
Where	
  are	
  apps	
  en	
  route	
  	
  
to	
  exascale?	
  

IESP	
  #8	
  
Kobe,	
  Japan	
  



How	
  will	
  the	
  G-­‐8	
  and	
  other	
  opera@ng	
  and	
  planned	
  
co-­‐design	
  projects	
  explore	
  new	
  architectural	
  space?	
  

•  3	
  US	
  DOE	
  co-­‐design	
  projects	
  
•  3	
  EU	
  co-­‐design	
  projects	
  
•  6	
  G-­‐8	
  exascale	
  projects	
  
•  to	
  be	
  joined	
  by	
  Chinese	
  and	
  Japanese	
  co-­‐design	
  projects	
  

Table	
  incomplete	
  and	
  unverified	
  



Exascale	
  payoffs	
  for	
  apps	
  
n  Resolve	
  extreme	
  scales	
  
n  Accommodate	
  high	
  fidelity	
  physics	
  in	
  full	
  dimensions	
  
n  Combine	
  mulGple	
  complex	
  models	
  
n  Solve	
  an	
  inverse	
  problem,	
  or	
  perform	
  data	
  assimilaGon	
  	
  
n  Perform	
  opGmizaGon	
  or	
  control	
  
n  QuanGfy	
  uncertainty	
  
n  Validate	
  and	
  verify	
  
n  Solve	
  stochasGc	
  problems	
  
n  Analyze	
  data	
  
n  Combine	
  3rd	
  and	
  4th	
  paradigms	
  



Current	
  co-­‐design	
  and	
  G-­‐8	
  projects	
  
  Primarily	
  (not	
  exclusively)	
  apps	
  using	
  tradiGonal	
  

formulaGons	
  (e.g.,	
  PDEs)	
  and	
  exploring	
  what	
  is	
  
possible	
  with	
  emerging	
  HW/SW	
  environments	
  
(e.g.,	
  GPUs,	
  MPI+X)	
  

  Primarily	
  apps	
  achieving	
  1	
  PF/s	
  for	
  the	
  first	
  Gme	
  
  Encouraging	
  scienGfic	
  progress	
  from	
  improved	
  

resoluGon,	
  fidelity,	
  and	
  relaxaGon	
  of	
  assumpGons	
  
  e.g.,	
  trillion	
  mesh	
  points	
  or	
  parGcles,	
  full	
  finite-­‐

rate	
  chemical	
  kineGcs,	
  fully	
  coupled	
  etc.	
  
  InteresGng	
  synergies	
  across	
  the	
  por\olio	
  of	
  

disciplines	
  
  InteresGng	
  feedback	
  on	
  architectural	
  proporGons	
  



Where	
  are	
  apps	
  en	
  route	
  to	
  exascale?	
  
  PerspecGve:	
  in	
  1996,	
  Thomas	
  started	
  the	
  Petaflops	
  

series	
  of	
  meeGngs	
  (apps,	
  archs,	
  algs,	
  etc.)	
  
  Hardware	
  and	
  programming	
  model	
  were	
  pitched	
  

between	
  COTS	
  and	
  revoluGonary	
  (e.g.,	
  HTMT)	
  
  In	
  2008,	
  we	
  achieved	
  1	
  PF/s	
  without	
  changing	
  the	
  

programming	
  model	
  (bulk	
  synchronous	
  SPMD)	
  
  Subsequently,	
  in	
  2008,	
  Jack	
  et	
  al.	
  started	
  this	
  IESP	
  

series	
  of	
  meeGngs	
  
  Hardware	
  “swimlanes”	
  	
  vary	
  around	
  the	
  “Meganode/

Kilocore/GigaHertz”	
  default,	
  with	
  various	
  accelerators	
  
  By	
  2020,	
  will	
  we	
  achieve	
  1	
  EF/s	
  	
  without	
  changing	
  the	
  

programming	
  model?	
  
  Probably	
  not!	
  	
  (Need	
  to	
  follow	
  where	
  solvers	
  are	
  

leading	
  –	
  more	
  shortly)	
  



What	
  feedback	
  can	
  apps	
  provide	
  to	
  archs?	
  

c/o M. Kondo (IESP-Kobe) 

4	
  approaches	
  
sorted	
  by	
  B/F	
  
raGo	
  in	
  apps	
  



What	
  feedback	
  can	
  apps	
  provide	
  to	
  archs?	
  

c/o M. Kondo (IESP-Kobe) 



Will	
  the	
  field	
  support	
  this	
  many	
  archs?	
  
n  Remains	
  to	
  be	
  seen	
  how	
  heterogeneous	
  the	
  architectural	
  

space	
  will	
  be	
  
n  RaGos	
  of	
  bytes	
  transferred	
  to	
  flops	
  executed	
  is	
  an	
  

interesGng	
  metric	
  by	
  which	
  to	
  evaluate	
  demand,	
  but	
  does	
  
not	
  by	
  itself	
  address	
  scheduling	
  of	
  the	
  respecGve	
  operaGons	
  

n  Limle	
  said	
  so	
  far	
  at	
  this	
  meeGng	
  about	
  programming	
  models	
  
to	
  accommodate	
  exascale	
  architectural	
  stresses	
  

n  Limle	
  promised	
  in	
  current	
  co-­‐design	
  and	
  exascale	
  projects	
  to	
  
address	
  new	
  algorithms	
  and	
  new	
  formulaGons	
  



Reminder:	
  why	
  exa-­‐	
  is	
  different…	
  

(Intel Sandy Bridge, 2.27B transistors) 

c/o T. Schulthess (ETHZ); c/o P. Kogge (ND) et al. DARPA study 

Going	
  across	
  the	
  die	
  requires	
  up	
  to	
  an	
  order	
  of	
  magnitude	
  more	
  !	
  

DARPA	
  study	
  predicts	
  that	
  by	
  2019:	
  
u  Double	
  precision	
  FMADD	
  flop:	
  11pJ	
  
u  cross-­‐die	
  per	
  word	
  access	
  (1.2pJ/mm):	
  24pJ	
  (=	
  96pJ	
  overall)	
  

Which	
  steps	
  of	
  FMADD	
  take	
  more	
  energy?	
  	
  

input 
input 

input 

output 

four 



Implica@ons	
  of	
  opera@ng	
  on	
  the	
  edge	
  
n  Draconian	
  reducGon	
  required	
  in	
  power	
  per	
  flop	
  and	
  per	
  byte	
  

will	
  make	
  compuGng	
  and	
  copying	
  data	
  less	
  reliable	
  
  voltage	
  difference	
  between	
  “0”	
  and	
  “1”	
  will	
  be	
  reduced	
  
  circuit	
  elements	
  will	
  be	
  smaller	
  and	
  subject	
  to	
  greater	
  physical	
  

noise	
  per	
  signal	
  
  there	
  will	
  be	
  more	
  errors	
  that	
  must	
  be	
  caught	
  and	
  corrected	
  

n  Power	
  may	
  have	
  to	
  be	
  cycled	
  or	
  clocks	
  speeds	
  varied	
  based	
  
on	
  compute	
  schedules	
  and	
  based	
  on	
  cooling	
  capacity	
  

n  Non-­‐reproducible	
  memory	
  hierarchy	
  policies	
  under	
  sharing	
  
will	
  cause	
  node	
  performance	
  to	
  vary	
  

n  Result:	
  per-­‐core	
  and	
  per-­‐node	
  performance	
  rates	
  will	
  be	
  
unreliable	
  complicaGng	
  load	
  balance	
  and	
  synchrony	
  



“Physics	
  will	
  converge	
  our	
  programming	
  
models”	
  (Lamb)	
  
  Clock	
  rates	
  cease	
  to	
  increase	
  while	
  

arithmeGc	
  capacity	
  conGnues	
  to	
  increase	
  
dramaGcally	
  w/concurrency,	
  consistent	
  with	
  
Moore’s	
  Law	
  

  Storage	
  capacity	
  diverges	
  exponenGally	
  
below	
  arithmeGc	
  capacity	
  

  Transmission	
  capacity	
  diverges	
  
exponenGally	
  below	
  arithmeGc	
  capacity	
  

  Mean	
  Gme	
  between	
  hardware	
  interrupts	
  
shortens	
  



Apps	
  programming	
  model	
  convergence	
  

  Billions	
  of	
  dollars	
  of	
  scienGfic	
  soqware	
  hang	
  in	
  the	
  
balance	
  while	
  bemer	
  formulaGons	
  and	
  algorithms	
  
evolve	
  to	
  span	
  the	
  architectural	
  gap	
  

  Historically,	
  in	
  the	
  40	
  apps	
  surveyed	
  by	
  Beckman	
  
for	
  the	
  San	
  Francisco	
  IESP	
  meeGng,	
  explicit	
  
message	
  passing	
  is	
  effecGvely	
  hidden	
  from	
  most	
  
developers	
  by	
  well	
  developed	
  libraries	
  

  Similarly,	
  it	
  will	
  eventually	
  be	
  easier	
  to	
  program	
  
hybrid,	
  heterogeneous	
  architectures	
  than	
  to	
  do	
  
user-­‐managed	
  data	
  placement	
  

  This	
  is	
  asymptoGc…	
  in	
  the	
  meanGme…	
  



Applica@ons	
  Agenda	
  
n New	
  hardware-­‐tolerant	
  formulaGons	
  with	
  	
  

  greater	
  arithmeGc	
  intensity	
  (flops	
  per	
  bytes	
  moved	
  
into	
  and	
  out	
  of	
  registers	
  and	
  upper	
  cache)	
  

  reduced	
  communicaGon	
  
  reduced	
  synchronizaGon	
  
  assured	
  accuracy	
  with	
  (adapGvely)	
  less	
  floaGng-­‐
point	
  precision	
  

n QuanGficaGon	
  of	
  trades	
  between	
  limiGng	
  resources	
  
n  Plus	
  enhancing	
  applicaGons	
  to	
  obtain	
  all	
  of	
  the	
  
exciGng	
  payoffs	
  that	
  exascale	
  is	
  meant	
  to	
  exploit	
  

	
  



A	
  community	
  working	
  model	
  
  MathemaGcal	
  and	
  modeling	
  ideas	
  should	
  be	
  welcomed	
  

from	
  many	
  sources,	
  including	
  nontradiGonal	
  
  It	
  is	
  important	
  to	
  show	
  pay-­‐offs	
  on	
  skeleton	
  applicaGons	
  

before	
  these	
  ideas	
  can,	
  should,	
  or	
  will	
  be	
  adopted	
  
  ApplicaGons	
  communiGes	
  have	
  detailed	
  roadmaps	
  

between	
  now	
  and	
  2020	
  apart	
  from	
  adapGng	
  to	
  emerging	
  
architectures	
  

  ExperGse	
  from	
  a	
  small	
  number	
  of	
  progressive	
  
computaGonal	
  mathemaGcians	
  and	
  computer	
  scienGsts	
  
will	
  have	
  to	
  be	
  packaged	
  for	
  wider	
  adopGon,	
  since	
  not	
  
every	
  applicaGons	
  community	
  can	
  find	
  or	
  afford	
  all	
  the	
  
computaGonal	
  experts	
  it	
  otherwise	
  needs	
  



	
  
•  Requirements	
  (?)	
  of	
  algorithm	
  and	
  soqware	
  developers	
  

•  New	
  depth	
  of	
  knowledge	
  about	
  what	
  the	
  hardware	
  is	
  doing	
  
•  New	
  exercise	
  of	
  control	
  over	
  what	
  the	
  hardware	
  is	
  doing	
  
•  Performance	
  models	
  that	
  are	
  “good	
  enough”	
  to	
  inform	
  decisions	
  
•  More	
  levels	
  of	
  abstrac@on	
  in	
  represen@ng	
  ideas	
  and	
  coding	
  for	
  

mul@ple	
  architectures	
  
•  BeXer	
  understanding	
  of	
  numerical	
  error	
  propaga@on	
  to	
  exploit	
  

reduced	
  precision	
  
•  Modes	
  of	
  adaptaGon	
  to	
  emerging	
  architectures	
  (incl.	
  some	
  
opposing	
  tendencies)	
  

•  Concentrate	
  locality	
  for	
  efficient	
  access	
  vs.	
  relax	
  locality	
  for	
  load-­‐
balancing	
  flexibility	
  	
  

•  Aggregate	
  to	
  reduce	
  overhead	
  vs.	
  disaggregate	
  to	
  hide	
  latency	
  
•  redundant	
  or	
  extra	
  work	
  to	
  avoid	
  communica@on	
  or	
  synchroniza@on	
  	
  
•  Catch	
  and	
  condi@onally	
  tolerate	
  errors	
  in	
  user	
  space	
  
•  Checkpoint	
  in	
  user	
  space	
  
•  Apply	
  machine	
  learning	
  to	
  op@mize	
  ordering	
  and	
  layout	
  

Algorithmic	
  Paths	
  Forward	
  



	
  

•  Solvers,	
  those	
  tradiGonal	
  bomlenecks,	
  can	
  lead	
  
the	
  way,	
  just	
  as	
  they	
  did	
  onto	
  shared	
  memory	
  
and	
  distributed	
  memory	
  parallelism	
  

•  Next	
  two	
  slides	
  menGon	
  two	
  tradiGonal	
  types	
  
of	
  solvers	
  that	
  have	
  been	
  “liberated”	
  to	
  
tolerate	
  less	
  rigid	
  scheduling	
  

•  Each	
  generates	
  a	
  sequence	
  of	
  small	
  tasks	
  that	
  
can	
  be	
  scheduled	
  either	
  in	
  the	
  body	
  of	
  loops	
  
arranged	
  sequenGally	
  within	
  subrouGnes	
  or	
  at	
  
the	
  nodes	
  of	
  a	
  directed	
  acyclic	
  graph	
  (DAG)	
  

Algorithmic	
  Paths	
  Forward	
  



Example	
  of	
  DAG-­‐based	
  linear	
  solver	
  

High	
  Performance	
  Cholesky-­‐based	
  Matrix	
  Inversion	
  	
  
on	
  Mul@core	
  with	
  Hardware	
  Accelerators	
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Tile Hybrid CPU−GPU
MAGMA
PLASMA
LAPACK

Dynamic	
  Run;me	
  
System	
  

10X	
  

c/o	
  H.	
  Ltaief	
  et	
  al.	
  HiPC’11	
  (Bangalore)	
  



Example	
  asynchronous	
  nonlinear	
  solver	
  
•  Nonlinear	
  Schwarz	
  replaces	
  a	
  Newton	
  method	
  for	
  a	
  
global	
  nonlinear	
  system	
  …	
  
–  which	
  computes	
  a	
  global	
  distributed	
  Jacobian	
  matrix	
  and	
  

synchronizes	
  globally	
  in	
  both	
  the	
  Newton	
  step	
  and	
  in	
  solving	
  
the	
  global	
  linear	
  system	
  for	
  the	
  Newton	
  	
  

•  With	
  a	
  set	
  of	
  local	
  problems	
  on	
  subsets	
  of	
  the	
  global	
  
nonlinear	
  system	
  
–  Each	
  local	
  nonlinear	
  problem	
  has	
  only	
  local	
  synchronizaGon	
  
–  All	
  of	
  the	
  linear	
  systems	
  for	
  local	
  Newton	
  updates	
  have	
  only	
  

local	
  synchronizaGon	
  
–  There	
  is	
  sGll	
  global	
  synchronizaGon	
  in	
  a	
  number	
  of	
  steps	
  

hopefully	
  much	
  fewer	
  than	
  required	
  in	
  the	
  original	
  Newton	
  
method	
  

•  What	
  was	
  a	
  “feature”	
  is	
  now	
  a	
  major	
  advantage	
  



	
  

•  Characterizing	
  the	
  4th	
  paradigm	
  requirements	
  for	
  
extreme	
  compuGng	
  as	
  well	
  as	
  many	
  3rd	
  paradigm	
  
requirements	
  

•  For	
  the	
  3rd	
  paradigm	
  	
  
•  “opGmal”	
  complexity	
  (work	
  scales	
  linearly	
  or	
  
log-­‐linearly	
  in	
  data	
  size)	
  

•  “opGmal”	
  weak	
  scaling	
  methods	
  (up	
  to	
  a	
  point)	
  
•  What	
  are	
  the	
  complexiGes	
  for	
  typical	
  4th	
  paradigm	
  
problems?	
  	
  What,	
  even,	
  are	
  the	
  parameters?	
  

•  CombinaGon	
  of	
  3rd	
  and	
  4th	
  paradigm	
  in	
  data	
  
assimilaGon	
  is	
  bemer	
  characterized	
  than	
  4th	
  alone	
  
•  Since	
  simulaGon	
  tends	
  to	
  dominate	
  in	
  exisGng	
  
examples	
  

Important	
  fron@er,	
  under-­‐explored	
  



Co-­‐design:	
  it’s	
  @me	
  to	
  inventory	
  and	
  evaluate	
  

•  3	
  US	
  DOE	
  co-­‐design	
  projects	
  
•  3	
  EU	
  co-­‐design	
  projects	
  
•  6	
  G-­‐8	
  exascale	
  projects	
  
•  to	
  be	
  joined	
  by	
  Chinese	
  and	
  Japanese	
  co-­‐design	
  projects	
  

Table	
  incomplete	
  and	
  unverified	
  



Co-­‐design	
  program	
  strategies	
  
•  ApplicaGon	
  domains	
  may	
  be	
  quite	
  different	
  based	
  upon	
  

the	
  number	
  of	
  different	
  issues	
  to	
  be	
  addressed	
  (e.g.	
  
climate	
  vs.	
  chemistry)	
  

•  Vendors	
  are	
  interested	
  in	
  a	
  common	
  interface	
  with	
  CDC’s	
  
(at	
  least	
  iniGally)	
  

•  Is	
  there	
  a	
  «best»	
  way	
  to	
  proceed?	
  	
  Series	
  of	
  specific	
  
(naGonal,	
  internaGonal)	
  (applicaGon,	
  transverse)	
  CDC’s,	
  
relaGonships	
  between	
  projects,	
  others,	
  …	
  ?	
  	
  	
  

•  Need	
  to	
  start	
  with	
  a	
  (small)	
  number	
  of	
  iniGaGves	
  to	
  
demonstrate	
  feasibility	
  and	
  management	
  pracGces	
  

•  Whatever	
  the	
  organizaGon,	
  criGcal	
  need	
  for	
  exchanging	
  
experGse	
  between	
  domains	
  

•  Evaluate	
  the	
  exisGng	
  CDC’s	
  (EESI-­‐2)	
  
	
  


