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Outline	
  
	
  

 Short	
  descrip,on	
  of	
  science	
  
 Numerical	
  method	
  and	
  paralleliza,on	
  

 Scalability	
  on	
  MIRA	
  
•  512K	
  MPI	
  processes	
  

•  Preliminary	
  analysis	
  

  Improvements	
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EXP:	
  Smoke	
  flow	
  viz.	
  (baseline	
  and	
  actuated	
  cases)	
  
Courtesy	
  M.	
  Amitay	
  et.	
  al.	
  

Aerodynamics	
  and	
  Ac,ve	
  Flow	
  Control	
  
	
  

  Ac,ve	
  Flow	
  control	
  (AFC):	
  	
  	
  
Technology	
   thrust	
   aiming	
   at	
   altering	
   a	
  
natural	
   flow	
   field	
   into	
   a	
  more	
   desirable	
  
state	
   by	
   placing	
   actuators	
   at	
   key	
  
loca,ons	
   in	
   order	
   to	
   improve	
   efficiency	
  
or	
  performance	
  
•  Can	
  prevent/promote	
  flow	
  separa,on	
  
•  Can	
  suppress/enhance	
  turbulence	
  

  Poten,al	
  benefits:	
  
•  Drag	
  reduc,on	
  
•  Li^	
  enhancement	
  
•  Mixing	
  augmenta,on	
  
•  Noise	
  reduc,on	
  

Sketch	
  of	
  a	
  synthe,c	
  jet	
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Mo,va,ons	
  for	
  Ac,ve	
  Flow	
  Control	
  
  Airline	
  industry:	
  

•  Improve	
  aerodynamic	
  efficiency	
  of	
  conven,onal	
  	
  
	
  	
  	
  	
  	
  control	
  surfaces	
  

  Wing	
  +	
  flap	
  
  Stabilizer	
  +	
  Rudder	
  (ver,cal	
  tail)	
  

•  Reduce	
  size	
  and	
  weight	
  
•  Reduce	
  biggest	
  expense,	
  i.e.	
  fuel	
  consump,on	
  
	
  

  Wind	
  turbine	
  industry:	
  
•  Alleviate	
  unsteady	
  aerodynamic	
  loading	
  (gust)	
  

  Force	
  flow	
  reacachment	
  on	
  the	
  wind	
  turbine	
  blades	
  
  Reduce	
  maintenance	
  cost	
  	
  

•  Op,mize	
  turbine	
  performance	
  in	
  varying	
  weather	
  condi,ons	
  
  Low	
  wind	
  period	
  and	
  3-­‐D	
  aero-­‐shaping	
  	
  

•  Increase	
  electricity	
  produc,on	
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•  Massively	
  parallel	
  MPI	
  Navier-­‐Stokes	
  flow	
  solver	
  
•  Models	
  compressible	
  or	
  incompressible,	
  Laminar	
  or	
  	
  	
  	
  
	
  turbulent,	
  steady	
  or	
  unsteady	
  flows	
  

•  3D	
  finite	
  element	
  discre,za,on	
  in	
  space	
  =>	
  Complex	
  geometries	
  
•  fully	
  implicit	
  in	
  ,me	
  	
  =>	
  	
  Δt	
  governed	
  by	
  the	
  physics,	
  not	
  by	
  the	
   	
  	
  

	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  numerical	
  scheme	
  
•  Mesh	
  adapa,vity	
  	
  =>	
  	
  -­‐	
  Grid	
  matches	
  physical	
  scale	
  

	
   	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  -­‐	
  Anisotropic	
  and	
  transient	
  
•  Used	
  to	
  model	
  air	
  flow	
  over	
  airplane	
  wing,	
  blood	
  flow,	
  two	
  
phase	
  flow,	
  etc	
  

•  Scaled	
  to	
  512K	
  cores	
  (Argonne	
  –	
  2013)	
  
•  88%	
  scaling	
  factor	
  with	
  a	
  3.3B	
  element	
  mesh	
  

PHASTA	
  CFD	
  Solver	
  



•  Implicit	
  non-­‐linear	
  FEM	
  solver	
  with	
  two	
  phases	
  of	
  computa,on:	
  
  Equa%on	
  forma%on	
  (Eqn.	
  form.)	
  –	
  depends	
  on	
  elements	
  
	
  
	
  
	
  
	
  
	
  
	
  

  Equa%on	
  solu%on	
  (Eqn.	
  sol.)	
  –	
  depends	
  on	
  degrees-­‐of-­‐freedom	
  (dofs):	
  

PDE/strong	
  form	
  	
  –	
  

Stab	
  FEM	
  	
  –	
  
	
  	
  

Quadrature	
  	
  –	
  

Assembly	
  	
  –	
  

Krylov	
  Itera,ve	
  solver	
  
(GMRES)	
  

…	
  

(⋅)
Ω∫

h
dΩ+ (⋅)

Γ∫
h
dΓ

cGP (⋅)
h

GP

vol

∑ + dGP (⋅)
h

GP

bdy

∑

Current	
  approach	
  –	
  NS	
  flow	
  solver	
  



  Parallel	
  strategy:	
  
  Domain	
  decomposi,on	
  approach	
  based	
  on	
  the	
  elements	
  
  Both	
  compute	
  stages	
  operate	
  off	
  the	
  same	
  mesh	
  par,,on	
  
  Par,,on	
  defines	
  inter-­‐part	
  rela,ons	
  (part-­‐to-­‐part	
  comm.)	
  

PartA	
   PartB	
  

PartC	
  

PartA	
   PartB	
  

PartC	
  

Eqn.	
  form.	
  

Eqn.	
  sol.	
  

Locally,	
  incomplete	
  values	
  
(in	
  b,	
  A,	
  q,	
  etc.)	
  for	
  shared	
  dofs.	
  

	
  
Apply	
  communica,ons	
  to	
  complete	
  

values/entries	
  (in	
  b,	
  q	
  only)	
  

during	
  	
  Eqn.	
  form.	
  

during	
  	
  Eqn.	
  sol.	
  

Current	
  approach	
  –	
  Paralleliza,on	
  



  Communica,ons	
  to	
  complete	
  values/entries	
  and	
  norms:	
  

values	
  accumulated	
  on	
  owners	
   values	
  updated	
  on	
  to	
  non-­‐owners	
  

dofs	
  are	
  shared	
  
between	
  parts	
  

control	
  rela;onship	
  between	
  images	
  
(solid	
  dots	
  indicate	
  owner	
  images)	
  

complete	
  b	
  
	
  
complete	
  q	
  
	
  	
  (for	
  on-­‐part	
  q=Ap)	
  
	
  
on-­‐part	
  norm	
  for	
  q	
  
and	
  all-­‐reduce	
  
	
  	
  (use	
  complete	
  q)	
  

Current	
  approach	
  –	
  Paralleliza,on	
  



	
  
  Equa%on	
  forma%on:	
  

  O(40)	
  peer-­‐to-­‐peer	
  non-­‐blocking	
  comms	
  
  Overlapping	
  comms	
  with	
  comp	
  
  Scales	
  well	
  on	
  many	
  machines	
  

	
  
  Implicit,	
  itera%ve	
  equa%on	
  solu%on:	
  

  Each	
  	
  Krylov	
  vector	
  is:	
  
  q=Ap	
  (matrix-­‐vector	
  product)	
  	
  
  Same	
  peer-­‐to-­‐peer	
  comm	
  of	
  q	
  PLUS	
  
  Orthonormalize	
  against	
  prior	
  vectors	
  	
  
  REQUIRES	
  NORMS	
  =>	
  MPI_Allreduce	
  

P1 P2 

P3 

PHASTA	
  Flow	
  Solver	
  Parallel	
  Paradigm	
  



PHASTA	
  Scaling	
  on	
  MIRA	
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PHASTA	
  Scaling	
  on	
  MIRA	
  

3.3B	
  elements	
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PHASTA	
  Scaling	
  on	
  MIRA	
  

3.3B	
  elements	
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PHASTA	
  Scaling	
  on	
  MIRA	
  

3.3B	
  elements	
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Mesh	
  par,,oning	
   14	
  

•  Pure	
  element-­‐based	
  par,,oners	
  lead	
  significant	
  vertex	
  imbalance	
  
•  More	
  and	
  more	
  shared	
  ver,ces	
  increases	
  communica,on	
  cost	
  

3.3	
  billion	
  elements	
  mesh	
  



Mesh	
  par,,oning	
   15	
  

3.3	
  billion	
  elements	
  par,,oned	
  in	
  512K	
  parts	
  



Mesh	
  par,,oning	
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3.3	
  billion	
  elements	
  par,,oned	
  in	
  512K	
  parts	
  



Mesh	
  par,,oning	
   17	
  

3.3	
  billion	
  elements	
  par,,oned	
  in	
  1536K	
  parts	
  



Mesh	
  par,,oning	
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3.3	
  billion	
  elements	
  par,,oned	
  in	
  1526K	
  parts	
  



Mesh	
  par,,oning	
  Improvement	
   19	
  

•  ParMA	
  Library	
  (Par,,oning	
  using	
  Mesh	
  Adjacency)	
  developed	
  at	
  the	
  	
  

	
  Rensselaer	
  Polytechnic	
  Ins,tute	
  

•  Improve	
  the	
  vertex	
  balance	
  

•  At	
  the	
  price	
  of	
  some	
  element	
  imbalance	
  

•  Decrease	
  the	
  number	
  of	
  shared	
  ver,ces	
  on	
  part	
  boundaries	
  

•  Decrease	
  the	
  communica,on	
  cost	
  

	
  

	
  =>	
  Parts	
  are	
  be9er	
  balance	
  (both	
  in	
  terms	
  of	
  element	
  AND	
  vertex)	
  



Mesh	
  par,,oning	
  Improvement	
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•  ParMA:	
  2	
  algorithms	
  applied	
  successively	
  
•  ParMA	
  Diffusive:	
  	
  

•  Migrate	
  a	
  few	
  elements	
  locally	
  from	
  heavily	
  loaded	
  parts	
  to	
  lightly	
  
loaded	
  neighboring	
  parts	
  

•  ParMA	
  Heavy	
  Part	
  Splisng:	
  (see	
  later)	
  



Mesh	
  par,,oning	
  Improvement	
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•  Parma	
  Diffusive	
  with	
  an	
  extreme	
  case	
  
•  180	
  million	
  elements	
  mesh	
  par,,oned	
  in	
  128K	
  parts	
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  Mesh	
  par,,oning	
  Improvement	
  
180	
  million	
  elements	
  par,,oned	
  in	
  128K	
  parts	
  (no	
  Parma)	
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180	
  million	
  elements	
  par,,oned	
  in	
  128K	
  parts	
  (no	
  Parma)	
  

Mesh	
  par,,oning	
  Improvement	
  



24	
  Mesh	
  par,,oning	
  Improvement	
  
180	
  million	
  elements	
  par,,oned	
  in	
  128K	
  parts	
  (with	
  Parma)	
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180	
  million	
  elements	
  par,,oned	
  in	
  128K	
  parts	
  (with	
  Parma)	
  

Mesh	
  par,,oning	
  Improvement	
  



Mesh	
  par,,oning	
  Improvement	
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•  ParMA:	
  2	
  algorithms	
  applied	
  successively	
  
•  Parma	
  Diffusive:	
  	
  

•  Migrate	
  a	
  few	
  elements	
  locally	
  from	
  heavily	
  loaded	
  parts	
  to	
  lightly	
  
loaded	
  neighboring	
  parts	
  

•  Parma	
  Heavy	
  Part	
  Splisng:	
  	
  

•  Es,mate	
  the	
  number	
  of	
  heavy	
  loaded	
  parts	
  in	
  the	
  mesh	
  (elm	
  and	
  vtx)	
  
•  Generate	
  as	
  many	
  empty	
  parts	
  as	
  needed	
  by	
  grouping	
  lightly	
  loaded	
  

parts	
  together	
  
•  	
  Split	
  the	
  heavy	
  loaded	
  parts	
  in	
  two	
  or	
  more	
  parts	
  and	
  migrate	
  these	
  

new	
  split	
  parts	
  to	
  the	
  empty	
  parts	
  



Home	
  Ins%tu%on	
  

•  PHASTA	
  simula,on	
  running	
  on	
  160K	
  cores	
  of	
  Intrepid	
  BG/P	
  
•  ParaView	
  server	
  running	
  on	
  up	
  to	
  100	
  Eureka	
  nodes	
  and	
  800	
  cores	
  

PHASTA	
  +	
  
Coprocessors	
  

ParaView	
  
client	
  

Compute	
  resource	
   Vis	
  Cluster	
   Worksta,on	
  

Supercompu%ng	
  Facility	
  

ParaView	
  
server	
  

VTK	
  sockets	
  
or	
  GLEAN	
   VNC	
  

Home	
  Ins%tu%on	
  

Live	
  Data	
  Co-­‐Visualiza,on	
  
•  Massively	
  parallel	
  solvers	
  create	
  data	
  at	
  ever	
  increasing	
  rates	
  
•  Our	
  ability	
  to	
  write,	
  store,	
  and	
  process	
  the	
  data	
  has	
  not	
  kept	
  pace	
  
•  Co-­‐visualiza,on	
  seeks	
  to	
  resolve	
  this	
  dilemma	
  
•  Collabora,on	
  with	
  Kitware	
  (ParaView)	
  
	
  



Conclusions	
   28	
  

•  Lessons	
  learned:	
  
•  MPI	
  works	
  well	
  up	
  to	
  O(1	
  million)	
  processes	
  (and	
  beyond?)	
  
•  PHASTA	
  (and	
  fully	
  implicit	
  finite	
  element	
  methods)	
  scale	
  very	
  well	
  	
  
•  Unstructured	
  meshes	
  par,,oning:	
  element	
  AND	
  node	
  balance	
  (ParMA	
  @	
  RPI)	
  
•  MPI-­‐IO	
  based	
  library	
  to	
  load	
  O(1	
  million)	
  parts	
  and	
  write	
  the	
  solu,on	
  for	
  

every	
  rank	
  

	
  
•  Ongoing	
  and	
  future	
  work:	
  

•  Scaling	
  improvement	
  through	
  mesh	
  par,,oning	
  
•  ParMA:	
  heavy	
  part	
  splisng	
  for	
  element	
  and	
  node	
  balance	
  

•  PHASTA:	
  global	
  performance	
  improvement	
  
•  Live	
  Data	
  Co-­‐Visualiza,on	
  on	
  Mira/Tukey	
  
	
  


