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Abstract. This paper investigates how extreme scale computational fluid dynamics (CFD)
and computational solid mechanics (CSM) simulations can be accelerated through hierarchical
graph partitioning, i.e., partitioning a graph representing the unstructured mesh used for these
numerical simulations on multiple hierarchy levels with respect to the architecture of high-
performance computing (HPC) systems. Hierarchical partitioning can reduce communication
between higher hardware hierarchy levels and, thus, reduce the communication time within
simulations. This effect is expected to be greater with bigger meshes and a higher number of
compute nodes used for these simulations. Consequently, applying hierarchical partitioning
to industrial scale-resolving simulations can speed up and enable larger simulations of CFD,
CSM, and coupled fluid-structure interaction (FSI) simulations than before. We propose an
implementation of hierarchical partitioning and apply it to a very large test case with more than
1 billion cells.

1 INTRODUCTION

Numerical simulations of coupled computational fluid dynamics (CFD) and computational
structural mechanics (CSM), i.e. fluid-structure interaction (FSI), simulations are an essential
part of aircraft design development.

Bigger high-performance computing (HPC) systems enable simulations with higher resolu-
tion and, in some cases, even scale- resolving simulations providing much more meaningful
results. This can speed up the development process of new aircraft significantly and can save
costs. Due to climate change, such new developments are also necessary to reduce carbon emis-
sions. The efficient usage of these HPC systems requires a good parallelization of the simulation
software and an optimized partitioning of the mesh data, typically using graph partitioning li-
braries such as Zoltan [10] or ParMETIS [11].

However, for large unstructured meshes or a higher number of cores, current partitioning
software may take too long to partition and distribute the data. The resulting domain decom-
position is often not optimized for the system architecture either. In some cases, it is not even
possible to compute a mesh partitioning.
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One way to improve on this problem is employing hierarchical partitioning [8], i.e., parti-
tioning the data on multiple hierarchy levels with respect to the HPC system architecture. Such
an approach uses less resources on each hierarchy level and considers the inter node communi-
cation time. This enables numerical flow simulations utilizing more resources efficiently and,
hence, also more precise simulations than previously possible.

First, we give an overview of the simulation software within DLR’s FlowSimulator
framework [14] used in the computational studies that are presented in this paper. Then, we
present our implementation of a hierarchical partitioner and its effect on the runtimes of CFD
and CSM simulations within FlowSimulator when compared to using ParMETIS’ graph
partitioning method that is already provided via an interface within FlowSimulator. For
this demonstration, we use meshes of more than a billion cells and run the simulations on more
than 65 000 cores. In the end, we draw our conclusions and give a short outlook.

2 FLOWSIMULATOR FRAMEWORK

The FlowSimulator framework is jointly developed by DLR, ONERA, and Airbus and
aims to enable a common framework for data management in multidisciplinary simulations
related to aircraft design. This enables simulation software of different disciplines to exchange
data more easily and use all the different functionalities provided by FlowSimulator.

At the heart of FlowSimulator lies the FlowSimulator DataManager (FSDM).
FSDM mainly provides functionalities for mesh import, export, partitioning, and modification.
For the partitioning of data, FSDM currently includes its own implementation of the Recursive
Coordinate Bisection (RCB) method [6] and an interface for the third-party graph partitioning
library ParMETIS. Additionally, an interface for Zoltan, another third-party graph partition-
ing library, is available via a plugin.

Typically, ParMETIS and Zoltan are used to compute the partitioning that is later used
for the simulations. Meanwhile the RCB partitioner is used as a fast prepartitioner to speed up
the following graph partitioning process.

To run the CFD simulations, we used CFD Software by ONERA, DLR, and Airbus (CODA)
[13], a next generation CFD solver employing finite volume and discontinuous Galerkin meth-
ods. It is developed with a focus on scalability, also supporting a hybrid MPI + OpenMP
approach to enable efficient large scale simulations. Internally, it uses the sparse linear systems
solver Spliss [12] for solving the linear equations.

Accurate aircraft simulations also need to account for the deformations, e.g. of the the
wings, caused by the airflow and other outside forces. For this, FlowSimulator provides
the FSMeshDeformation plugin, which, among others, implements the elasticity analogy
method [15, 16]. Spliss or PETSc [5] can be used to solve the linear system of equations.

3 HIERARCHICAL PARTITIONING

Hierarchical partitioning is recursive hardware aware partitioning of data on multiple hierar-
chy levels. The main advantage of hierarchical partitioning is a minimization of communication
between processes in different domains on higher hierarchy levels, e.g. between processes on
different compute nodes on HPC systems. This potentially reduces the runtime of simulations
since communication on higher hierarchy levels is more costly than on lower hierarchy levels.
There are two approaches to do this. One works in a top-down and the other in a bottom-up
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direction.

For the top-down approach, the data is first partitioned on the highest hierarchy level which,
on HPC systems, typically consists of the compute nodes. Then, the data is recursively parti-
tioned within lower hierarchy levels such as sockets, cores, etc. However, the lowest hierarchy
level are the Message Passing Interface (MPI) processes which can consist of multiple cores.
This is for example the case if a hybrid approach of MPI and OpenMP is used.

For the bottom-up approach, the data is first partitioned on the lowest hierarchy level, i.e.
among all processes. Then, the partitions are recursively redistributed in such a way that con-
nections between these partitions are minimized on higher hierarchy levels.

An advantage of the top-down approach over the bottom-up approach is that the partitioning
is computed for fewer partitions at once, increasing the performance and quality of the parti-
tioning. However, the load imbalance will increases with each hierachy level with the top-down
approach while it stays constant with the bottom-up approach because the partitions are not
changed but only redistributed.

Both approaches were implemented as 2-level hierarchical partitioners in a plugin, named
FSHierarchicalPartitioner, of FlowSimulator. The two considered hierarchy
levels are compute nodes and MPI processes on systems where these processes are pinned to
specific cores.

In the implementation of the top-down approach, first, a graph representing the mesh is
extracted. In this graph, every cell is represented by a graph node and the connections to neigh-
bouring cells are represented by graph edges between both graph nodes. The graph nodes and
edges can be weighted to better represent different cell types. Graph partitioners will decom-
pose the graph into a certain number of domains with similar weight while trying to minimize
the edge cut. Then, on each compute node, the local graph data is gathered on one process per
compute node. These processes then proceed to compute the partitioning among the compute
nodes and distribute this data to the other processes within their own compute nodes. This way,
the problem that we see in Section 4.3.2 of too many processes simultaneously being involved
in these computations and subsequently causing out-of-memory errors (OOM) can be avoided.
After the mesh data was redistributed according to the computed partitioning, graphs represent-
ing the local mesh are extracted within each compute node. This graph is then used to compute
a partitioning among the processes within every compute node.

In the implementation of the bottom-up approach, again, a graph representing the whole
mesh is extracted. Like in the top-down approach, next, the local graph data is gathered on
one process per compute node to avoid OOM errors for large numbers of processes during
the computation of the partitioning. Then, the mesh is partitioned among all processes. In
the second hierarchy level, a graph representing the connectivity of the processes is extracted.
This is done by having a graph node for every process that is connected to all other graph
nodes. In order to represent the number of connections between the processes, each graph
edge is weighted with the number of cells having a neighbouring cell on the other respective
process. The graph is then partitioned among the compute nodes. This way, partitions with
more connections to each other will be on processes on the same compute node.

It is instead also possible to extract graphs representing the mesh nodes and not the mesh cells
if so desired. Further, this plugin, just like other graph partitioners within FlowSimulator,
provides the functionality of keeping cells stacks close to boundary layers together in the same
partition. However, this functionality was not used in the computational studies conducted for
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Figure 1: Image represeting the topology of a CARO compute node including sockets, NUMA domains, L3-
caches, and cores (created using 1stopo from the framework hwloc [7]).

this paper.

One important improvement when compared to the partitioners already integrated into
FlowSimulator is optimizing the communication pattern in the graph extraction. When
finding neighbouring cells on other processes, an all-to-all communication pattern was used to
exchange the information of cells for which we want to find neighbours on other processes. This
has been replaced by a more hierarchical communication pattern where each process sends its
relevant information to one process on each compute node. This process then sends this infor-
mation to all other processes within its own compute node. The impact of this is demonstrated
in Section 4.3.1.

To compute the partitionings within the hierarchy levels, FSHierarchicalPartitio-
ner still uses third-party graph partitioning libraries. Currently, ParMETIS and Zoltan are
supported.

4 COMPUTATIONAL STUDIES

In this section, we will present the computational studies we conducted in order to inves-
tigate the actual impact of hierarchical partitioning on our simulations. For this, we made
strong scaling benchmarks of CODA and FSMeshDe formation runtimes after the mesh was
first prepartitioned by FSDM’s implementation of the RCB method and then repartitioned by
either just ParMETIS or the top-down or bottom-up approach in FSHierarchicalPar-
titioner, internally also using ParMETIS and METIS. Specifically, all partitioners use the
ParMETIS V3 PartKway or METIS PartGraphKway routines.

4.1 Computational setup

The tests were conducted on DLR’s HPC system CARO [4]. CARO has 1364 compute nodes
with 2 AMD EPYC 7702 [2] processors each. Every processor has 64 cores, 8 Non-Uniform
Memory Access (NUMA) domains, 16 dies with a shared 1.3 cache, and a base clock frequency
of 2 GHz. The topology of a CARO compute node is shown in Figure 1.

The versions of CODA, FSDM, FSHierarchicalPartitioner, and FSMeshDefor—
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Figure 2: Image of the CRM-HL mesh used for the computational studies. The cells representing the surface of
the airplane are higher resolved than other cells.

mat ion used here are all from February 2025 and use 64 bit integers.

4.2 Test case

The test case used for the computational studies is grid D of the mesh family 3.R.01 with
Re = 3-107 from the 5th AIAA CFD High Lift Prediction Workshop (HLPW-5) [1]. This mesh
is based on the high lift configuration of NASA’s Common Research Model (CRM-HL) [3]. It
has 1.23 billion cells and 973 million nodes and is displayed in Figure 2.

4.3 Results

Now, we can discuss the results obtained by running CODA and FSMeshDeformation
simulations after partitioning the mesh with either FSHierarchicalPartitioner orjust
ParMETIS.

4.3.1 Results with CODA

For the CODA tests, we used the linearized implicit Euler time integration method with a
linear Jacobi solver with LU preconditioning from the Spliss and 100 time iterations.

Since CODA supports hybrid MPI + OpenMP, all test runs were done with 4 threads per
process. We did this without using simultaneous multithreading and thus also used 4 cores per
process.

It was necessary to use at least 8192 cores to not run into out-of-memory (OOM) erros. The
maximum number of used cores is 65 536 because this was the user limit on CARO.

As can be seen in Figure 3, the CODA runtimes scale quite well for all different parti-
tiong approaches. However, in the end, FSHierarchicalPartitioner scales better than
ParMETIS with the top-down approach leading to the best result. For the top-down approach,
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Figure 3: Strong scaling benchmarks of CODA runtimes and relative parallel efficiency after being partitioned by
the respective partitioning scheme.
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Figure 4: Runtimes of the partitioning processes in the CODA benchmarks, i.e. with 4 threads per process.

the relative parallel efficiency, here defined as

T,
ng
n

no k

Erel =

where T, is the runtime with n;, cores used and ng is the smallest number of used cores in a
data point, is still at 0.87 for the top-down approach in FSHierarchicalPartitioner
with 65536 cores or 512 compute nodes, whereas it is only 0.82 for the bottom-up approach
and 0.78 for just ParMETIS in this case. An ideal scaling would provide a relative parallel
efficiency of 1.

Furthermore, we can see a comparison of the runtimes of the partitioning processes of these
benchmarks in Figure 4. Besides computing the partitioning, this also includes the graph extrac-
tion and redistribution of the mesh to the different ranks. It should be noted that FSHierar—
chicalPartitioner and ParMETIS do not support multithreading. Thus, only 1 thread
per process was active for the partitioning phase despite having 4 threads per process available.
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Figure 5: The CRM-HL mesh with an applied deformation of 0.1° rotation around the y-axis. The color scale
represents the local values of the resulting total displacement.

It can be observed that the top-down approach of FSHierarchicalPartitioner takes
the longest time when fewer cores are used but gradually gets faster with more cores except in
the end because it is slightly faster with 32 768 than with 65536 cores. With fewer cores, it
is slower because, in the first hierarchy level, a large number of cells is moved to and, in the
second hierarchy level, from one process per compute node. However, with more cores, it
is the fastest approach because in the second hierarchy level, the number of cells for which a
partitioning is computed is continously decreasing. This accelerates the time needed to compute
the partitioning as well as to redistritbute the cells. For 32 768 cores or more, it is even the fastest
of the compared approaches here.

Both other approaches take increasingly more time for the partitioning phase. This is mainly
due to the graph extraction taking more time for more processes. With fewer cores, ParMETIS
is still faster than FSHierarchicalPartitioner’s bottom-up approach because they
both compute same partitioning at some pointbut FSHierarchicalPartitioner’s bottom-
up approach computes an additional partitioning on the second hierarchy level. Nonethe-
less, ParMETIS is slightly slower than FSHierarchicalPartitioner’s bottom-up ap-
proach with 65 536 due to improvements in the graph extraction in FSHierarchicalPar-
titioner.

4.3.2 Results with FSMeshDeformation

For the FSMeshDeformation tests, we computed and applied a 0.1° rotation around the
y-axis to the aircraft in the mesh using linear elasticity. The result is illustrated in Figure 5. To
solve the linear system of equations, we used Spliss’ and PETSc’s implementations of the
biconjugate gradient stabilized (BiCGStab) method, in PETSc preconditioned with the succes-
sive over-relaxation (SOR) method, and, in Spl1iss preconditioned by an algebraic multigrid
(AMG) preconditioner with GauB3-Seidel smoothing on every level. Both solvers were set to an
error tolerance of 107, Since PETSc does not support a hybrid MPI + OpenMP approaches,
tests with PETSc were run with pure MPI while the Spliss tests were run with 4 threads per
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Figure 6: Strong scaling benchmarks of FSMeshDeformation runtimes with PETSc (on the left) with pure
MPI and Spliss (on the right) with 4 threads per MPI process after being partitioned by the respective partition-
ing scheme. Missing data points represent OOM errors.

process. A minimum of 4096 cores was necessary to avoid running into OOM errors. Further-
more, it was only possible to use up to 32 768 cores because the RCB prepartitioner does not
work anymore in those cases.

As can be observed in Figure 6, the runtime with PETSc depends more on the partitioning
than in the CODA benchmarks, which is expected due to the choice of the partitioning-dependent
solver components.

ParMETIS only runs with up to 8192 cores before running into an OOM error. Until that
point the FSMeshDeformation runtimes after partitioning the mesh with ParMETIS are
similar to those after partitioning with the bottom-up approach of FSHierarchicalPar-
titioner.

After partitioning the mesh with the top-down approach of FSHierarchicalParti-
tioner, the FSMeshDeformat ion runtimes are by far the longest with fewer cores. How-
ever, with 16 384 cores, the runtime is significantly faster than after partitioning with the bottom-
up approach. Eventually, both runtimes are similar again with 32 768 cores.

Because the runtimes are so different, comparing the relative parallel efficiencies would not
be meaningful here. The reason for the differences in runtime is that the number of iterations
necessary to calculate the mesh deformation varies significantly. An explanation for this behav-
ior is the partition dependency of the chosen solution method.

The runtime comparison of the partitioning phases looks similar to that of the CODA bench-
marks even though the runtimes are a bit longer due to the higher number of processes in pure
MPI, as shown in Figure 7. With fewer cores, the top-down approach of FSHierarchical-
Partitioner is the slowest but it becomes the fastest when using 16 384 or more cores. The
runtimes of ParMETIS and the bottom-up approach of FSHierarchicalPartitioner
continously increase with more cores.

The scalings of the test runs using Spliss are almost constant. This may be due to the
generally lower runtime which is prone to network fluctuations on the HPC cluster and because
of the stronger preconditioner for the multigrid solver in Spliss which constitutes a higher
proportion of the runtime. Moreover, the multigrid solver needs much fewer iterations in order
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Figure 7: Runtimes of the partitioning processes in the FSMeshDeformation + PETSc benchmarks, i.e. with
pure MPI. Missing data points represent OOM errors.

to get a converged solution than PETSc. This was also already observed in [9].

Like in the CODA benchmarks, we needed at least 8192 cores for Spliss to run but could
again go to up to 65 536 cores. Curiously, Spliss ran into an OOM error after the mesh was
partitioned with the top-down approach of FSHierarchicalPartitioner on 8192 cores.
This did not happen with the other partitioning approaches.

Since we used the same grid and the same MPI + OpenMP approach for the FSMeshDe~—
formation with Spliss benchmarks as for the CODA benchmarks, the partitioning runtimes
are the same for both cases (see Figure 4).

5 CONCLUSIONS

In this paper, we describe an implementation of a hierarchical graph partitioner for unstruc-
tured meshes and demonstrated the effect it can have on CFD and CSM simulations. Especially
for highly parallel simulations with large meshes, this effect is observable and in some cases,
these simulations are only enabled by hierarchical partitioning. Considering future increases in
available computational resources, this will probably become even more important.

Furthermore, we could see that CODA scales very well with a relative parallel efficiency of
0.87 with 65 536 cores after applying top-down hierarchical partitioning.

On the other hand, while the runtimes of FSMeshDeformation with PETSc decreased
with more used cores, the runtimes did not scale with a clear pattern, suggesting a strong sen-
sitivity to the partitioning. However, FSMeshDeformation with Spliss does not scale at
all for this test case. This can be attributed to the small runtimes due to the application of the
AMG preconditioner but, because of these small runtimes, it is not a critical issue. Still, further
investigation will be required to explain these curious scaling behaviours to potentially improve
it.

The top-down approach of FSHierarchicalPartitioner is the fastest of the dis-
cussed partitioning approaches in this paper for a large number of used cores while being the
slowest for fewer cores. Meanwhile, the bottom-up approach of FSHierarchicalParti-
tioner takes longer with more cores. It is also slower than FSDM’s integrated ParMETIS
interface for fewer cores but gets faster in comparison for more cores thanks to the improve-
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ments made in the graph extraction. Moreover, both the top-down and the bottom-up approach
still work for 16 384 cores and pure MPI where FSDM’s integrated ParMETIS interface fails.

FSHierarchicalPartitioner’s development will be continued in the future to en-
able even better partitionings and better scalability of the partitionings itself. Additionally, we
will consider integrating other third-party graph partitioning libraries into FSHierarchi-
calPartitioner to see if they can improve the scalability of numerical simulations even
further.
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