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ABSTRACT
Lattice Boltzmann simulations are commonly used for solvingmany
computational fluid dynamics problems. The main computation of
many of these simulations are separated into two parts: collision
and streaming of the lattice Boltzmann method particle distribu-
tion function, and application of boundary conditions. Most lattice
Boltzmann performance studies on GPUs focus on the core collision
and streaming kernels. In this study, we investigate how porting
lattice Boltzmann Method boundary conditions to GPUs influences
CPU-GPU data motion and overall application performance by
porting the boundary conditions code of a lattice Boltzmann proxy
application to CUDA. We complete all parts of the simulation on
GPUs, reducing the number of data transfers required and improv-
ing time-to-solution by up to 49× by reducing the amount of time
spent communicating data between CPU and GPU.
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1 INTRODUCTION
Lattice Boltzmann simulations are often used to solve computa-
tional fluid dynamics problems across many disciplines. GPU ac-
celeration is one common way to improve performance of fluid
dynamics simulations. One caveat to this is the case where data is
transferred frequently between CPU and GPU during computation.
In these cases, the increase in data motion results in degraded per-
formance. We use our lattice Boltzmann proxy application to show
this performance degradation reduces the benefits of GPU accel-
eration and leads unpredictable performance. The methods used
to reduce data motion in the general case of our proxy application
can be applied to other lattice Boltzmann based applications. This
poster makes the following contributions:

• Shows the impact that excessive data motion has on the
performance of lattice Boltzmann simulations; and

• Proposes a method to improve single-node performance by
completing all computation on the GPU
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2 BACKGROUND
The lattice Boltzmann method uses the discretised Boltzmann equa-
tion to solve fluid dynamics problems numerically, and is broken
up into several steps. We focus on the collision and streaming step
and the application of boundary conditions step.

The collision and streaming step updates the density and macro-
scopic velocity in order to find the particle distribution function
(PDF) for collision before streaming the resulting distribution to
equidistant points in the domain lattice. Each point in the lattice
breaks up velocity space using a velocity set, described by the num-
ber of dimensions and number of discrete velocities it represents [1].
We focus on the D3Q19 velocity set, as it is commonly used in three
dimensional simulations [2]. The next step is application of the
boundary conditions, where rules are enforced for handling points
that lie on boundaries of the domain [3]. We focus on updating the
boundary condition step in order to improve performance.

3 METHODS
The current version of our lattice Boltzmann proxy application
completes collision and streaming on the GPU before transferring
PDF data to the CPU for application of boundary conditions, and
is referred to as the hybrid CPU-GPU version. Our new imple-
mentation performs the collision/streaming step and application
of boundary conditions on the GPU, thus it is referred to as the
GPU-only version of the application. We use CUDA C++ to rewrite
the boundary conditions such that both steps are handled on the
GPU, removing the need to transfer PDF information between CPU
and GPU during the simulation.

We rewrite the boundary conditions of the domain using CUDA,
dispersing boundary points across GPU threads for computation in

Figure 1: Simulation time-step flow for hybrid (left) and
GPU-only (right) versions of the proxy application.
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order to perform operations in parallel. This requires the simula-
tion to transfer the PDF array twice: once at the beginning of the
simulation to the GPU’s device memory, then back to the CPU at
the end of the simulation. This reduces the number of transfers sig-
nificantly when compared to the hybrid CPU-GPU version, which
transfers PDF data 2𝑡 + 2 times where 𝑡 is the number of simulation
time-steps completed.

4 RESULTS
Wemeasure performance on Oak Ridge National Laboratory’s Sum-
mit supercomputer, focusing on single-node performance of our
application using 2 IBM POWER9 CPUs and 6 NVIDIA V100 GPUs.

We compare this implementation to two others: A CPU-only
version that performs all computation on the CPU, and the hybrid
CPU-GPU version mentioned previously. For each implementation,
two propagation patterns are used for computing PDFs to ensure
that important values are not overwritten if they are still needed:
two-grid, which stores data in two arrays reading from one and
writing to another, and one-grid, which uses a single array to store
values, performing different computation operations during even
and odd time-steps [4].

4.1 Analysis of Performance
Performance is measured for our application at simulation sizes
ranging from 21,504 to 29,816,640 fluid elements.

Figure 2: Average MFLUPS values as simulation size in-
creases, plotted along with bands representing one standard
deviation from the mean

Results show that a GPU-only implementation results in a speedup
of 2× for small simulation sizes up to 49× for larger sizes. Addi-
tionally, the GPU-only implementation results in a much smaller
standard deviation, shown by the error bars in Figure 2, which
indicates reproducibility of results for a given simulation size. This
confirms that moving all computation to the GPU and reducing the
number of data transfers improves performance.

4.2 Analysis of Data Motion
The GPU-only version does not require additional transfers apart
from the setup and final steps of the simulation, thus the percentage

of runtime spent communicating PDF data for large simulation sizes
is 2%, compared to 92% for the hybrid version, freeing up a higher
percentage of runtime for computation, as displayed in Figure 3.

Figure 3: Percentage of runtime spent on simulation tasks.

The hybrid CPU-GPU version produces unpredictable results
shown by the large standard deviation of the values in Figure 2. This
is due to the overhead incurred in transferring data between CPU
and GPU twice during each time-step, which causes contention be-
tween MPI ranks for NVLink bandwidth. We minimize data move-
ment in the GPU-only version, preventing unpredictability and
allowing the benefits of GPU acceleration to become apparent.

5 CONCLUSION
Our GPU-only version of the lattice Boltzmann proxy application
results in speedup up to 49× that of current versions. This improve-
ment is attributed to a reduction in data movement and increase in
parallelism through performing GPU acceleration for all computa-
tion during the simulation. We achieve this by running the bound-
ary conditions step on GPUs instead of CPUs. Further, reducing
communication minimizes the possibility for resource contention,
preventing unpredictable results. Reducing CPU-GPU data motion
allows the application to take advantage of parallelism without the
overhead or unpredictability of frequent transfers.
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