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Mo?va?on:	  Next-‐Genera?on	  Plasma	  Simula?on	  

•  Goal:	  model	  Ions,	  Electrons,	  and	  Neutrals	  
as	  separate	  explicit	  fluids	  that	  interact	  
through	  both	  surface	  and	  body	  forces	  
including	  coupling	  to	  Electromagne?c	  
fields.	  

•  Allow	  for	  regimes	  where	  plasma	  is	  not	  in	  
local	  thermodynamic	  equilibrium	  through	  
higher	  moment’s	  of	  Maxwell-‐Boltzmann	  
equa?on	  or	  even	  full	  kine)c	  
representa)on.	  

•  Applica?ons:	  fusion	  innova?ve	  
confinement	  concepts,	  plasma	  actuators	  
for	  supersonic	  craV,	  industrial	  apps.,	  ICF,	  
fundamental	  physics.	  
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Design	  Strategy	  

•  Advanced	  plasma	  models	  involve	  increased	  
computa?onal	  demands.	  

•  Architecture	  trends	  are	  dominated	  by	  
increased	  core	  parallelism	  and	  increased	  
rela?ve	  penalty	  of	  data	  movement.	  

•  Desire	  a	  code	  flexible	  for	  a	  wide	  class	  of	  
problems	  and	  based	  on	  enduring	  standards	  
and	  libraries.	  
– C++,	  OpenCL,	  boost,	  HDF5,	  GlobalArrays	  
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Influencing	  Trends	  

•  Integrated	  Circuit	  gate	  size	  approaching	  
physical	  limits	  

•  Clock	  speed	  has	  peaked	  
•  Total	  machine	  power	  for	  HPC	  systems	  possibly	  
the	  most	  significant	  cost	  factor	  

•  Nearly	  all	  new	  architecture	  investment	  
mo?vated	  by	  the	  consumer	  electronics	  /	  
gaming	  sector.	  



Noah	  Reddell	   IPAM	  HPC	  in	  HEDP	  Workshop	  2012	  

Contemporary	  GPU	  architecture	  

•  512	  cores	  or	  ac?ve	  threads	  
•  Several	  light	  weight	  cores	  per	  instruc?on	  unit	  

–  16	  cores	  comprising	  ‘Streaming	  Mul?processor’	  

•  Memory	  Hierarchy	  
–  2-‐8kB	  private	  memory	  per	  core	  (Fermi)	  as	  registers	  
–  Up	  to	  48	  kB	  shared	  local	  memory	  among	  16	  cores	  (Fermi)	  
–  1-‐2GB	  Global	  DRAM	  
–  These	  resources	  shared	  among	  concurrent	  threads	  (6	  a	  
good	  number	  to	  hit)	  AND	  other	  ac?ve	  kernels.	  

•  Separated	  from	  CPU	  by	  PCIe	  bus.	  
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Notables	  of	  next	  GPU	  architecture	  

•  NVIDIA	  Kepler	  
•  28	  nm	  process	  
•  PCIe	  3.0	  Doubles	  BW	  over	  PCIe	  2.0	  
– 16	  GB/s	  

•  1536	  CUDA	  Cores	  
•  192	  GB/s	  GPU	  Main	  Memory	  BW	  
•  3.1	  TFLOPS	  FMA	  @	  195	  W	  
– 15.8	  GFLOPS/W	  
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Upcoming	  CPU	  architectures	  

•  Intel	  Many	  Integrated	  Cores	  
•  22nm	  process	  
•  ~50	  cores	  per	  chip	  
•  Eight-‐wide	  SP	  /	  four-‐wide	  DP	  vector	  units	  
based	  on	  exis?ng	  SIMD	  and	  AVX	  instruc?ons	  

•  Significant	  development	  of	  auto-‐vectorizing	  
compiler	  technology	  to	  transform	  scalar	  SIMD	  
code	  into	  vector	  instruc?ons.	  

•  Shared	  memory	  capability	  carved	  out	  of	  L3	  
cache.	  
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OpenCL	  
•  Open	  and	  royalty-‐free	  standard	  for	  mul?-‐core	  and	  
many-‐core	  programming	  supported	  by	  dozens	  of	  
HPC	  companies.	  

•  …but	  implemented	  by	  few	  a	  growing	  base	  
–  NVIDIA	  CUDA	  SDK	  on	  Linux	  
–  AMD	  Streaming	  SDK	  on	  Linux	  
–  Apple	  OS	  X	  (AMD+NVIDIA	  GPU,	  Intel	  CPU)	  
–  Intel	  OpenCL	  SDK	  
–  IBM	  OpenCL	  Development	  (POWER7	  CPU)	  

•  Based	  on	  C99	  with	  addi?ons	  and	  omissions	  
•  Data-‐parallel	  programming	  model	  
•  Not	  very	  abstracted.	  	  Developer	  must	  deal	  with	  data	  
locality	  and	  hardware	  specifics	  
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OpenCL	  kernels	  

Single-‐threaded	  C	  version:	   OpenCL	  version:	  
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OpenCL	  API	  

•  Host	  side	  library	  calls	  are	  used	  to:	  
– Compile	  and	  load	  kernels	  
– Define	  work	  dimensions	  
– Move	  memory	  between	  buffers	  and	  host	  RAM	  
– Establish	  queuing	  sequence	  for	  kernels	  
– Check	  status	  of	  running	  jobs	  
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NERSC	  and	  NCSA	  OpenCL	  support	  

•  Dirac	  –	  NERSC	  -‐	  44	  nodes	  NVIDIA	  C2050	  
‘Fermi’,	  4	  nodes	  NVIDA	  C1060	  Tesla.	  OpenCL	  
through	  NVIDA	  CUDA	  SDK	  

•  Accelerator	  Cluster	  –	  NCSA	  –	  40	  nodes	  with	  a	  
mix	  of	  NVIDIA	  GPU,	  AMD	  GPU,	  AMD	  CPUs.	  
OpenCL	  through	  NVIDIA	  CUDA	  SDK	  or	  AMD	  
Stream	  SDK	  

•  Lincoln	  –	  NCSA	  –	  192	  nodes	  with	  NVIDIA	  Tesla	  
S1070.	  
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Jaguar	  upgrade	  to	  Titan	  

•  Demonstrates	  con?nued	  commitment	  to	  
many-‐core	  /	  GPU	  based	  nodes.	  (est.	  2013)	  

•  7k	  –	  18k	  NVIDIA	  
Tesla	  GPUs	  

•  16-‐core	  AMD	  CPU	  
•  Integrated	  
OpenCL	  plaporm	  
please…	  
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Data	  movement	  is	  precious	  

•  PCIe	  2.0	  x16	  
–  8	  GB/s	  host	  to	  GPU	  and	  8	  GB/s	  GPU	  to	  host	  

•  Using	  NVIDIA	  Fermi	  M2050	  specs:	  
•  Peak	  performance:	  515	  Gflop/s	  DP	  
•  515	  Gflop/s	  ÷	  8	  GB/s	  ×	  8	  bytes/double)	  

–  515	  floa?ng	  point	  opera?ons	  needed	  per	  operand	  
transferred	  between	  GPU	  and	  host	  to	  hide	  PCIe	  bosleneck	  

•  GPU	  Memory	  bandwidth:	  148	  GB/s	  to	  cores	  
–  28	  floa?ng	  point	  opera?ons	  needed	  per	  operand	  
transferred	  between	  GPU	  GRAM	  and	  core	  to	  hide	  memory	  
interface	  bosleneck	  
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Data	  movement	  severely	  affects	  power	  

•  Energy	  requirements	  for	  one	  FLOP	  around	  50	  
pJ	  for	  FMA	  with	  operands	  held	  locally	  in	  
registers	  or	  L1	  cache.	  

•  But	  moving	  data	  and	  other	  overhead	  accounts	  
for	  about	  1k-‐10k	  pJ	  per	  FLOP.	  
–  In	  one	  study	  1.3k	  pJ	  for	  local	  DRAM,	  14k	  pJ	  for	  
distributed	  (MPI)	  memory	  access.1	  

	  
1.	  Kogge,	  2011	  Hardware	  Evolu?on	  Trends	  of	  Exascale	  Compu?ng.	  
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Tight	  parallelism	  important	  too	  

•  Especially	  for	  GPU	  implementa?ons	  
•  NVIDIA	  and	  AMD	  GPUs	  both	  are	  based	  on	  
architectures	  with	  many	  more	  func?onal	  units	  
than	  instruc?on	  units	  and	  schedulers.	  

•  Algorithms	  that	  support	  all	  kernel	  instances	  
simultaneously	  performing	  the	  same	  
opera?on	  on	  different	  data	  perform	  best	  

•  CPU	  implementa?ons	  must	  auto-‐vectorize	  to	  
u?lize	  SSE3	  and	  AVX	  hardware.	  
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Mo?va?on	  for	  new	  fluid	  solver	  

•  Design	  for	  many-‐core	  architectures	  
•  Move	  memory	  less	  
–  The	  common	  denominator	  in	  impediments	  to	  exascale:	  
power	  and	  bandwidth	  

•  Use	  established	  packages	  where	  possible	  
•  Support	  problem	  sizes	  larger	  than	  GPU	  DRAM	  capacity.	  
•  Support	  High-‐order	  methods	  
–  Immediate	  focus	  on	  explicit	  methods	  
–  Targe?ng	  locally-‐implicit	  methods	  for	  s?ff	  problems	  
– Maintain	  flexibility	  for	  fully	  implicit	  approach	  

•  Be	  useful	  to	  others	  in	  the	  community	  
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Finite	  Volume	  Methods	  

•  Structured	  solu?on	  for	  hyperbolic	  PDEs	  
applied	  to	  domains	  decomposed	  into	  cells,	  or	  
volumes.	  

•  Explicit	  approach	  yields	  parallel	  algorithm	  with	  
only	  nearby-‐neighbor	  communica?on.	  

•  1st-‐order,	  2nd-‐order,	  and	  higher-‐order	  
extensions	  developed.	  
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Mul?-‐level	  domain	  decomposi?on	  
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Mul?-‐level	  domain	  decomposi?on	  

(Plus	  pinned	  memory	  efforts.)	  
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Course	  and	  fine	  parallelism	  

Transformed	  our	  previous	  plasma	  simula?on	  
code	  WARPX	  which	  relies	  solely	  on	  MPI	  for	  
parallelism	  to	  one	  that	  makes	  beser	  use	  of	  
modern	  architectures.	  
	  
Star?ng	  point:	  1	  MPI	  process	  per	  core,	  all	  
memory	  sharing	  through	  MPI	  Send/Receive,	  all	  
steps	  execute	  in	  series.	  
	  
Common	  story	  for	  many	  HPC	  codes.	  
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Course	  and	  fine	  parallelism	  

First	  asempt	  at	  
OpenCL	  
implementa?on	  
uses	  mul?ple	  
kernels	  and	  thus	  
more	  GPU	  global	  
memory	  transfer	  
than	  necessary.	  
	  
Mix	  of	  GPU	  and	  CPU	  
compu?ng.	  	  
OpenCL,	  pthreads,	  
and	  MPI	  parallel	  
execu?on	  models	  
combined.	  
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Course	  and	  fine	  parallelism	  
WARPM	  targets	  
consolidated	  kernel	  
model	  
• Framework	  
suppor?ng	  local/
explicit	  numerical	  
methods	  for	  fluids	  
and	  kine?c	  systems	  
of	  hyperbolic	  
equa?ons.	  
• ‘M’	  for	  many-‐core	  
• Mo?vated	  by	  
elimina?ng	  
unnecessary	  memory	  
transfers	  
• Natural	  support	  for	  
heterogeneous	  
compu?ng	  on	  HPC	  
clusters	  
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WARPM	  Framework	  
Orchestrates	  computa?onal	  kernels,	  memory	  movement,	  
and	  disk	  i/o	  based	  on	  user	  specified	  dependencies	  

Users	  supply	  the	  computa?onal	  model	  and	  evalua?on	  sequence.	  

Compute	  
Cores	  

Host	  
Memory	  

GPU	  
Memory	  

Start Time Step

Write Out 
Solution 
from last 

step

EM Field 
advance

Electron 
Fluid 

Advance

Electron 
Fluid 

Advance

Electron 
Fluid 

Advance

MPI Ghost 
Cell updates 

once 
exteriors 
complete

Time step ALL Reduce

Ion and 
Neutral fluid 

evolution
Apply 

Physical 
Boundary 
Conditions

End Time Step

Memory xfer

Memory xfer

WARPM 
Compute 

Framework

task	  
<id>	   Steps	  to	  apply	  

List	  of	  
Dependenci

es	  

List	  of	  buffer	  
resources	  

<1>	   Old	  Writer	   [qold]	  

<2>	   Fluid	  Kernel	   [qold,	  qnew]	  

<3>	   GA	  Ghost	  Sync	   <2>.periph	   [qnew]	  

<4>	   Swap	  Old/New	   <1>,<2>,<3>	   [qold,	  qnew]	  

<5>	   Time-‐step	  reduce	   <2>	  
…
	  

…
	  

…
	  

…
	  

MPI	  
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Run?me	  Dynamic	  Code	  Assembly	  

•  Rela?ve	  low	  overhead	  for	  the	  OpenCL	  
compiler	  vs.	  typical	  simula?on	  run.	  

•  OpenCL	  scheme	  inherently	  supports	  run?me	  
compila?on.	  

•  WARPM	  dynamically	  gathers	  and	  s?tches	  
together	  source	  code	  based	  on	  the	  user’s	  
simula?on	  parameters.	  
– Numerical	  method,	  geometry,	  equa?on	  system	  
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OpenCL	  Performance	  Assessment	  

•  Review	  the	  intermediate	  or	  
assembly	  OpenCL	  compiler	  
output.	  

•  NVIDIA	  Parallel	  Profiler	  

•  TRACE	  ?ming	  with	  tools	  such	  as	  TAU	  
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Summary	  
• WARPM	   has	   proven	   to	   be	   an	   effec?ve	   new	   scien?fic	  
compu?ng	   framework	   that	   is	   well	   situated	   for	   emerging	  
compu?ng	  architectures.	  Development	  will	  con?nue.	  
• WARPM	  provides	  a	  framework	  that	  can	  be	  readily	  u?lized	  
by	  users	  to	  solve	  their	  own	  computa?onal	  models.	  
• Introduces	  three	  technologies	  
• OpenCL	   kernel	   code	   that	   is	   dynamically	   assembled	  
from	   code	   modules	   based	   on	   user	   simula?on	  
selec?ons	  at	  run	  ?me.	  
• Domain	   decomposi?on	   and	   boundary-‐first	  
computa?on	   to	   overlap	   computa?on,	   memory	  
movement,	  and	  MPI	  communica?on.	  
• Task	  parallelism	  and	  dependency	  representa?on.	  
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Future	  Work	  

•  Higher	  order	  FV	  and	  DG	  kernel	  
implementa?ons	  

•  Kernel	  op?miza?on	  efforts	  
•  Performance	  analysis	  
•  Study	  plasma	  physics	  
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Thank	  you	  

•  All	  of	  this	  is	  possible	  with	  support	  from	  my	  
Advisor	  Prof.	  Uri	  Shumlak	  

•  And	  the	  DOE	  Computa?onal	  Science	  Graduate	  
Research	  Fellowship	  
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