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The Blue Waters system 
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22,640	
  XE6	
  compute	
  nodes	
  

Number	
  of	
  Core	
  Modules	
   32	
  

Peak	
  Performance	
   313	
  Gflops/sec	
  

Memory	
  Size	
   64	
  GB	
  per	
  node	
  

Memory	
  Bandwidth	
  (Peak)	
   102	
  GB/sec	
  

Interconnect	
  InjecJon	
  Bandwidth	
  (Peak)	
  	
   9.6	
  GB/sec	
  per	
  direcJon	
  

4,228	
  XK7	
  compute	
  nodes	
  with	
  	
  NVIDIA	
  Kepler	
  (GK110)	
  GPUs	
  

Host	
  Processor	
   AMD	
  Series	
  6200	
  (Interlagos)	
  

Host	
  Processor	
  Performance	
   156.8	
  Gflops	
  

Kepler	
  Peak	
  (DP	
  floaJng	
  point)	
   1.32	
  Tflops	
  

Host	
  Memory	
   32GB,	
  51	
  GB/sec	
  

Kepler	
  Memory	
   6GB	
  GDDR5	
  capacity,	
  >	
  180	
  GB/sec	
  

HPCG and HPGMG benchmark tests on MPMD mode on Blue Waters – a Cray XE6/XK7 hybrid system 
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Source: Marjanovic, Gracia, 
Glass (HLRS, Germany), HPC-
Benchmarking: Problem Size 
Matters, PMBS-16, 2016 
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Introduction of HPCG benchmarking 
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•  EssenJal	
  computaJonal/communicaJonal	
  paYerns	
  in	
  a	
  variety	
  of	
  methods	
  for	
  PDEs	
  
•  Dense/sparse	
  computaJons	
  
•  Dense/sparser	
  collecJves	
  
•  MulJ-­‐scale	
  execuJon	
  of	
  kernels	
  via	
  MulJ-­‐Grid	
  V	
  cycle	
  
•  Data-­‐driven	
  parallelism	
  (unstructured	
  sparse	
  triangular	
  solves)	
  

•  Model	
  problem	
  despcriJon	
  
•  An	
  ellipJc	
  PDE	
  in	
  3D	
  with	
  nx×ny×nz	
  local	
  domain	
  on	
  npx×npy×npz	
  process	
  
•  Zero	
  Dirichelt	
  BCs	
  with	
  syntheJc	
  RHS	
  
•  A	
  symmetric	
  posiJve	
  definite	
  sparse	
  matrix	
  from	
  27-­‐point	
  stencil	
  operator	
  

•  Rewards	
  investment	
  in	
  	
  
•  High-­‐performance	
  collecJve	
  ops.	
  
•  Local	
  memory	
  system	
  performance	
  
•  Low	
  latency	
  cooperaJve	
  threading	
  

Model Problem Description

• Synthetic discretized 3D PDE (FEM, FVM, FDM).

• Zero Dirichlet BCs, Synthetic RHS s.t. solution = 1.

• Local domain:

• Process layout:
• Global domain:

• Sparse matrix: 
• 27 nonzeros/row interior. 

• 8 – 18 on boundary.
• Symmetric positive definite.

(nx × ny × nz )

(npx × npy × npz )

(nx *npx )× (ny *npy )× (nz *npz )

hpcg-benchmark.org

Source:	
  Dongarra,	
  Heroux,	
  Luszczek	
  (hpcg-­‐benchmark.org),	
  HPCG	
  Update,	
  ISC-­‐16,	
  2016	
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Weak scaling for MPI rank on 4 XE nodes: HPCG-CPU-GitHub-GNU(1) 
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Core type per 
thread MPI rank Number of 

threads 
HPCG 

(GFLOP/s) 

Number of 
Equations in 

total 
Memory (GB) 

1 integer core 
per thread 

128 1 21.4798 143,982,592 102.99 

64 2 21.1808 71,991,296 51.50 

32 4 15.6547 35,995,648 25.75 

16 8 9.47234 17,997,824 12.87 

8 16 4.53633 8,998,912 6.44 

4 32 2.2442 4,499,456 3.22 

1 FPU per 
thread 

64 1 20.7478 71,991,296 51.50 

32 2 15.5168 35,995,648 25.75 

16 4 9.50418 17,997,824 12.87 

8 8 4.45687 8,998,912 6.44 

4 16 2.24646 4,499,456 3.22 

(1):	
  an	
  executable	
  built	
  with	
  gcc/4.9.3	
  and	
  cray-­‐mpich/7.3.0	
  (HPCG	
  3.0	
  reference	
  code)	
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Core type per 
thread MPI rank Number of 

threads 
HPCG 

(GFLOP/s) 

Number of 
Equations in 

total 
Memory (GB) 

1 integer core 
per thread 

128 1 21.8334 143,982,592 102.99 

64 2 21.1425 143,982,592 102.98 

32 4 15.3969 143,982,592 102.96 

16 8 9.95385 143,982,592 102.95 

8 16 4.34153 143,982,592 102.94 

4 32 2.09014 143,982,592 102.92 

1 FPU per 
thread 

64 1 20.74 143,982,592 102.98 

32 2 15.5413 143,982,592 102.96 

16 4 9.45932 143,982,592 102.95 

8 8 4.23567 143,982,592 102.94 

4 16 2.00099 143,982,592 102.92 

(1):	
  an	
  executable	
  built	
  with	
  gcc/4.9.3	
  and	
  cray-­‐mpich/7.3.0	
  (HPCG	
  3.0	
  reference	
  code)	
  	
  

Strong scaling for MPI rank on 4 XE nodes: HPCG-CPU-GitHub-GNU(1) 



HPCG-CPU-GitHub-GNU(1) performance for various local blocks 
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nx ny nz 
HPCG 

(GFLOP/s) 

Number of 
equations in 

total 
Memory (GB) 

16 16 16 26.5972 524,288 0.38 

24 24 24 24.5402 1,769,472 1.27 

32 32 32 23.0211 4,194,304 3.01 

40 40 40 22.9008 8,192,000 5.87 

48 48 48 22.5263 14,155,776 10.14 

56 56 56 22.0341 22,478,848 16.09 

64 64 64 21.6028 33,554,432 24.02 

72 72 72 21.7075 47,775,744 34.19 

88 88 88 21.3858 87,228,416 62.41 

96 96 96 21.3235 113,246,208 81.01 

104 104 104 21.8639 143,982,592 102.99 

112 112 112 21.8343 179,830,784 128.63 

120 120 120 21.6664 221,184,000 158.20 

128 128 128 21.5274 268,435,456 191.98 

(1):	
  an	
  executable	
  built	
  with	
  gcc/4.9.3	
  and	
  cray-­‐mpich/7.3.0	
  (HPCG	
  3.0	
  reference	
  code)	
  	
  



Scaling test for HPCG-CPU-GitHub-Intel(1) up to 4.6% Blue Waters XEs 

9 HPCG and HPGMG benchmark tests on MPMD mode on Blue Waters – a Cray XE6/XK7 hybrid system 

XEs MPI ranks HPCG 
(GFLOP/s) 

Number of 
equations in 

total 
Memory (GB) Efficiency (%) 

1 32 7.02902 35,995,648 25.75 100 

2 64 13.0688 71,991,296 51.50 93 

4 128 27.9278 143,982,592 102.99 99 

8 256 55.3573 287,965,184 205.99 98 

16 512 104.433 575,930,368 411.97 93 

32 1024 218.144 1,151,860,736 823.94 97 

64 2048 435.228 2,303,721,472 1,647.88 97 

128 4096 817.343 4,607,442,944 3,295.75 91 

256 8192 1646.64 9,214,885,888 6591.51 92 

512 16384 3103.43 18,429,771,776 13183 86 

1024 32768 6218.57 36,859,543,552 26366 86 

(1):	
  an	
  executable	
  built	
  with	
  intel/16.0.3.210	
  and	
  cray-­‐mpich/7.3.0	
  (HPCG	
  3.0	
  reference	
  code)	
  	
  



HPCG-GPU-NVIDIA(1) for various local blocks on 8 XK nodes 
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nx ny nz HPCG (GFLOP/s) Number of equations in total Memory (GB) 

24 24 24 15.5542 110,592 0.079 
32 32 32 38.661 262,144 0.188 
40 40 40 55.1535 512,000 0.367 
48 48 48 83.3617 884,736 0.634 
56 56 56 102.637 1,404,928 1.006 
64 64 64 134.636 2,097,152 1.501 
72 72 72 126.136 2,985,984 2.137 
80 80 80 150.928 4,096,000 2.931 
88 88 88 157.044 5,451,776 3.900 
96 96 96 172.29 7,077,888 5.063 
104 104 104 169.535 8,998,912 6.437 
112 112 112 177.864 11,239,424 8.039 
120 120 120 174.563 13,824,000 9.887 
128 128 128 204.912 16,777,216 11.999 
136 136 136 179.439 20,123,648 14.392 
144 144 144 191.406 23,887,872 17.083 
152 152 152 187.779 28,094,464 20.091 
160 160 160 190.252 32,768,000 23.432 
168 168 168 209.338 37,933,056 27.125 
176 176 176 207.152 43,614,208 31.187 
184 184 184 167.078 49,836,032 35.635 
192 192 192 164.078 56,623,104 40.487 
200 200 200 178.81 64,000,000 45.761 
208 208 208 185.213 71,991,296 51.474 
216 216 216 180.76 80,621,568 57.644 

(1):	
  an	
  executable	
  compaTble	
  with	
  cray-­‐mpich	
  on	
  Blue	
  Waters	
  	
  provided	
  by	
  NVIDIA	
  



HPCG-GPU-NVIDIA(1) up to 6.1% Blue Waters XKs 
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XKs MPI 
ranks 

nx=ny=nz= 128 nx=ny=nz= 168 nx=ny=nz= 176 

HPCG 
(GFLOP/s) 

Efficiency 
(%) 

HPCG 
(GFLOP/s) 

Efficiency 
(%) 

HPCG 
(GFLOP/s) 

Efficiency 
(%) 

1 1 27.029 100 23.544 100 23.734 100 
2 2 53.353 99 46.811 99 48.960 103 
4 4 103.84 96 93.085 99 95.674 101 
8 8 204.87 95 209.33 111 207.19 109 
16 16 397.87 92 415.67 110 412.30 109 
32 32 790.06 91 827.76 110 692.05 91 
64 64 1493.0 86 1347.1 89 1365.9 90 
128 128 2941.0 85 2741.2 91 2724.6 90 
256 256 5756.2 83 5365.2 89 5359.8 88 

(1):	
  an	
  executable	
  compaTble	
  with	
  cray-­‐mpich	
  on	
  Blue	
  Waters	
  	
  provided	
  by	
  NVIDIA	
  



HPCG-MPMD-CPU/GPU(1) on a single XE or XK node 
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Node type MPI 
ranks Threads nx=ny= 

nz=72 
nx=ny= 
nz=104 

nx=ny= 
nz=128 

nz=128, 
ny=nz=64 

XE 

1 32 1.0335 1.13907 1.39787 1.43499 

2 16 2.28724 2.2585 2.76631 2.98869 

4 8 5.3681 5.78568 7.21688 7.14705 

8 4 5.94444 6.4733 7.73771 7.88999 

16 2 7.04848 6.74828 8.02983 8.32372 

32 1 6.69432 6.31722 OOM(2) 7.97788 

XK 

1 1 12.7187 17.2333 22.9948 17.2444 
2 1 15.2734 18.4187 24.5339 20.31 
4 1 15.9005 18.9973 24.5516 21.899 
6 1 17.0141 19.2494 OOM(2) 22.3401 
8 1 16.0738 OOM(2) OOM(2) 22.3905 
10 1 17.1923 OOM(2) OOM(2) 22.7505 
12 1 17.3912 OOM(2) OOM(2) 22.5492 
14 1 17.2224 OOM(2) OOM(2) 22.7725 
16 1 17.4242 OOM(2) OOM(2) OOM(2) 

(1):	
  MPMD	
  executable	
  binaries	
  compaTble	
  with	
  cray-­‐mpich	
  on	
  Blue	
  Waters	
  	
  provided	
  by	
  NVIDIA,	
  (2)	
  OOM:	
  Out-­‐of-­‐Memory	
  error	
  



Scalability tests of HPCG-MPMD-CPU/GPU(1) with up to 128 XE/XKs 
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Number 
of nodes 

HPCG-HPMD-CPU HPCG-MPMD-GPU 

2thr/mpi(2) 8thr/mpi 8mpi/gpu(3) 10mpi/gpu 12mpi/gpu 

1 8.31327 7.14167 22.2208 22.5616 22.3774 

2 16.2669 14.1543 43.985 44.5186 44.4957 

4 32.4941 28.0463 87.3184 88.2059 86.0493 

8 65.1978 54.7415 170.352 175.311 170.902 

16 124.731 108.783 339.408 338.977 282.692 

32 248.387 216.612 648.375 692.816 525.783 

64 493.589 409.541 1266.32 1273.18 1173.86 

128 930.88 812.448 2498.76 2529.21 2245.37 

(1):	
  MPMD	
  executable	
  binaries	
  compaTble	
  with	
  cray-­‐mpich	
  on	
  Blue	
  Waters	
  	
  provided	
  by	
  NVIDIA,	
  	
  
(2)	
  thr/mpi:	
  number	
  of	
  threads	
  per	
  MPI	
  rank,	
  (3)	
  mpi/gpu:	
  number	
  of	
  MPI	
  ranks	
  per	
  GPU	
  



Per-MPI performance of HPCG-MPMD-CPU/GPU(1) 
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Number 
of nodes 

HPCG-HPMD-CPU HPCG-MPMD-GPU 

2thr/mpi(2) 8thr/mpi 8mpi/gpu(3) 10mpi/gpu 12mpi/gpu 

1 0.5196 1.7854 2.7776 2.2562 1.8648 

2 0.5083 1.7693 2.7491 2.2259 1.8540 

4 0.5077 1.7529 2.7287 2.2051 1.7927 

8 0.5094 1.7107 2.6618 2.1914 1.7802 

16 0.4872 1.6997 2.6516 2.1186 1.4724 

32 0.4851 1.6923 2.5327 2.1651 1.3692 

64 0.4820 1.5998 2.4733 1.9893 1.5285 

128 0.4545 1.5868 2.4402 1.9759 1.4618 

(1):	
  MPMD	
  executable	
  binaries	
  compaTble	
  with	
  cray-­‐mpich	
  on	
  Blue	
  Waters	
  	
  provided	
  by	
  NVIDIA,	
  	
  
(2)	
  thr/mpi:	
  number	
  of	
  threads	
  per	
  MPI	
  rank,	
  (3)	
  mpi/gpu:	
  number	
  of	
  MPI	
  ranks	
  per	
  GPU	
  



HPCG performance of MPMD runs with up to 128 XEs and 128 XKs 
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XE nodes XK nodes Case I(1) Case II(2) Case III(3) Case IV(4) 
1 1 24.0831   14.2045 12.2138 
2 2 46.7258 26.6157 28.2871 24.3066 
4 4 92.937 53.0355 55.8481 48.7609 
8 8 182.796 105.505 106.092 93.1538 
16 16 350.558 201.75 208.912 159.893 
32 32 693.168 402.937 417.709 371.003 
64 64 1366.53 803.817 815.194 725.243 
128 128 2599.56 1571.16 1609.91 1461.7 

(1):	
  8	
  thread/MPI	
  @	
  XE	
  +	
  10	
  MPI/GPU	
  @	
  XE,	
  (2):	
  2	
  thread/MPI	
  @	
  XE	
  +	
  10	
  MPI/GPU	
  @	
  XK,	
  	
  	
  
(3):	
  2	
  thread/MPI	
  @	
  XE	
  +	
  12	
  MPI/GPU	
  @	
  XK,	
  (4):	
  2	
  thread/MPI	
  @XE	
  and	
  XK	
  w/o	
  GPU	
  

XE nodes XK nodes Case I(1) Case II(2) Case III(3) Case IV(4) 
1 1 1.7202   0.5073 0.5089 
2 2 1.6688 0.5118 0.5051 0.5064 
4 4 1.6596 0.5100 0.4986 0.5079 
8 8 1.6321 0.5072 0.4736 0.4852 
16 16 1.5650 0.4850 0.4663 0.4164 
32 32 1.5473 0.4843 0.4662 0.4831 
64 64 1.5251 0.4831 0.4549 0.4722 
128 128 1.4506 0.4721 0.4492 0.4758 

HPCG	
  performance	
  of	
  MPMD	
  runs	
  (unit:	
  GFLOP/s)	
  

HPCG	
  performance	
  per	
  MPI	
  rank	
  of	
  MPMD	
  runs	
  (unit:	
  GFLOP/s)	
  



Concluding remarks - HPCG 
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•  HPCG	
  benchmarking	
  on	
  CPU-­‐based	
  XEs	
  
•  Consistent	
  performance	
  for	
  various	
  numbers	
  of	
  equaJons	
  per	
  MPI	
  rank	
  
•  More	
  than	
  or	
  equal	
  to	
  86%	
  parallel	
  efficiency	
  with	
  up	
  to	
  1024	
  XE	
  nodes	
  

•  HPCG	
  benchmarking	
  on	
  GPU-­‐enabled	
  XKs	
  
•  Performance	
  increases	
  exponenJally	
  w/	
  number	
  of	
  equaJons	
  per	
  MPI	
  rank	
  at	
  the	
  beginning,	
  

and	
  than	
  converges	
  to	
  a	
  certain	
  level	
  
•  More	
  than	
  or	
  equal	
  to	
  88%	
  parallel	
  efficiency	
  with	
  up	
  to	
  256	
  XK	
  nodes	
  
•  HPCG	
  on	
  XKs	
  is	
  around	
  2.7	
  Jmes	
  faster	
  than	
  HPCG	
  on	
  the	
  same	
  number	
  of	
  XEs	
  

•  HPCG	
  on	
  MPMD	
  mode	
  
•  SynchronizaJon	
  of	
  per-­‐MPI	
  performance	
  

•  Increasing	
  number	
  of	
  OpenMP	
  threads	
  on	
  XEs	
  
•  Increasing	
  number	
  of	
  MPI	
  ranks	
  per	
  GPU	
  on	
  XKs	
  

•  The	
  synchronizaJon	
  results	
  in	
  60%	
  to	
  100%	
  improvement	
  in	
  performance	
  

HPCG and HPGMG benchmark tests on MPMD mode on Blue Waters – a Cray XE6/XK7 hybrid system 



HIGH PERFORMANCE GEOMETRIC MULTI-
GRID (HPGMG) BENCHMARK 
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Introduction of HPGMG benchmarking 
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•  An	
  effort	
  for	
  HPC	
  performance	
  benchmarking	
  on	
  geometric	
  mulJ-­‐grid	
  methods	
  
•  Community-­‐driven	
  development	
  process	
  
•  Long-­‐term	
  durability	
  
•  Scale-­‐free	
  specificaJon	
  and	
  scale-­‐free	
  communicaJon	
  

•  HPGMG-­‐FE(Finite	
  Element):	
  compute-­‐intensive	
  and	
  cache-­‐intensive	
  
•  HPGMG-­‐FV(Finite	
  Volume):	
  memory	
  bandwidth-­‐intensive	
  

•  Used	
  for	
  the	
  official	
  list	
  
•  Solving	
  an	
  ellipJc	
  problem	
  on	
  isotropic	
  Cartesian	
  grids	
  with	
  4th	
  order	
  accuracy	
  
•  4×	
  FP	
  ops,	
  3×	
  MPI	
  messages,	
  2×	
  MPI	
  message	
  size	
  w/o	
  DRAM	
  data	
  movement	
  compared	
  to	
  

2th	
  order	
  HPGMG-­‐FV	
  
•  Employing	
  the	
  Full	
  MulJ-­‐grid	
  (FMG)	
  F-­‐cycle	
  
•  A	
  series	
  of	
  progressively	
  deeper	
  geometric	
  
	
  	
  	
  	
  	
  	
  	
  mulJ-­‐grid	
  V-­‐cycles	
  

Source:	
  Williams	
  (hpgmg.org),	
  HPGMG	
  BoF,	
  SC-­‐16,	
  2016	
  

HPGMG-FV uses Full Multigrid (FMG) 

High Performance Geometric Multigrid (HPGMG) BoF 
Supercomputing, 2016 7 

!  FMG is a single pass, direct solver that provides a solution to 
the discretization error (4th order) 

!  The FMG multigrid F-Cycle is a series of progressively deeper 
geometric multigrid V-cycles 2563 

23 

43 

83 

163 

323 

643 

1283 

HPCG and HPGMG benchmark tests on MPMD mode on Blue Waters – a Cray XE6/XK7 hybrid system 

Coarse	
  grid	
  operaTons	
  
AgglomeraTon	
  stages	
  

Distributed	
  fine	
  grid	
  operaTons	
  



HPGMG performance on 16 XE nodes: HPGMG-CPU-8a2f0e1(1) 
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(1):	
  a	
  HPGMG	
  executable	
  binary	
  	
  built	
  with	
  gcc/4.9.3	
  and	
  cray-­‐mpich/7.3.3	
  (commit:	
  8a2f0e1)	
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nthr XE 
nodes 

MPI 
ranks 

Cells/ 
thread 

HPGMG (GDOF/s) Efficiency 
(%) 

HPGMG 
/MPI 1h 2h 4h 

1 2 64 2563 0.06016 0.05753 0.04387 100 0.000940 
1 16 512 2563 0.474 0.4441 0.3767 98 0.000926 
1 128 4096 2563 3.762 3.466 2.752 98 0.000918 
1 1024 32768 2563 29.35 26.18 18.62 95 0.000896 
1 8192 262144 2563 229.6 198 126.3 93 0.000876 
2 2 32 2563 0.06054 0.05777 0.05312 100 0.001892 
2 16 256 2563 0.4708 0.4493 0.3952 97 0.001839 
2 128 2048 2563 3.784 3.496 2.884 98 0.001848 
2 1024 16384 2563 28.85 25.39 19.03 93 0.001761 
2 8192 131072 2563 223.7 189.5 125.1 90 0.001707 
4 2 16 2563 0.05672 0.05449 0.04811 100 0.003545 
4 16 128 2563 0.4473 0.4245 0.3591 99 0.003495 
4 128 1024 2563 3.526 3.286 2.654 97 0.003443 
4 1024 8192 2563 26.63 23.3 17.08 92 0.003251 
4 8192 65536 2563 205.9 172.8 112.5 89 0.003142 
8 2 8 2563 0.05662 0.05462 0.04338 100 0.007078 
8 16 64 2563 0.4485 0.4244 0.3367 99 0.007008 
8 128 512 2563 3.503 2.312 2.463 97 0.006842 
8 1024 4096 2563 26.3 22.86 15.59 91 0.006421 
8 8192 32768 2563 201.5 165.7 100.4 87 0.006149 

HPGMG performance(1) with up to 36% Blue Waters XEs 

(1):	
  with	
  HPGMG-­‐CPU-­‐8a2f0e1,	
  a	
  HPGMG	
  executable	
  binary	
  	
  built	
  with	
  gcc/4.9.3	
  and	
  cray-­‐mpich/7.3.3	
  (commit:	
  8a2f0e1)	
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nMPI 
/GPU(2) K(3) nB(4) XE nodes nMPI(5) Boxes /

MPI(6) 
Total 
boxes  

HPGMG 
(1h) 

1 8 1 16 16 1 5123 0.3304 
1 8 2 16 16 1.688 7683 0.5639 
1 8 3 16 16 1.688 7683 0.5636 
2 8 1 16 32 1.688 7683 0.589 
3 8 1 16 48 0.562 7683 0.5909 
1 7 8 16 16 7.812 6403 0.545 
1 7 9 16 16 7.812 6403 0.5447 
1 7 14 16 16 13.5 7683 0.6195 
1 7 16 16 16 13.5 7683 0.6194 
7 7 2 16 112 1.929 7683 0.5837 
7 7 3 16 112 1.929 7683 0.5829 
1 6 112 16 16 108 7683 0.6433 
1 6 108 16 16 108 7683 0.6433 
2 6 54 16 32 54 7683 0.6442 
4 6 27 16 64 27 7683 0.646 
8 6 14 16 128 13.5 7683 0.5937 

HPGMG-GPU-02c7ea2 (1) on 16 XKs 

(1):	
  a	
  HPGMG	
  executable	
  binary	
  	
  built	
  with	
  CUDA	
  7.5	
  and	
  cray-­‐mpich/7.3.3	
  (commit:	
  02c7ea214ce8),	
  	
  
(2)	
  Number	
  of	
  MPI	
  rank	
  assigned	
  to	
  each	
  GPU,	
  (3)	
  the	
  log	
  base	
  2	
  of	
  the	
  dimension	
  of	
  each	
  box	
  on	
  the	
  finest	
  grid,	
  

(4)	
  Target	
  number	
  of	
  boxes	
  per	
  process,	
  (5)	
  Number	
  of	
  MPI	
  rank,	
  (6)	
  Number	
  of	
  boxes	
  assigned	
  to	
  process	
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XK 
nodes 

MPI 
ranks 

Cells/ MPI 
rank 

Number of 
cells 

HPGMG (GDOF/s) Effici
ency  

HPGMG 
/MPI rank 1h 2h 4h 

2 2 108 × 643 3843 0.08475 0.04496 0.0144 100% 0.042375 

16 16 108 × 643 7683 0.6433 0.3325 0.1043 95% 0.040206 

128 128 108 × 643 15363 4.611 2.271 0.697 85% 0.036023 

1024 1024 108 × 643 30723 27.24 13.11 4.104 63% 0.026602 

2 4 54 × 643 3843 0.08539 0.0486 0.01677 100% 0.021348 

16 32 54 × 643 7683 0.6446 0.3463 0.1133 94% 0.020144 

128 256 54 × 643 15363 4.734 2.419 0.7401 87% 0.018492 

1024 2048 54 × 643 30723 malloc failed - create_level/level->my_boxes 

2 8 27 × 643 3843 0.08531 0.05022 0.01801 100% 0.010664 

16 64 27 × 643 7683 0.6492 0.366 0.1217 95% 0.010144 

128 512 27 × 643 15363 4.972 2.675 0.8368 91% 0.009711 

1024 4096 27 × 643 30723 malloc failed - create_level/level->my_boxes 

HPGMG scalability test(1) with up to 24% Blue Waters XKs 

(1):	
  with	
  HPGMG-­‐GPU-­‐02c8ea2,	
  a	
  HPGMG	
  executable	
  binary	
  	
  built	
  with	
  CUDA	
  7.5	
  and	
  cray-­‐mpich/7.3.3	
  (commit:	
  02c7ea214ce8)	
  



Run type (nthr, nMPI/
GPU, k, nB) 

Number of 
cells Boxes /MPI 

HPGMG (GDOF/s) HPGMG /MPI 
rank 1h 2h 4h 

16 XE only (2,1,6,108) 7683 85.75 0.426 0.3437 0.2363 0.001664 

16 XK only (2,1,6,108) 17923 108 0.6433 0.3325 0.1043 0.040206 

MPMD (2,1,6,108) 17923 80.706 0.4002 0.3257 0.2294 0.001471 

With	
  synchronized	
  per-­‐MPI	
  process	
  performance	
  
Run type (nthr, nMPI/

GPU, k, nB) 
Number of 

cells Boxes /MPI 
HPGMG (GDOF/s) HPGMG /MPI 

rank 1h 2h 4h 

16 XE only (8,7,7,2) 6403 1.953 0.3525 0.2084 0.063 0.005508 

16 XK only (8,7,7,2) 7683 1.929 0.4828 0.1578 0.03365 0.004311 

MPMD (8,7,7,2) 8963 1.949 0.7949 0.2997 0.0768 0.004516 
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HPGMG in MPMD mode on 16 XE and 16 XK nodes 

With	
  the	
  configuraTon	
  for	
  the	
  best	
  GPU	
  performance	
  



Run type (nthr, nMPI/
GPU, k, nB) 

Number 
of cells Boxes /MPI 

HPGMG (GDOF/s) HPGMG /MPI 
rank 1h 2h 4h 

128 XE only (2,1,6,108) 15363 85.75 3.373 2.682 1.764 0.001647 

128 XK only (2,1,6,108) 35843 108 4.611 2.271 0.697 0.036023 

MPMD (2,1,6,108) 35843 80.706 3.171 2.539 1.69 0.001457 

With	
  synchronized	
  per-­‐MPI	
  process	
  performance	
  
Run type (nthr, nMPI/

GPU, k, nB) 
Number 
of cells Boxes /MPI 

HPGMG (GDOF/s) HPGMG /MPI 
rank 1h 2h 4h 

128 XE only (8,7,7,2) 12803 1.953 2.618 1.417 0.3976 0.005113 

128 XK only (8,7,7,2) 15363 1.929 3.557 1.026 0.2039 0.003970 

MPMD (8,7,7,2) 17923 1.949 5.818 1.917 0.433 0.004132 
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HPGMG in MPMD mode on 128 XE and 128 XK nodes 

With	
  the	
  configuraTon	
  for	
  the	
  best	
  GPU	
  performance	
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•  HPGMG	
  benchmarking	
  on	
  CPU-­‐based	
  XEs	
  
•  HPGMG	
  performance	
  rapidly	
  increases	
  with	
  number	
  of	
  cells/MPI,	
  and	
  then	
  converges.	
  	
  	
  
•  Very	
  effecJve	
  OpenMP	
  implementaJon	
  in	
  a	
  NUMA	
  core	
  
•  Very	
  impressive	
  parallel	
  efficiency:	
  ≥	
  87%	
  with	
  up	
  to	
  36%	
  Blue	
  Waters	
  XE	
  nodes	
  (=8192	
  XEs)	
  

•  HPGMG	
  benchmarking	
  on	
  GPU-­‐enabled	
  XKs	
  
•  HPGMG	
  on	
  16	
  XKs	
  is	
  around	
  34%	
  faster	
  than	
  HPGMG	
  on	
  16	
  XEs	
  
•  Parallel	
  efficiency	
  rapidly	
  drops	
  to	
  64%	
  on	
  24%	
  Blue	
  Waters	
  XK	
  nodes	
  (=1024	
  XKs)	
  

•  HPGMG	
  on	
  MPMD	
  mode	
  
•  SynchronizaJon	
  of	
  per-­‐MPI	
  performance	
  

•  Increasing	
  number	
  of	
  OpenMP	
  threads	
  on	
  XEs	
  
•  Increasing	
  number	
  of	
  MPI	
  ranks	
  per	
  GPU	
  on	
  XKs	
  

•  The	
  synchronizaJon	
  results	
  in	
  100%	
  improvement	
  in	
  performance	
  compared	
  to	
  others	
  

HPCG and HPGMG benchmark tests on MPMD mode on Blue Waters – a Cray XE6/XK7 hybrid system 



QUESTIONS ? 
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PROFILING HPGMG (WHY HPGMG PERFORMANCE IS 
PROPORTIONAL TO LOCAL BLOCK SIZE?) 

Bonus slides 
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DOFS/node	
  vs.	
  HPGMG	
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Profiling HPGMG (why HPGMG is proportional to local problem size?) 

DOFS/node	
  vs.	
  Cache	
  hit	
  raTo	
  



DOFS/node	
  vs.	
  ComputaTonal	
  intensity	
  @	
  L1	
  cache	
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Profiling HPGMG (why HPGMG is proportional to local problem size?) 

ComputaTonal	
  intensity	
  @	
  L1	
  cache	
  vs.	
  HPGMG	
  


