eval-

uating how the ToT and the policies impact the load balancing and, by extension, the

simulations.

The third subsection examines how physics affects the load-balancing operation and

how the proposition addresses this issue.

4.4.1 Macro Analysis

To start the evaluation of the proposition described in section 3.2, we are going to

present the impact in the largest simulation we tested upon, the FEIXES 4.2.2.

For this, we have two runs of FEIXES. One with load balancing enabled and one

without. The simulations are the same, except for whether the load balancing has been

enabled. The balanced simulation used the automatic load balancing policy with default

threshold and memory sizes values. This simulation was run for more than 8 thousand

timesteps, while the non-balanced was run for only 821 timesteps.

We will use data from the first 800 timesteps as the primary source for our evaluation,

as both simulations cover this range. However, we will also extrapolate data from the

non-balanced simulation for additional analysis. The methods used to extrapolate the

data are also presented.

The first point for the analysis is the first timestep, present in both simulations, and

the second is the 4000th timestep, which also serves as the point for extrapolation. The

reason for choosing this specific point is that it is present in the data for the balanced

simulation and is neither too far nor too close to the last recorded timestep of the non-

balanced simulation.

The reason the non-balanced simulation was not run beyond the 821st timestep is the

time required to achieve the second point in the balanced simulation, which is at least

three weeks.
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Running any simulation requires resources, which, in this case, are Cluster resources,

the same resources used by all Cluster-enabled simulations in MFLab. So, let us suppose

it would require 3 weeks to run the non-balanced simulation up to the 4000th timestep,

and both the balanced and non-balanced run in one AMD node each. That means we

would be using 2 of the 9 AMD nodes in the Cluster (see table 2 for a list of the available

resources on the Cluster), or 22% of the Cluster resources applicable to FEIXES, while

both simulations produce the very same results (the only difference between them is

having load balance enable or not!) and therefore, only one is needed. Considering the

costs and the heavy use of the Cluster, this is simply not possible.

Hence, a very interesting subject to investigate is: If the balanced simulation took at

least 3 weeks to achieve the 4000th timestep, how many times would the non-balanced

simulation achieve the same timestep?

To answer this question, we first choose a range of 200 timesteps to evaluate on the

first point. Then, we follow the same strategy employed by the ToT analysis (see sections

3.2.2 and 3.2.3), and calculate the average time spent on the timestep. We will also employ

a memory, like the ToT, and divide the range into four groups, each with 50 timesteps,

in which the mean will be calculated. The four groups are described as follows:

❏ 1st Group: timesteps 1 to 50

❏ 2nd Group: timesteps 50 to 100

❏ 3rd Group: timesteps 100 to 150

❏ 4th Group: timesteps 150 to 200

For each of these groups, we will calculate the average timestep to evaluate.

This is done first to resemble the analysis of the ToT. Second, to prevent any pollution

caused by single work-intensive timesteps, like timesteps with output routines, which, for

the FEIXES simulation, implies generating output files with 10 GB to 20 GB in size. In

other words, some timesteps, in this case, have very slow I/O operations that can disturb

our analysis. Third, since we will be extrapolating the non-balanced simulation behavior

up to the 4000th timestep, we need to identify a pattern in this behavior compared to the

balanced simulation. Otherwise, any extrapolation will have no hold in reality.

Now that the considerations are done, let’s go to the data. Table 5 shows, for each

simulation, the start time in minutes and the average timestep, also in minutes, for the

four groups. Additionally, a separate row was included for each simulation, indicating

how the timestep changes between the groups, which we can use to observe the pattern

of the timestep: is it getting slower, faster, or remaining somewhat stable?
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❏ 5th Group: timesteps 4200 to 4250 - Average: 7.85 minutes

❏ 6th Group: timesteps 4250 to 4300 - Average: 7.84 minutes

❏ 7th Group: timesteps 4250 to 4300 - Average: 7.64 minutes

❏ 8th Group: timesteps 4250 to 4300 - Average: 7.50 minutes

❏ 9th Group: timesteps 4250 to 4300 - Average: 7.51 minutes

❏ 10th Group: timesteps 4250 to 4300 - Average: 7.85 minutes

❏ 11th Group: timesteps 4250 to 4300 - Average: 7.77 minutes

❏ 12th Group: timesteps 4250 to 4300 - Average: 7.72 minutes

Now, we can calculate the overall average timestep for both non-balanced and balanced

simulations and then extrapolate the non-balanced simulation to determine how much

time will be required to run it to the 4000th timestep.

Considering the reference values for each, we have the following:

❏ non-balanced simulation: 10 to 11 minutes - Average: 10.5 minutes each timestep

❏ balanced simulation: 7 to 8 minutes - Average: 7.5 minutes each timestep

By multiplying the number of expected timesteps N_t with the average time for each

timestesp AVG_t, we can measure how many minutes would be necessary to simulate to

the desired point. This value can be divided into how many minutes we have in a day of

24 hours to calculate the required time in terms of days to achieve the point Min_days.

That is what Equation 1 presents.

Min_days =
N_t * AV G_t

24 * 60
(1)

Applying Equation 1 to the data from the balanced simulation will result in a number

close to 21 days, which is the time it would take for the simulation to achieve the 4000th

timestep. In reality, it took 23 days to accomplish the timestep.

The difference is not entirely unexpected, as we explained before, there are some

timesteps far slower than the others, like the ones generating output files, which for

FEIXES means creating files of a few dozen gigabits throughout the whole simulation

(all used cores). Also, there are the remesh timesteps (see section 3.2.2), which rearrange

the mesh and also tend to be slower than "normal" timesteps, lastly, as the timestep

growth curves presented in Figures 35 and 36, the timestep will sometimes get slower and

sometimes get faster. That is primarily thanks to the simulated physics, which doesn’t

always have a clear pattern and can compute faster or slower depending on the current

conditions of the timestep.
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load balancing for dozens of timesteps, to analyze the ToT and then establish the threshold

for the ToT analysis. It worked, as we showed in this section. It did produce good results.

However, it appears that we parted from the desired results to the test configuration,

rather than the other way around. This is partially true, of course, and considering the

time and necessary resources to run an industrial-scale simulation, like SPRAY, FEIXES,

or CALDEIRA, it does make sense to run the simulation for some time to test a few

configurations and adjustments before letting the simulation run for weeks or months on

end. We could call this calibration, and if the user calibrates the ToT analysis sufficiently,

it will likely produce good results.

Yet, it feels we need a deeper analysis of the proposition to understand how it impacts

the load balancing of multi-physics simulations.

That is why, in the next section, we are going to use an academic test case that

runs fast (for a multi-physics simulation, at least) to analyze other components of the

proposition. Still, this time, we’ll conduct a statistical analysis to determine how the

components and different calibrations may interfere with the load-balancing operation.

4.4.2.2 Threshold, ToT memory and LB policies

The simulation we chose for this analysis is SPHERE. It enables the basic core of

physics of all the other simulations, the Fluid and Turbulence (see Table 4 for more

details). It runs for a few minutes, which is essential for the multiple runs required by

the statistical analysis. It doesn’t have badpoints or zeroed cores problems, so we can use

balancing in any way we want to test. It can be run on all available hardware (see Table

2), especially the Ryzen and Workstation models, which have high availability.

Since threshold and ToT memory are the components some load-balancing policies

use, their evaluation is then linked to the policies that use them. Hence, we organize the

evaluations by policy, which are described in section 3.2.4 and can be summarized in:

❏ balance at the start of the simulation

❏ balance for every remesh

❏ balance by threshold

– for every remesh until a specific one

– for every remesh after a specific one

– balance until a certain timestep

– balance after a certain timestep

– balance by average ToT difference of the highest and smaller ToT

❏ balance by ToT analysis
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❏ automatic

The first two and the last two policies had only one group of runs. In contrast,

threshold policies involved multiple runs, as the main idea is to evaluate how different

calibrations of these thresholds can influence load balancing. Each group run had 30

executions. All executions were done in the Workstation, with roughly the same system

load for all of them. The only tasks we dispatched were the runs, and nothing else, to

minimize external load influences. We also conducted a series of runs with 30 trials, using

the non-balanced SPHERE as a control group.

Each run of SPHERE lasts more than 2,000 iterations, with 21 total remeshes. The

number of iterations and remeshes are the same for balanced and non-balanced runs. Each

group run executes the SPHERE 30 times. We run 2 different balance configurations by

remesh threshold, 6 for balance by iteration threshold, and 4 for ToT difference threshold.

As for ToT analysis, we vary ToT difference, ToT and tendency memories, totalizing 12

different configurations. Additionally, there are three additional group runs one for the

non-balanced, one for the balance at the start of the simulation, and one for the balance in

all remeshes. Table 8 gives a summary of all the different configurations (or calibrations)

used.

Policy Threshold ToT mem Tendency mem
no balance
balance at start
balance at every remesh
balance until remesh 10th
balance after remesh 10th
balance until timestep 500th, 1000th, 1500th
balance after timestep 500th, 1000th, 1500th
balance if ToT diff is above 2x, 3x, 4x, 5x 50
balance by ToT analysis 2x, 3x, 4x, 5x 10 10
balance by ToT analysis 2x, 3x, 4x, 5x 50 30
balance by ToT analysis 2x, 3x, 4x, 5x 100 80
automatic 5x 50 30

Table 8 – Group runs of SPHERE, with the respective policies, thresholds, and memory
configurations

Since each group run has 30 executions and we used 27 group runs, we ran SPHERE

810 times. That’s a lot of runs! As we have many, we are showing the evaluation for the

load distribution, as part of the defined metrics (see Section 4.3), only for a select few of

them. This is done to prevent showing dozens of plots that have roughly the same shape

and add very little to the analysis.

We also focus on a variation of the second metric, which evaluates the time spent on

the timestep. Again, we have 810 runs in total, with multiple ToT’s for each run (at
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least 2 thousand for each, multiplied by the 4 cores used, which give us something like

6 million ToT’s) and, even if we evaluate the ToT averages for each run, it will simply

generate a lot of information and a repeated one. However, since any gain in a timestep

will influence the overall time spent in the whole simulation, we will consider this time.

So, instead of analyzing the thousands of ToT’s for each of the 30 runs in a group (and

+6 million in total), we are analyzing the final time spent in the whole simulation, for

each run of each group.

Then, we calculate the average and standard deviation for the whole group run and

analyze the average using a T-Student distribution (TURCIOS, 2015) (HAYES, 2025),

with 95% confidence level to then and calculate the lower and upper limits for the time

spent in the simulation, for each group runs. It is those limits that we plot to analyze how

the different calibrations tested (as described in Table 8) influence the load balancing.

Before we proceed to the results, let us justify why we conducted each test at each

point (for those using a threshold, at least). The non-balanced group runs, as explained

before, serves as a control group. The balance at the start and balance at every remesh

doesn’t require any changes to ToT difference threshold, ToT and tendency memories.

The automatic uses the default values for those configurations, which is ToT diff of 5

times, ToT memory sized in 50 elements, and tendency memory with 30 elements. Since

the automatic run combines all other possible configurations (except load balancing in

every remesh), their results likely resemble a mix of the ToT diff and ToT analysis.

Now, the group runs with a threshold. Starting with the remesh, SPHERE has 21

remeshes throughout the whole simulation. We chose the 10th remesh because it is very

close to half of the simulation. Therefore, we aim to assess the impact of using load

balancing for approximately half of the simulation. The group runs with a timestep

threshold takes the same approach. SPHERE runs for more than 2 thousand timesteps

(actually, 2040 timesteps), and we want to see the influence in load balance for roughly

every quarter of the simulation. Hence, we use three different timesteps, dividing the

simulation into four parts.

The ToT difference threshold tests only the average difference between the fastest and

slowest ToT in ToT memory, and compares it with the specified threshold (see section

3.2.4 for more details). We tested thresholds of 2, 3, 4, and 5 to determine if there is any

difference in load balancing for SPHERE by having the fastest core 2, 3, 4, or 5 times faster

than the slowest core. Since a load unbalance situation captured by a threshold of 5 times

is also captured by a threshold of 4 times (or smaller), we are testing whether reducing

the load balancing tolerance, which this threshold describes, produces an improvement in

simulation time.

ToT analysis also does that, as it uses ToT difference threshold (tolerance) as well.

However, it introduces the tendency analysis (see Section 3.2.3 for more details), which

serves as a trigger for determining when load balancing will be used or not. That is why
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As shown in Figure 54, the slowest run is the non-balanced, which is expected since

load balancing works for SPHERE and improves performance. The following three slowest

configurations enable load balancing in the last quarter or the latter half of the simula-

tion. Interestingly enough, enabling the load balancing at the 10th remesh or the 1000th

iteration produces practically the same result, even when the 10th remesh takes place

nearly a hundred iterations before the 1000th iteration.

That indicates that the majority of the load is created in the first half of the simulation.

Enabling load balancing after that, although it produces better results than no load

balancing at all, doesn’t improve performance as much as enabling load balancing earlier.

This can be corroborated by the fact that allowing load balancing in the second quarter of

the simulation ("after 500th it") improves the performance better than enabling it later.

Now, let’s jump to the bottom of the graph. We can see that enabling load balance for

3 quarters of SPHERE produces the best performance, indicating that any load balancing

taking place in the last quarter will not significantly improve performance. This can be

verified by the fact that enabling the operation only in the first half of the first quarter

of the simulation also produces good performance, akin to allowing it for three quarters

automatically, and for the first 10 remeshes (also within the first half of the simulation).

Another interesting fact is that enabling load balancing for all remeshes produces a

"middle ground" performance, indicating that for SPHERE, some well-placed load bal-

ancing operations are more effective. This is even more interesting because this was the

only policy originally available in MFSim (see section 3.2.4 for more details). So, this

policy produces a middle ground performance. In contrast, other policies enabled by this

proposition produce better results, not only showing that we managed to keep at least

the load-balancing capabilities previously available in the used code, but also expanded

it, as presented by Figure 54.

As for the ToT difference configurations, who measures the tolerance for enabling or

not the load balancing, the less tolerant configurations produce better results than the

more complacent ones. This is true, even when combined with the tendency analysis.

Furthermore, it is very interesting to see that the memory configurations work closely

with the tolerance. If the tolerance is small, then smaller memories produce better results.

But as the tolerance increases, more significant memories tend to produce better results,

though there isn’t a clear pattern for the size of the memories.

This can be explained by the fact that with larger tolerances, it may require more time

to achieve that tolerance, and since the memories record the ToT’s behavior through the

timesteps, the larger the memory, the more probable to store a higher difference between

the slowest and fastest ToT.

To conclude, we can observe that enabling load balancing at the start also yields a

"middle ground" performance gain, and the automatic configurations, which combine the

other policies, produce a result nearly as good as the best result. This is very, but very
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interesting.

First, because two of the tested industrial cases in this work use this configuration

(calibrating an industrial case is very hard and time-consuming), so, if our statistical

analysis, with a 95% confidence level in a much simpler simulation, produces a result that

is good for auto, then we can be more comfortable in using automatic load balancing first

in an industrial case. If this doesn’t produce a good result, then we go for calibrations.

Second, the average CFD user is prone to use this configuration as default, without

regard (or interest) to change or calibrate anything for the load balancing. This is not a

problem, evidently, but is another good motive to consider a good automatic result as a

very interesting one.

In conclusion, we successfully demonstrated that different calibrations can and will

interfere with load balancing. As stated many times in this work, multi-physics simula-

tions can vary significantly in terms of load-generating elements, discretization techniques,

solvers, physics coupling, and numerous other factors. Having a load-balance configura-

tion available out of the box, such as auto, is very helpful in increasing performance.

However, depending on the simulation, it may be necessary to go to the lengths of cali-

brating the load-balancing components to achieve better results.

To finalize the results section, we now need to evaluate the physical influence on load

balancing. Until now, we have evaluated the entire proposition without regard for its

details. We then assessed the components of the load balancing and their impact on the

simulation. In the next section, we will evaluate how physics impacts load balancing and

how our proposition addresses this.

4.4.3 Physics influence

The last test case we present in this work is another industrial-scale simulation, the

CALDEIRA. This case is not as heavy as SPRAY or FEIXES, but also not as light

as SPHERE, which is suitable for multiple runs. Additionally, it can be simplified by

disabling or reducing certain physics. This allows us to analyze how physics influences

not only the simulation but also the load generation and, therefore, the load balancing

operation.

This is the main objective of this section: to analyze the physics influence over the load

balancing operation. For that purpose, we run three versions of this case, each with and

without load balancing. The SIMPLE version is smaller and faster, with only the must-

have physics enabled and a partially immersed boundary. FNR has complete immersed

boundary physics but without chemical reaction physics. This is intentional, as detailed

chemistry introduces load-generation elements outside the mesh, and this load is usually

substantial. FR has the full CALDEIRA, with everything enabled.

The size and number of iterations (timesteps) for each run differ across the versions.

Size is directly related to the simulation, and as the simulation incorporates more physics,
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its size also increases. This influences the time spent on the timesteps (whole timestep,

not the ToT) which affect how many iterations we run. The heavier the simulation, the

more time required, so we established a week’s worth of runs for each version. SIMPLE

and FNR tend to stabilize the time spent on the timestep after a few hundred iterations

and therefore, it was possible to run a few dozen thousand of them. But FR is more

complicated. As soon as the chemical reaction starts occurring, the time spent on the

timestep begins growing, and therefore, only a few thousand of them were possible to run

in a week.

The primary reason for this week’s threshold was hardware availability. Considering

the memory and processing requirements of this simulation, only the Cluster and Node

could be used for the runs, and both are heavily occupied. Node was less occupied than

Cluster and, therefore, was reserved for a few weeks to run CALDEIRA specifically on it.

For easy access to the scope of each version, we summarized this information in Table

10, which can later be referenced while discussing the results

Version Physics Size Iterations

SIMPLE

Fluid
Turbulence

Partial Immersed Boundary
Multi-phase

+2 million +160,000

FNR

Fluid
Turbulence

Full Immersed Boundary
Multi-phase

+11 million +16,000

FR

Fluid
Turbulence

Full Immersed Boundary
Multi-phase

Chemical Reaction

+16 million +2,000

Table 10 – CALDEIRA versions

4.4.3.1 Influence over non-balanced runs

Starting the analysis, we can see by Figures 55, 56, and 60 how the load is distributed

in each of the 32 cores used in CALDEIRA, for all versions, without load balancing, at

the start of the simulation.
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A good explanation for this is that adding more physics, especially those with retro-

feeding mechanisms (like immersed boundary), will require more work anyway, which may

make it more challenging to achieve a better timestep reduction.

Also, as explained in sections 2.2, 3.1.2 and 4.3, our proposal has limits inherent to the

type of mesh, solver, discretization techniques, and physics coupling, to the point that we

work with the concept of balanced enough simulation instead of the ideal balancing. In

addition, as all simulations are iterative, any gain from a single timestep has the potential

to influence the overall simulation positively, and therefore, it is a win.

This can be further elaborated by analyzing how the timestep changes throughout the

simulation. Since CALDEIRA FNR was run for at least 16 thousand iterations, with load

balancing enabled and disabled, we can compare both runs to see if there is any gain in

the long run, resulting from small gains in each timestep.

For this evaluation, we will compare the time spent in each timestep at the start of

the simulation and at the 16800th timestep, for both runs. Table 11 shows this, including

the gain in each timestep for using load balancing.

Version Start Timestep 16800th Timestep
non balanced 14.5 sec. 18 sec.
balanced 13.5 sec. 16 sec.
reduction 7% 12%

Table 11 – Time spent in timestep for CALDEIRA FNR at the start and 16800th
timesteps

Now, we are going to change equation 1 presented in section 4.4.1 for the reality of

CALDEIRA (timesteps in seconds instead of minutes) to calculate how many days we

would, at least, need to achieve a certain timesteps with and without load balancing.

Again, we consider the number of expected timesteps as N_t, the average time for

each timestep as AVG_t, and the minimum days as Min_days. The average timesteps for

each version we are calculating from the data are shown in Table 11 and, again, we are

ignoring timesteps with remesh or I/O operations, which we know to be far slower than

timesteps without those operations. All of this is presented in Equation 3

Min_days =
N_t * AV G_t

24 * 60 * 60
(3)

Now, applying Equation 3 to the averages 16.25 seconds for non-balanced and 14.75

seconds for the balanced run, and the desired timestep, we have, at least 3 days to achieve

the 16800th timestep in the non-balanced simulation and at least 2 days to accomplish

the same point in the balanced simulation. The difference appears to be small, but if we

keep increasing the desired timestep, even when fixing the value for the average timestep

(which is more likely to increase over time), the difference gets more significant, proving
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Table 13 – State of the art summary with this work

Mesh Type Mesh
Structure Adaptability

Discretization
Technique &

Solver
LB Algorithm

Retro-
feeding
physics

Physics Specialization Hardware
Support

(SCHORNBAUM;
RüDE, 2018)

Block-
structured octree ¥ LBM Diffusion ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU

(BAUER et al.,
2021)

Block-
structured octree ¥ LBM Diffusion ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU-GPU

(RETTINGER;
RüDE, 2019)

Block-
structured octree ○ LBM SFC ○

Fluid
Turbulence

Particle
Rigid Body

Multi-purposes CPU-GPU

(NIEMöLLER et
al., 2020) Unstructured octree ¥ FVM-AMG SFC ○

Fluid
Turbulence
Acoustics

Computational
Acoustics CPU

(JUDE;
SITARAMAN;

WISSINK, 2022)

Block-
structured octree ¥ FDM-GMRES SFC ¥

Fluid
Turbulence

Immersed Boundary [1]

Rotorcraft [2] CPU-GPU

This work Block-
structured Hash ¥ FVM,FEM-GMG RCB ¥

Fluid
Turbulence

Immersed Boundary [1]
Fluid-Structure Interaction [3]

Particle
Multi-phase
Gas-Solid

Gas-Liquid
Chemical Reaction [4]

Multi-purposes CPU
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Table references:

1. Immersed Boundary is a physical model to describe a body inserted into a fluid.

This body can be rigid or fully deformable (VERZICCO, 2023).

2. Rotorcraft CFD simulates physics inside the scope of rotor movement used by heli-

copters, drones, and other rotor-based machinery (JUDE; SITARAMAN; WISSINK,

2022).

3. Fluid-Structure Interaction may or may not be implemented with Immersed Bound-

ary. Fluid-induced physical phenomena like vibrations are studied by this model

(DOWELL; HALL, 2001).

4. Chemically Reactive Flows studied physical phenomena related to chemical reaction

and fluid dynamics like combustion (RAMANUJA et al., 2023).

We can see in Table 13 that only the first three listed works and this work utilize

multi-purpose codes. This is important because specialized codes will tend to run faster

for the scopes they are designed for but will rarely face any problems outside those scopes.

Also, they can implement the best structures for their job, while a more general code,

like this work, will have to consider other parts, modules, and physics while implementing

anything. The downside of a specialized code is its limited range. We can run CALDEIRA

in MFSIM because it has chemical reaction physics. But we can’t run this simulation in

a rotorcraft code, as a boiler has nothing to do with rotorcraft.

Even so, the other works with multi-purpose codes all use a discretization technique

that doesn’t provide the same level of accuracy as this work (see section 2.1.5 for details).

To exemplify this claim, the SPHERE test case we used here could probably also be

tested in any of the three first works shown in Table 13, but will produce less accurate

results than this work. This is the downside of their discretization technique. Ironically,

the LBM used in those works is more load-balancing friendly than the FVM,FEM-GMG

used in this work.

The mesh structure is another essential information we can extract from Table 13.

Except for this work, all of the other uses octree, a tree-based data structure that functions

very well with Hilbert curves-based load balancing algorithms like the SFC (see section

2.2 for more details). Though there is a discussion if the SFC is better than the other

algorithms or not (HENDRICKSON; DEVINE, 2000) (JUDE; SITARAMAN; WISSINK,

2022), the fact that a tree-based structure allows to easily access spatial and dimensional

information (SKOPAL et al., 2003), tends to make the load balancing a less complex

task (JUDE; SITARAMAN; WISSINK, 2022), after all, load balancing a multi-physics

simulation requires remapping parts of the mesh, i.e, spatial information, thorough the

used cores. Also, tree-based structures in the mesh are known to be particularly very
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adequate to adaptive parallel problems (WU; FIELD; KELLY, 1997), again, because of

its more "easy to go" parallelization and, by extension, load balancing.

In other words, while all of the other works used a mesh structure that facilitates

the load-balancing operation, this work uses a structure that complicates the operation.

Hence, we described the limitations of this work in section 3.1 and why we used the

concept of balanced enough simulation (section 4.3) to evaluate the results.

Also, we have retro-feeding physics, which adds layer of complexity (see section 2.1.3).

The work of (JUDE; SITARAMAN; WISSINK, 2022) also has this feature but uses a mesh

more adequate for parallelization and load balancing and a solver not so intrinsically tied

to the mesh beyond being a specialized code, with fewer physics coupled.

In summary, that fact that we managed to apply load balancing in this mesh, so

hardly tied up to the GMG solver, with many direct-coupled physics, some of them with

retro-feeding mechanism, in a general purpose CFD code, and test this load balancing

with industrial-scale simulations, with some degree of success, is our most significant

contribution to the state of the art of load balancing for parallel multi-physics simulations

with block-structured adaptive mesh.

There is room for improvement, as we pointed out before in this work, and we will

describe this in section 5.2.
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Conclusion

We started this work with the hypothesis that balancing a multi-physics simula-

tion is a complex task and a multiple approach would provide a satisfactory result, the

balanced enough simulation (see section 1.3).

The results and discussion presented in Chapter 4 support our hypothesis, as we

successfully achieved a balanced simulation for all three industrial cases and maintained

balance over the academic case, which was already possible to balance.

Furthermore, the results also show that the best load-balancing results tend to be

generated by tuning the components of the proposition, which opens some paths for

future improvements. Similarly, the limits we found also demonstrate that it is possible

to enhance the proposition and the code used by making specific changes to the mesh,

solver, and load distribution when employing extra-mesh load generators. This is the

subject of section 5.2.

Last but not least, this work produced some publications and additional investigations

into the subject of load-balancing multi-physics simulations.

Cases like SPRAY, which grow over time, always tend to reach the limits of what

load-balancing can produce, as eventually, there won’t be enough resources to run the

simulation. In this scenario, an "unorthodox" load distribution technique could produce

interesting results outside the scope of the ordinary load-balance operation. As a spin-off

of this work, we investigated this topic and published a paper with the results of our

investigation.

5.1 Publications

The primary publication of this work is the paper A multiple approach for the load

balancing problem in parallel multi-physics simulations with block-structured mesh that is

under preparation for the SIAM Journal on Scientific Computing. This paper summarizes

the proposition, its challenges, and the key findings of applying it to industrial-scale

simulations.
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This work’s second publication is part of a by-product investigation of additional meth-

ods to improve load-balancing outside the main scope of redistribution of load-generation

elements during a simulation. We investigate whether adding more computational re-

sources and using data from one simulation to start another would produce a better load

distribution and, therefore, improvements in the overall performance of a simulation. The

investigation and the results were published in the paper "Reducing initial computational

cost of complex turbulent flows simulations by using recorded data from an existing sim-

ulation" (FREITAS et al., 2023), presented orally at the 27th International Congress of

Mechanical Engineering.

Since the tools developed in this derivative investigation were also used to speed up

some of the FEIXES runs analyzed in this work, we can consider this offspring to also

produce results for this work.

5.2 Future Work

To describe the future work, we must recall some of the results we presented in section

4.4.

One thing that is very clear throughout section 4.4 is the need for the user of this

proposition to understand, at least at some level, how the simulation he is pretending to

load balance behaves.

Even for simulations using the "auto" mode of load balancing, this is necessary.

Though, as shown in section 4.4.2.2, this mode can produce good results, better results

are achieved by calibrating the proposition components, which are heavily dependent on

good knowledge of how the simulation behaves.

Also, the automatic mode is not always possible, as shown in section 4.4.2.1 (SPRAY

results). If the user is oblivious to the intrinsic behavior of the simulation and always

goes for auto, which is the default, he would consider SPRAY not possible to load balance

when possible with the proper calibration of the ToT analysis.

This brings us to the first improvement in the proposition: a tool to help the user

properly set the load balancing. More advanced CFD users probably won’t need this, but

less experienced ones can benefit.

Considering that we are in the vast scope of multi-physics simulations, and what we

have shown in section 4.4, it is reasonable to assume that the calibration for one multi-

physics simulation will not always apply to others. Since the calibration primarily involves

adjusting thresholds and memory size to detect load behavior in a simulation, we could

potentially train an Artificial Intelligence (AI) to assist the user in this task.

Although we haven’t tested this hypothesis yet, we consider it at least viable to in-

vestigate, as pattern recognition is a fundamental part of AI and calibrating the load
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balancing involves precisely recognizing the pattern of the load in the simulation to set

thresholds and memory sizes adequately.

Another possible improvement is related to the basis of the proposition. As described

in section 3.1, we built our proposition over a mesh unsuitable for parallelization and load

balancing, hardly tied to a specific solver, and with some severe constraints regarding

mesh construction and load distribution. Compared with the other works in the same

area, as shown in Table 13, we are, to the best of our knowledge, one of the few, if not the

only ones, trying to balance a multi-purpose CFD, with many directed-coupled physics,

using this kind of constraints in regards to mesh and solver.

So an improvement is to change this by allowing MFSim, our base code, to use other

types of mesh that make both parallelization and the load balancing operation more

natural (JUDE; SITARAMAN; WISSINK, 2022) (WU; FIELD; KELLY, 1997), and at

the same time, is not so hardly tied to the GMG, enabling the proposition to be applied

to other solvers as well.

Also, since CFD is changing towards GPU (PISCAGLIA; GHIOLDI, 2023) (HE et

al., 2020) (JESPERSEN, 2010), enabling other types of mesh and solver is vital to bring

MFSim to this new era, which, of course, will demand more investigation regarding load

balancing.

This is already a work in progress, with the developer team at MFLAB implementing

tools to disassociate the mesh from the solver, new types of meshes, and integrating an

implementation of the AMG solver. More publications will be regarding those changes,

but it is a work in progress for now.

Last, and considering what we see with the results of CALDEIRA in section 4.4.3,

balancing extra-mesh load brings our proposition to the limits and presents an entirely

new challenge. Fortunately, this is starting to garner the attention of other teams as well

(GÄRTNER et al., 2024), which we will also investigate in the future.
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