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Overview and Background:  
We have ported key components of the Colorado State University 
(CSU) Global Cloud Resolving Model (GCRM) to the Blue Waters 
system. With the model on Blue Waters there are two levels of 
parallelism to explore. The first is a coarse grain MPI based 
communication between computational cores. This parallelism 
works in conjunction with our global domain decomposition. The 
second level of parallelism is a fine scale parallelism implemented 
with OpenACC directives on the NVIDIA Kepler accelerators.
 

Our model is based on an icosahedral grid. We use a recursive 
horizontal domain decomposition to achieve coarse grain 
parallelism using MPI. An algorithm similar to the domain 
decomposition algorithm is used to generate the locations of the 
model control volumes or cells.  Cells are assigned to MPI tasks 
using the domain decomposition.  We call these blocks of cells 
subdomains.  Subdomains are logically rectangular and can be 
stored in conventional 2D arrays.  A Morton style numbering of the 
subdomains and the cells within a subdomain allows physically 
contiguous subdomains to be also logically close. 

Numerical finite-difference operators require information from 
neighboring subdomains to fill ghost cells or halo cells.  The 
information to update boundaries is communicated between 
blocks using MPI non-blocking sends and receives.  The actual 
resolution of the model used for numerical simulations has several 
million cells in each horizontal layer.  Acknowledments: 
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This table shows the horizontal model 
resolutions used in this study.  The �rst column 
show the recursion depth of the algorithm 
used to generate the grid.  Each recursion 
increases the number of cells by about a factor 
of four from the previous resolution.  The table 
shows resolutions 9 through 12.  These are our 
target resolutions. 

MPI implementation and timings:  
We have investigated the strong scaling characteristics of the 2D 
multigrid with a series of numerical experiments.  In these 
experiments the multigrid code was run in standalone mode with 
varied resolution and number of MPI tasks.  The figures below show 
the results of these experiments.  The plots show the time required 
to perform 10 multigrid V-cycles with 32 vertical layers with 40 to 
40960 MPI tasks.  Each blue line shows a particular grid resolution 
for grids 9, 10, 11 and 12.  The red lines show the idealized 
speed-up.  For this comparison we ran the code on Blue Waters, 
Hopper and Edison.  Hopper and Edison are at the National Energy 
Research Scientific Computing Center (NERSC).  Hopper is a 
CRAY XE6 and Edison is a CRAY XC30.  On Blue Waters the 
CRAY compiler is about twice as fast as the PGI compiler, however 
the PGI compiler seems to scale better.  Hopper shows better 
scaling characteristics than Blue Waters and scales well to 40K 
cores.  Edison scales well and is faster than Blue Waters and 
Hopper.  At the time of the testing Edison’s configuration was 
limited to about 10K cores.

OpenACC implementation and timings: 
Our goal is to create a version of the two-dimensional elliptic solver 
used in the CSU icosahedral grid atmospheric dynamical core that 
utilizes the GPUs on Blue Waters.   The most computationally 
intensive portion of the multigrid algorithm is the relaxation operator. 
The relaxation operator is global so it requires MPI communication 
between subdomain blocks as well as nearest neighbor 
communication within a subdomain block.  We have performed 
several numerical experiments using the relaxation operator. The 
ACC data directive is used to transfer information about the entire 
subdomain block from the CPU to the accelerator.  Then we perform 
perform a relatively small number of relaxation sweeps.  After each 
sweep, global MPI communication is required to communication the 
edges of subdomain blocks to the GPU before the next sweep.  With 
the ACC update directive only the edges of subdomain blocks  are 
transferred between the CPU and the GPU.  Data are moving 
between the CPU and the GPU through the PCI Express bus.  The 
transfer is a relatively slow computational bottleneck, however once 
the data are on the GPU using them in calculations is very efficient 
relative to the CPU.  The size of the subdomain block and the ratio of 
ghost points to non-ghost points determines the parallel efficiency of 
accelerators compared to the CPU. The latency of boundary updates 
is more easily overcome with larger subdomain bocks, since more 
useful work is done for each number communicated between the 
CPU and the accelerator. Bigger blocks are better.    

Icosahedral grid with 642 cells partitioned into blocks of a) 64 cells. b) 16 cells. c) 4 cells.

a) b) c)

These plots show the 
time required to perform 
relaxation sweeps on the 
CPU and the GPU for 
di�erent subdomain 
blocks. The smaller block 
is more e�cient after 4 
sweeps, and the  larger 
block is more e�cient 
after 2 sweeps.
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