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Background	
  

•  Simula6ons	
  of	
  fusion-­‐relevant	
  plasmas	
  confined	
  in	
  a	
  torus-­‐
shaped	
  magne6c	
  bo=le	
  called	
  “tokamak”	
  

•  “Fusion-­‐relevant”	
  means	
  plasma	
  temperatures	
  of	
  100	
  million+	
  
degrees	
  

•  Biggest	
  challenge:	
  ITER	
  
•  Much	
  larger	
  than	
  current	
  

tokamaks	
  

•  “Burning	
  plasma”	
  experiments	
  
•  Will	
  require	
  predic6on	
  of	
  each	
  

tokamak	
  shot	
  

•  Ul6mate	
  goal	
  is	
  “whole	
  
device	
  modeling” (WDM) 



Whole	
  device	
  modeling	
  is	
  extremely	
  challenging	
  

•  The	
  important	
  physics	
  spans	
  
huge	
  range	
  of	
  spa6al	
  and	
  
temporal	
  scales	
  

•  Overlap	
  in	
  scales	
  oNen	
  means	
  
strong	
  (simplified)	
  ordering	
  not	
  
possible	
  

•  Transport	
  codes	
  use	
  fluid	
  
approach	
  with	
  “reduced”	
  
models	
  to	
  simulate	
  full	
  discharge	
  
(few	
  seconds)	
  
–  Can	
  miss	
  some	
  important	
  physics	
  

hard	
  to	
  capture	
  with	
  models	
  

–  Difficult	
  to	
  find	
  enough	
  parallelism	
  

10-6! 10-4! 10-2! 100! 102!

Spatial Scales (m)!
electron gyroradius!

debye length!

ion gyroradius!

tearing length!

skin depth! system size!

atomic mfp! electron-ion mfp!

10-10! 10-5! 100! 105!
Temporal Scales (s)!

electron gyroperiod! electron collision!
ion gyroperiod! Ion collision!

inverse electron plasma frequency! confinement!

Inverse ion plasma frequency! current diffusion!
pulse length!



The	
  Gyrokine6c	
  approach	
  

•  Start	
  in	
  the	
  middle	
  and	
  do	
  first	
  
principles	
  calcula6on	
  

•  Try	
  to	
  expand	
  on	
  “both	
  sides”	
  
•  Kine6c	
  approach	
  naturally	
  

capture	
  the	
  important	
  physics	
  
(turbulence,	
  resonances,	
  etc.)	
  

•  The	
  par6cle-­‐in-­‐cell	
  algorithm	
  is	
  
currently	
  the	
  most	
  promising	
  
approach	
  to	
  achieve	
  exascale	
  
level	
  
–  Lots	
  of	
  parallelism	
  (200	
  billion	
  

par6cles,	
  100	
  million	
  grid	
  points	
  
to	
  simulate	
  ITER)	
  

10-6! 10-4! 10-2! 100! 102!

Spatial Scales (m)!
electron gyroradius!

debye length!

ion gyroradius!

tearing length!

skin depth! system size!

atomic mfp! electron-ion mfp!

10-10! 10-5! 100! 105!
Temporal Scales (s)!

electron gyroperiod! electron collision!
ion gyroperiod! Ion collision!

inverse electron plasma frequency! confinement!

Inverse ion plasma frequency! current diffusion!
pulse length!



The	
  Par6cle-­‐in-­‐Cell	
  method	
  in	
  a	
  nutshell	
  
•  Par6cles	
  sample	
  distribu6on	
  func6on	
  
•  Interac6ons	
  via	
  the	
  grid,	
  on	
  which	
  the	
  poten6al	
  is	
  calculated	
  

(from	
  deposited	
  charges).	
  
•  100-­‐1000X	
  more	
  par-cles	
  than	
  grid	
  points	
  
•  Grid	
  resolu6on	
  dictated	
  by	
  Debye	
  length	
  or	
  gyroradius	
  

The PIC Steps 
•  “SCATTER”, or deposit, 

charges on the grid (nearest 
neighbors) 

•  Solve Poisson equation 
•  “GATHER” forces on each 

particle from potential 
•  Move particles (PUSH) 
•  Repeat… 



Added	
  computa6onal	
  complexity	
  due	
  to	
  
“Gyrokine6c”	
  approach	
  

•  Fast	
  helical	
  mo6on	
  of	
  
charged	
  par6cles	
  in	
  strong	
  
magne6c	
  field	
  integrated	
  out	
  
in	
  gyrokine6c	
  equa6on	
  
–  Helical	
  mo6on	
  replaced	
  by	
  

moving	
  rings	
  of	
  dynamically	
  
changing	
  radius	
  

–  No	
  need	
  to	
  resolve	
  the	
  helical	
  
mo6on	
  =	
  larger	
  6me	
  step	
  

•  Complicates	
  charge	
  
deposi6on	
  step	
  
–  Random	
  access	
  to	
  memory	
  

unless	
  par6cles	
  are	
  sorted	
  

ρ	



Classic PIC 4-Point Average GK 
(W.W. Lee, JCP 1987) 

Charge Deposition Step (SCATTER operation) 



XGC1	
  code	
  for	
  plasma	
  edge	
  turbulence	
  

•  Comprehensive	
  first	
  
principles	
  code	
  

•  Move	
  par6cles	
  along	
  the	
  
characteris6cs	
  !ODE	
  
equa6on	
  (RK4)	
  

•  Solve	
  the	
  self-­‐consistent	
  
field	
  !	
  PDE	
  equa6on	
  
solved	
  using	
  PETSc	
  
(precondi6oner	
  Hypre,	
  
KSP	
  GMRES)	
  

•  Kine6c	
  ions	
  +	
  electrons	
  
(real	
  mass	
  ra6o)	
  



XGC1’s	
  programming	
  models	
  

•  MPI	
  +	
  OpenMP	
  +	
  CUDA	
  Fortran	
  for	
  
GPU	
  

•  Top	
  level	
  =	
  MPI	
  
–  Toroidal	
  domain	
  decomposi6on	
  

–  Mul6-­‐process	
  par6cle	
  distribu6on	
  
within	
  toroidal	
  domains	
  (require	
  
careful	
  load	
  balance)	
  

–  Grid-­‐based	
  solver	
  splits	
  matrices	
  
between	
  processes	
  within	
  each	
  
toroidal	
  domain	
  (finite	
  element	
  
solver),	
  implemented	
  with	
  PETSc	
  
library	
  

•  Fine-­‐grained	
  OpenMP	
  at	
  loop	
  level	
  

•  CUDA	
  Fortran	
  for	
  electron	
  6me-­‐
advance	
  on	
  GPU	
  



What	
  is	
  an	
  ideal	
  programming	
  model?	
  

•  A	
  homogeneous	
  programming	
  model	
  that	
  hides	
  the	
  complexity	
  of	
  
mul6core	
  hosts,	
  manycore	
  accelerators,	
  and	
  inter-­‐node	
  messaging	
  

–  Nice	
  but…	
  not	
  going	
  to	
  happen,	
  not	
  realis6c	
  
•  For	
  future	
  systems,	
  non-­‐disrup6ve	
  programming	
  models	
  with	
  

lightweight	
  run6me	
  systems	
  would	
  be	
  preferable	
  

•  Some	
  scien6sts	
  say:	
  Leave	
  it	
  to	
  the	
  applica6on	
  developers	
  to	
  
op6mize	
  performance.	
  Applica6on	
  developers	
  should	
  not	
  have	
  to	
  
fight	
  with	
  or	
  guess	
  the	
  inner	
  workings	
  of	
  programming	
  models	
  in	
  
order	
  to	
  write	
  high	
  performance,	
  scalable	
  codes	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  TRANSPARENT	
  PROGRAMMING	
  MODEL	
  
–  Should	
  have	
  the	
  op6on	
  to	
  access	
  and	
  control	
  low	
  level	
  hardware	
  	
  

•  Okay…	
  maybe	
  not	
  en6rely.	
  I	
  think	
  that	
  the	
  work	
  on	
  DSLs	
  is	
  very	
  
promising	
  for	
  widely-­‐used	
  algorithms	
  (e.g.	
  stencils).	
  Not	
  sure	
  about	
  
what	
  they	
  can	
  do	
  for	
  Par6cle-­‐in-­‐Cell	
  though…	
  



Key	
  new	
  abstrac6ons	
  needed	
  within	
  the	
  
programming	
  models	
  to	
  achieve	
  exascale?	
  
•  Locality-­‐aware	
  loop	
  par66oning	
  strategies	
  (OpenMP	
  guided	
  not	
  good	
  

enough	
  on	
  NUMA	
  nodes)	
  

•  Constructs	
  to	
  par66on	
  loops	
  and	
  data	
  structures	
  on	
  host	
  and	
  
accelerator	
  

•  Be=er	
  thread-­‐processor	
  affinity	
  control	
  

•  The	
  ability	
  for	
  programmers	
  to	
  spawn	
  communica6on	
  threads,	
  
computa6on	
  threads,	
  and	
  helper	
  threads	
  (to	
  help	
  the	
  compute	
  
threads	
  with	
  prefetching,	
  etc.)	
  

•  Be=er	
  support	
  for	
  asynchronous	
  IO,	
  asynchronous	
  compute-­‐
communicate	
  phases,	
  asynchronous	
  compute-­‐compute	
  phases	
  

•  All	
  of	
  the	
  above	
  can	
  be	
  done	
  today	
  with	
  Pthreads	
  but	
  very	
  hard	
  and	
  
painful.	
  Source-­‐to-­‐source	
  compilers	
  could	
  take	
  care	
  of	
  implemen6ng	
  
this	
  while	
  PM	
  hides	
  the	
  complexity.	
  Don’t	
  try	
  to	
  automate	
  everything	
  
though.	
  S6ll	
  want	
  to	
  see	
  the	
  code	
  transforma6ons	
  	
  



Key	
  new	
  abstrac6ons	
  needed	
  within	
  the	
  
programming	
  models	
  (con6nued…)	
  

More	
  specific	
  to	
  global	
  GK	
  PIC	
  code	
  like	
  XGC1:	
  

•  Coherent	
  access	
  (or	
  atomic	
  updates)	
  to	
  large	
  working	
  sets	
  
–  All	
  threads	
  within	
  a	
  process	
  may	
  need	
  shared	
  random	
  read-­‐modify-­‐write	
  

access	
  to	
  O(100MB),	
  the	
  size	
  of	
  a	
  poloidal	
  plane	
  (PIC	
  “sca=er”	
  phase)	
  

–  The	
  biggest	
  gap	
  in	
  exis6ng	
  models	
  is	
  the	
  performance	
  of	
  fine-­‐grained	
  
(increment	
  2	
  doubles)	
  atomics	
  or	
  transac-ons	
  (the	
  most	
  natural	
  ways	
  of	
  
expressing	
  this).	
  	
  This	
  performance	
  deficiency	
  mo6vates	
  complex	
  
decomposi6ons	
  or	
  replica6ons.	
  	
  The	
  former	
  require	
  inter-­‐process	
  
communica6on.	
  	
  The	
  la=er	
  require	
  extra	
  memory.	
  	
  Both	
  are	
  una=rac6ve	
  
in	
  the	
  manycore	
  limit.	
  

•  Dynamic	
  run6me	
  to	
  support	
  computa6on	
  as	
  directed	
  acyclic	
  graph	
  
–  	
  To	
  tolerate	
  long	
  latencies	
  in	
  data	
  movement,	
  u6lize	
  compu6ng	
  

resources,	
  overlap	
  data	
  movement,	
  communica6on,	
  computa6on	
  
(especially	
  important	
  for	
  GPU-­‐like	
  architecture)	
  (Habanero?)	
  



What	
  breakthrough	
  in	
  programming	
  
environments	
  is	
  required	
  for	
  exascale?	
  

•  Hiding	
  the	
  heterogeneity	
  and	
  memory	
  hierarchy	
  from	
  the	
  
programmer	
  as	
  much	
  as	
  possible,	
  while	
  s6ll	
  providing	
  a	
  prac6cal	
  set	
  
of	
  abstrac6ons	
  to	
  exploit	
  data	
  locality	
  and	
  key	
  hardware	
  features	
  

•  Domain	
  Specific	
  Languages	
  and	
  autotuning	
  are	
  certainly	
  good	
  
approaches	
  for	
  dealing	
  with	
  widely	
  used	
  algorithms	
  that	
  are	
  well-­‐
known	
  (PDE	
  solvers,	
  FFT	
  spectral	
  solvers,	
  etc.)	
  
–  In	
  the	
  short	
  term	
  we	
  need	
  efficient	
  thread-­‐safe	
  libraries,	
  in	
  par6cular,	
  

MPI	
  library	
  

–  For	
  XGC1,	
  we	
  need	
  robust	
  thread-­‐safe	
  PETSc	
  library	
  for	
  solving	
  mul6ple	
  
independent	
  systems	
  (with	
  profiling	
  turned	
  off	
  please…).	
  



Discuss	
  how	
  your	
  applica6on	
  could	
  u6lize	
  task-­‐
based	
  and	
  data-­‐driven	
  programming	
  models	
  

•  Par6cle	
  and	
  grid	
  data	
  structure	
  inter-­‐dependencies	
  in	
  XGC1	
  
(and	
  other	
  GK	
  PIC	
  codes,	
  such	
  as	
  GTC	
  and	
  GTS)	
  prevent	
  
straighiorward	
  use	
  of	
  task-­‐based	
  programming	
  models.	
  Using	
  
a	
  task-­‐based/data-­‐driven	
  programming	
  model	
  would	
  probably	
  
require	
  re-­‐wri6ng	
  the	
  code	
  from	
  scratch.	
  

•  However,	
  some	
  stages	
  of	
  the	
  code	
  could	
  use	
  task-­‐based	
  
parallelism,	
  as	
  demonstrated	
  back	
  in	
  2011	
  with	
  the	
  par6cle	
  
shiNing	
  algorithm	
  in	
  GTS	
  (Preissl	
  et	
  al,	
  SC11)	
  
–  Using	
  a	
  combina6on	
  of	
  OpenMP	
  tasking	
  and	
  PGAS	
  communica6ons	
  

implemented	
  with	
  Fortran	
  co-­‐arrays	
  	
  



How	
  to	
  manage	
  the	
  resiliency	
  challenges	
  in	
  your	
  
code?	
  	
  

•  Write	
  cri6cal	
  data	
  to	
  local	
  NVRAM	
  (burst	
  buffers)	
  to	
  enable	
  
fast	
  restart	
  

•  If	
  a	
  code	
  can	
  checkpoint	
  in	
  less	
  than	
  a	
  minute,	
  then	
  it	
  is	
  likely	
  
that	
  failure	
  rates	
  of	
  about	
  1/hr	
  can	
  be	
  endured	
  with	
  li=le	
  
impact	
  

•  The	
  programmer	
  needs	
  feedback	
  from	
  the	
  system	
  in	
  order	
  to	
  
take	
  ac6on	
  when	
  an	
  error/failure	
  occur	
  
–  Occasional	
  errors	
  affec6ng	
  a	
  small	
  number	
  of	
  par6cles	
  is	
  not	
  

catastrophic.	
  The	
  code	
  could	
  con6nue	
  the	
  calcula6on	
  by	
  simply	
  
reini6alizing	
  these	
  par6cles	
  

–  Losing	
  a	
  whole	
  node	
  would	
  certainly	
  require	
  restar6ng	
  the	
  simula6on	
  
from	
  a	
  previous	
  6me	
  	
  



What	
  to	
  do	
  with	
  periods	
  of	
  idle	
  cores?	
  

•  In	
  XGC1	
  	
  runs	
  we	
  have	
  	
  >1000	
  more	
  par-cles	
  than	
  grid	
  points	
  

•  During	
  computa6ons	
  involving	
  only	
  grid	
  data	
  (e.g.	
  field	
  solver)	
  
it	
  is	
  not	
  efficient	
  to	
  engage	
  all	
  the	
  cores.	
  What	
  to	
  do?	
  
–  Power	
  them	
  down	
  to	
  save	
  energy?	
  

–  Give	
  them	
  other	
  tasks	
  to	
  do,	
  such	
  as	
  diagnos6cs,	
  analysis,	
  rendering	
  
for	
  visualiza6on,	
  etc?	
  

–  Do	
  some	
  I/O,	
  such	
  as	
  checkpoin6ng?	
  

•  Applica6on	
  developers	
  will	
  need	
  easy	
  ways	
  to	
  implement	
  
these	
  possibili6es	
  (ability	
  to	
  spawn	
  helper	
  threads)	
  
–  Give	
  hints	
  to	
  OS	
  that	
  now	
  is	
  a	
  good	
  6me	
  to	
  power	
  down	
  some	
  cores	
  

–  Easy	
  way	
  to	
  separate	
  groups	
  of	
  threads	
  to	
  work	
  on	
  different	
  tasks	
  
–  Give	
  external	
  applica6ons	
  access	
  to	
  main	
  simula6on	
  data	
  (shared	
  

space?)	
  



Example:	
  GoldRush	
  (presented	
  at	
  SC13)	
  



Plenty	
  of	
  idle	
  cycles	
  in	
  “real”	
  applica6ons,	
  
especially	
  with	
  MPI+OpenMP	
  codes	
  (and	
  GPU!)	
  

•  Can we take advantage of this and run analyses on idle cores? 
•  Is it feasible?? 

NOTE: The ratios vary from one system to another!!  



GoldRush:	
  Monitor	
  resources	
  and	
  run	
  analyses	
  
on	
  idle	
  OpenMP	
  cores	
  

•  Harvest	
  Idle	
  Resources	
  for	
  In-­‐Situ	
  
Analy6cs	
  

•  Dynamically	
  predict	
  idle	
  resource	
  
availability	
  

•  Reduce	
  interference	
  with	
  
execu6on	
  thro=ling	
  

•  Uses	
  ADIOS	
  FlexIO	
  method	
  
•  Overhead	
  of	
  GoldRush	
  <	
  0.3%	
  

Particle visualization (parallel coordinates) 



Conclusions	
  

•  There	
  is	
  a	
  huge	
  amount	
  of	
  parallelism	
  in	
  par6cle-­‐in-­‐cell	
  codes	
  
such	
  as	
  XGC1	
  

•  The	
  main	
  challenge	
  is	
  the	
  gather-­‐sca=er	
  opera6ons	
  between	
  
par6cles	
  and	
  grid	
  

•  Do	
  we	
  need	
  to	
  change	
  the	
  algorithm	
  and	
  get	
  rid	
  of	
  the	
  grid??	
  



Thank	
  you…	
  


