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represents a major fraction of HPC usage 
(e.g., 8% of total core-hours at CINECA). 

• Commercial CFD codes require per-core 
licenses, becoming extremely expensive 
for large-scale HPC. 

• OpenFOAM is the leading open-source 
alternative, currently used by 50% of CFD 
professionals.

• The energy consumed in 2024 by the CFD 
OpenFOAM jobs in the CPU partition of 
Leonardo was approximately 182MWh.

• OpenFOAM scales efficiently across 
thousands of cores (e.g., 32 768 CPU cores 
at OpenFOAM® HPC Challenge).

CINECA HPC Annual Report 2024/2025

ENGYS, "2023 CFD Technology Trends Survey Results," ENGYS Blog, 2023

OpenFOAM® HPC Challenge (OHC-1)] 
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• Limited to domain decomposition 

and multicore execution using MPI
• Poor vectorization (only compiler 

auto vectorization limited by 
internal sparse matrix format ).

• GPU support is limited (e.g. 
SPUMA) and not integrated with the 
upstream version

• Virtually, no use of data-level 
parallelism!

Core 0

$ mpirun -np 8 simpleFoam -parallel

$ deconposePar 

Core 1

Core 2

Core 7

numberOfSubdomains 8;

$ blockMesh
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• The spatial domain is discretized into a 
mesh of control volumes to derive one 
linear equation per cell.

• This approach collapses the entire 
problem into solving a large sparse 
linear system.

• We use linear iterative solvers 
computationally based on sparse matrix 
vector product (SpMV)

• SpMV is one of the most 
computationally intensive kernel of a 
CFD code: good candidate for 
optimization
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• To solve this, modern CFD solvers use the Multigrid 
Method, projecting the problem onto progressively 
coarser meshes.

• At each grid level, a linear solver acts as a 
"smoother," rapidly damp out high-frequency errors 
specific to that scale. 

• As the grid coarsens, large low-frequency errors 
appear as high-frequency ones, allowing the 
smoother to finally damp out them.

• In our test case, this smoothing operation 
accounts for ~50% of the total compute time, 
making it the most intensive phase and our 
primary optimization target.

U. M. Yang, "Parallel Multigrid Tutorial", 20th Copper Mountain 
Conference on Multigrid Methods, 2021.
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SpMV SpMV

Multiple multigrid method 
iterations are called during 
a CFD simulation

During a single multigrid 
iteration, the smoother is 
called tens to hundreds 
of times

Format conversion 
overhead

The smoother represents 
around 50% of the total 
application runtime, and the 
computation is dominated by 
SpMV

Multiple multigrid iterations
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V. Pillet et al. (1995) PARAVER: A tool to visualize and 
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SpMV SELL-C-σ vectorization

𝐴𝑖𝑛𝑑𝑒𝑥 𝐴𝑣𝑎𝑙𝑢𝑒𝑠 𝑥 y

• 𝐴𝑖𝑛𝑑𝑒𝑥, 𝐴𝑣𝑎𝑙𝑢𝑒𝑠 are stored by slice and 
within the slide by column

• Contiguous and predicable vector loads 
𝐴𝑣𝑎𝑙𝑢𝑒𝑠 and 𝐴𝑖𝑛𝑑𝑒𝑥 

• No race conditions on 𝑦 updates
• Especially in long vectors architectures 

(e.g. EPAC with vlen=256) we get huge 
benefits by hiding memory latency and 
better use of bandwidth during vector 
loads and stores [*]

M. Kreutzer et al., "A Unified Sparse Matrix Data Format for Efficient General 
Sparse Matrix-Vector Multiplication on Modern Processors with Wide SIMD Units," 
SIAM J. Sci. Comput., 2014.

[*] Pablo Vizcaino et al. (2023) Short reasons for long vectors in HPC CPUs: a study 
based on RISC-V https://doi.org/10.1145/3624062.3624231
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EPI – EPAC 1.5 
(VEC tile) RVV 0.7.1
• Prototypal vector accelerator

• Scalar in-order RISC-V Avispado core + Vector 
processing unit (VPU) 

• 16384-bit vector registers (256 DP elements)

• 32 kB L1 (scalar core), 256 kB L2 data cache

• Target: Traditional HPC workloads, FP64

• Long-vector architecture

F. Mantovani et al. (2026) EPAC: The Last Dance 
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vlmax=2
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speedup
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• The long-vector approach proves to be very efficient for SpMV in SELL format.
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Sophon SG2044 (Short-vector)
vlmax=2

EPI – EPAC 1.5 (Long-vector)
vlmax=256 Scalar run

Scalar run

• 6x speedup on EPAC (long vector) and 1.5x on SG2044 (short vector)
• Marix format conversion is negligible (only 1-2% of total time)
• The long-vector approach proves to be more efficient for both sparse kernels (SpMV) and dense 

kernels.
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