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Abstract: Performance enhancements in NASA's recently developed Lattice Boltzmann solver
within the Launch Ascent and Vehicle Aerodynamics (LAVA) framework are presented. Two
key algorithmic developments are highlighted. A coarse-�ne interface treatment that discretely
conserves mass and momentum has been implemented and successfully veri�ed and validated.
Code optimizations targeting improved serial and parallel performance were presented. For a
simple turbulent Taylor-Green Vortex problem, we were able to demonstrate a 2.3x speedup over
the baseline code for a single Skylake-SP node containing 40 physical cores, and a 2.14x speedup for
64 nodes containing 2560 physical cores. In addition, we were able to show that the optimizations
enabled us to scale the code almost perfectly to 20480 physical cores where, including ghost cells,
the problem size was 10 billion cells.
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1 Introduction

Reynolds-averaged Navier-Stokes (RANS) simulations continue to have a tremendous impact on aerody-
namic analysis. However, for massively separated �ows, acoustics, and where scale resolving simulation is
critical we have to utilize higher �delity approaches such as Large Eddy Simulation (LES). For example,
the community within AIAA's high-lift prediction workshop has shown that to predict lift at high angle of
attack near stall accurately, LES methods perform signi�cantly better than RANS[1]. Navier-Stokes (NS)
based Computational Fluid Dynamics (CFD) is one way to achieve LES results, but it can be prohibitively
expensive because of space-time resolution requirements. An alternative is the Lattice-Boltzmann Method
(LBM)[2] which can yield accurate results where anisotropic meshing is not critical, and can dramatically
reduce costs due to a) run-time, and b) mesh generation for complex geometries, as previously demonstrated
for a full landing gear noise simulation [3]. To further improve this methodology, we have made signi�cant
advances in our capabilities, including coarse-�ne interface handling, and performance optimizations.

In prior work, it was shown that for Navier-Stokes LES of the SOFIA aircraft[4], limits to strong scaling,
using the same LAVA Cartesian AMR infrastructure, pointed towards a tiling/threading approach that will
be described in Ÿ3.2.1. Speci�cally, it was found that scaling was limited by MPI communication which was
exacerbated by poor surface/volume ratios. In that work the max box size (MBS) >= 32 was required for
the largest simulations due to the memory requirements ballooning with smaller MBS.

While Navier-Stokes (NS) based simulations have been the bread and butter of CFD practitioners since
the birth of the �eld, Lattice-Boltzmann (LB) based approaches have been gaining traction recently due to
their attractive properties[5, 6, 2, 7]. The bene�ts of LBM include ultra high performance (in terms of number
of cells updated per second), minimal numerical dissipation, and the ability to simulate arbitrarily complex
geometry in a relatively straight-forward manner. High performance is due to signi�cantly lower �oating
point operations relative to high-order NS algorithms, excellent data locality, ability to easily vectorize and
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Figure 6: Stream-wise normalized velocity at di�erent stations downstream of the separation location com-
pared with experiments [11] and results from PowerFlow [17] and wall-resolved LES from Uzun and Malik [18].

Figure 7: u0u0=Uref Reynolds' stress (b) at di�erent stations downstream of the separation location compared
with experiments [11] and results from PowerFlow [17] and wall-resolved LES from Uzun and Malik [18].

Here we focused on keeping the cost per computational node uniform and �xed at2563. The time spent
in advancing the solution by 64 computational steps is reported, excluding start up costs and parallel IO.
The time reported, called time-to-solution hereafter, does include all MPI communication, and LBM kernels
(e.g. collide, stream, etc).

The performance experiments were conducted using the Pleiades supercomputer at NASA Ames Research
Center, where we targeted Intel Xeon Gold 6148 (Skylake-SP) processors. In this system, each Skylake-SP
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node consists of 2 sockets with 20-cores each, running at 2.4 GHz. There are two sub-NUMA clusters in each
socket, creating two localization domains. Each domain contains one memory controller and ten L3 cache
slices. The on-socket memory hierarchy consists of 64KB L1 cache per core, 1MB L2 cache per core, 24.5MB
L3 cache per socket. Each socket also has 96GB DDR4 main memory where the bandwidth is 128GB/s, and
the socket-socket interconnect bandwidth is at 41.6GB/s.

Three basic pro�ling analyses were performed:

� single packed-node parameters study;

� single-node strong scaling study; and

� multi-node weak scaling study.

These studies were performed for both the baseline and optimized code to enable a fair assessment of the
improvements. For these pro�ling analysis we assessed sensitivity to:

� nodes = [1,8,64,512],

� MPI = [1,2,4,8,12,16,20,24,28,32,36,40,50,60,70,80] ranks/node,

� OMP = [0,1,2,4,8,12,16,20,24,28,32,36,40,50,60,70,80] threads,

� max box size (MBS) = [16,32,64,128,256] cells per direction,

� max tile size (MTS) = [0,4,6,8,10,12,16,32,64,128] cells per direction,

� hyperthreading [no/yes],

where, Nodes is the number of dual-socket Skylake compute nodes used (1 for all studies but the weak-
scaling); MBS is the number of cells per direction used to partition the problem domain; MTS is the number
of cells per direction used for each for the regular tiles (0 for no tiling); MPI is the number of MPI ranks used;
OMP is the number of OpenMP threads used; and where hyperthreading is running more than 1 thread per
core. With MBS=128 and MTS=12, the tiling algorithm yields 729 inner tiles, 999 outer tiles, and 17956
pencil tiles, which is a signi�cant amount of parallelism per box.

It should be noted that this high-dimensional parameter space, with 108800 cases, was signi�cantly
pruned (down to several hundred) by excluding cases where there is not enough-work per thread (MPI and
OMP). Also for packed-node cases we enforce MPI=[40,80] or MPI*OMP=[40,80], and we always run the
code with at least 1 MPI rank. Results presented were also pruned to exclude excessively slow results, as
most of the plots already contain a great deal of information.

The single-packed-node parameter study was designed to test sensitivities and the interplay between
MBS/MTS/MPI/OMP. The �rst task here was to understand the baseline performance sensitivity to MBS
and hyperthreading. This is shown in Figure 8, where larger MBS and hyperthreading improves performance.
Since the problem is2563, partitioning it into MBS of 64 yields 64 boxes which was the best single-node
baseline partitioning attempted, yielding the best performance at 57.13 seconds. The plot shows a trend
of larger MBS resulting in superior performance. This trend simply highlights the overhead of box-box
MPI ghost cell communication, which grows with smaller box size due to the box surface/volume ratio
degradation.

The purpose of the single-packed-node parameter study is to identify sweet spots and trends for a fully
subscribed Skylake-SP node. First it must be noted that minor vectorization optimizations were performed
on the baseline code, speeding up from baseline to 51.68 seconds (from 57.13), an almost 1.11x speedup
without tiling/threading.

For the optimized code, Figure 9 shows that the �With Copy� approach (a) is clearly inferior to the
compute in place �Without Copy� approach (b) for all permutations of the parameter space, highlighting
the excessive memory bandwidth required for the �With Copy� approach. Function level pro�ling of the
code con�rmed this, showing that the �With Copy� approach was dominated by the copy to scratch memory,
while the �Without Copy� technique, was able to speedup the code signi�cantly via improved memory usage.
It should be noted that the �Without Copy� still accesses the same memory in the streaming and collision
operations, but is able to due so in a more streamlined way without the brute force copy. Inspecting
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Nodes=1 Nodes=8 Nodes=64 Nodes=512
OMP MBS MTS HT N=256 N=512 N=1024 N=2048

[s] [s] [s] [s]
0 16 12 No 89.27 89.39 113.08 -
0 32 0 No 60.77 62.01 78.59 99.97
0 32 12 No 51.92 50.90 64.08 66.86
0 64 0 No 48.37 53.36 80.48 124.03
0 64 12 No 37.84 39.81 43.95 70.79
40 32 12 No 79.67 94.66 95.73 101.52
40 64 12 No 52.91 62.54 63.57 75.60
40 128 12 No 43.27 52.64 52.92 56.85
0 16 12 Yes 85.85 83.32 103.67 -
0 32 0 Yes 79.74 61.48 72.80 93.38
0 32 12 Yes 53.96 47.63 52.25 61.79
40 128 12 Yes 24.84 31.77 32.54 34.92

Table 3: Weak scaling performance pro�les for the optimized code, units are seconds taken for 64 timesteps,
where OMP indicates how many OpenMP threads per MPI rank, MBS is max box size, MTS is max tile
size, HT is if hyperthreading was used, N is the problem size where cell count =N 3.

nodes = 20480 physical cores). The data shows that the optimized code, with MPI/OMP/tiling, maintains
superiority over the �at-MPI and/or non-tiled versions.

Ideal scaling is nearly achieved for the optimized code with OMP=40, MBS=128, MTS=12, and hyper-
threading turned on. It is not expected for the code to have perfect scaling due to NUMA e�ects, because
there is a degradation of network bandwidth for more distant node communication. Single MPI rank per
node results are not shown to elliminate NUMA issues. The Pleiades Skylake nodes used for this study have
network bandwidths as follows: in-socket is 128 GB/s, on-node is 41.6 GB/s, inter-node is only 12.5 GB/s.
This irregularity favors smaller node counts when bandwidth is important, as can be seen for the fastest
case in Figure 12b when the single-node calculation (network@41.6GB/s) goes from 24.84 to 31.77 seconds
for the 8 node case (network@12.5GB/s). Unfortunately, the Pleiades system has only 1152 Skylake nodes,
otherwise we would have checked the N=4096 and larger cases.
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(a) With Copy

(b) Without Copy

Figure 10: Single node performance pro�les exploring the sensitivity to max tile size: (a) with copy to
tiles and (b) without copy (i.e. direct memory accesses). Legend indicates number of MPI ranks (MPI),
number of OpenMP threads (OMP), and max box size (MBS) used, as well as minimum time-to-solution for
each line. Dashed lines are the no-threading (OMP=0) cases, and no-tiling is Tile Size = 0 (i.e. MTS=0).
Hyperthreading is labeled Hyper.
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Figure 11: Strong scaling for hybrid MPI/OMP on a single node. Legend indicates number of MPI ranks,
max box size (MBS) and max tile size (MTS) used. Hyperthreading region is marked with gray shading.
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