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Motivations
Hardware-aware design and optimization are crucial in exploiting emerging architectures for PDE-based
computational fluid dynamics applications. We study optimizations aimed at accelerating two solvers in the
OpenFOAM package: icoFoam, which is an incompressible flow solver, and, laplacianFoam, which solves the
Laplace equation for a passive scalar. Both are based on Krylov iterative methods. The parallelization of
OpenFOAM is based on process-level distribution using MPI. It scales well in a weak sense on tightly coupled
homogenous computer systems, but executes at an inadequate percentage of per-processor performance
without special attention to the architecture layout, which is now complex, hybrid and heterogeneous.

Contributions
The use of hybrid multicore/multiGPU compute
nodes is one of the main trends in the design of mod-
ern HPC platforms. At the same time, the state of
the art CFD packages do not fully utilize that type of
architecture, also, do not support the development
of applications efficiently using all available comput-
ing devices.

1. We designed and implemented a hybrid MPI
and GPGPU parallel conjugate gradient linear
solver.

2. We implemented the recently introduced
pipelined conjugate gradient solver as an algo-
rithmic improvement, and parallelized it using
MPI, GPGPU, and a hybrid technique.

3. We propose and demonstrate a heterogeneous
decomposition method aimed at balancing the
load of heterogeneous computing devices in
modern multicore/multi-GPU platforms.

Experimental Results

Future Work
The work presented here can be extended in the fol-
lowing directions:

• Applying the hybrid model to a preconditioned
CG solver

• Implementing the hybrid model on other linear
solvers, e.g., algebraic multi-grid

• Employing a dynamic load-balancing algo-
rithm, which adaptively balances the workload
during the run-time, by memory-aware work
stealing.

Summary and Conclusion
• Memory bound applications can only benefit

from the full hardware potential, which is now
complex, hybrid and heterogeneous, if all its
resources are taken into accounts in a holistic
approach.

• The experimental results show that the hybrid
implementation of both solvers significantly
outperforms state-of-the-art implementations
of a widely used open source package.

• Also, the pipelined conjugate gradient im-
plementation on multi-GPU outperforms the
CUDA conjugate gradient, which is supported
by Cufflink library.

OpenFOAM
OpenFOAM is an open source CFD package that
only supports process-level parallelization using
MPI. We select two OpenFOAM solvers for pre-
sentation: icoFoam, which is an incompressible flow
solver:
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laplacianFoam, which solves the Laplace equation
for a passive scalar:

∂T

∂t
−∇2(DT · T ) = 0 (3)

Hybrid CG and Pipelined CG

Design and implementation of the hybrid CG solver
on the left and hybrid pipelined CG on the right,
showing the steps executed on CPUs on the left (in
blue), and, the steps executed on GPUs on the right
(in green), and the coordination presents through
black arrows.

Heterogeneous Decomposition
The main idea behind the heterogeneous decompo-
sition is to adequately partition and assign the sub-
domains to the processors in proportion to their per-
formance.
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ni
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ri(ni) =
si(ni)∑
p si(ni)

(5)

ni,new = N ∗ ri(ni) (6)

The new assigned number of cells ni to be allocated
at processor pi is computed using Eqn. 6. This
vector of p numbers will be passed as argument to
METIS/ SCOTCH API to re-decompose the com-
putational domain correspondingly.


