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HPC	
  o?en	
  compared	
  to	
  F1…	
  
…the	
  problem	
  is	
  that	
  the	
  comparison	
  is	
  

accurate.	
  

Original:	
  h"ps://www.youtube.com/watch?v=EGUZJVY-­‐sHo	
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Specific	
  example	
  –	
  oil&gas	
  industry	
  



Full	
  Waveform	
  Inversion 	
  	
  
•  Given	
  a	
  sound	
  source,	
  and	
  an	
  array	
  of	
  receivers,	
  
can	
  we	
  infer	
  the	
  subsurface?	
  

•  Yes	
  -­‐	
  but	
  it	
  is	
  computa9onally	
  expensive:	
  
– Lots	
  of	
  data,	
  terabytes	
  per	
  survey	
  (this	
  is	
  a	
  real	
  Big	
  
Data	
  problem!)	
  

– Dominant	
  computa9onal	
  expense	
  is	
  running	
  the	
  
wave	
  model	
  (aka	
  forward	
  model,	
  and	
  propagator)	
  
for	
  each	
  shot	
  of	
  data.	
  

– Regardless	
  of	
  how	
  good	
  the	
  inversion	
  algorithm	
  is,	
  
the	
  quality	
  of	
  the	
  final	
  subsurface	
  image	
  will	
  be	
  
limited	
  by	
  the	
  accuracy	
  of	
  the	
  wave	
  model	
  used.	
  



Opportunity	
  &	
  challenge	
  I	
  	
  
Elas9c	
  wave	
  equa9on	
  (Improved	
  model)	
  
•  Elas9c	
  wave	
  model	
  provides	
  a	
  significantly	
  be"er	
  
representa9on	
  of	
  the	
  wave	
  field	
  than	
  the	
  
standard	
  acous9c	
  models.	
  
– Models	
  both	
  p-­‐waves,	
  s-­‐waves	
  and	
  Rayleigh	
  waves.	
  

•  It	
  is	
  also	
  much	
  more	
  expensive	
  to	
  compute:	
  
– More	
  terms	
  in	
  the	
  equa9on	
  to	
  compute.	
  
–  S-­‐waves	
  travel	
  at	
  about	
  half	
  the	
  speed	
  of	
  p-­‐waves,	
  
and	
  there	
  have	
  half	
  the	
  wavelength,	
  therefore:	
  

•  Grid	
  resolu9on	
  needs	
  to	
  be	
  doubled	
  (factor	
  of	
  8	
  increase	
  in	
  
memory	
  for	
  3D).	
  

•  Time	
  step	
  needs	
  to	
  be	
  halved	
  –	
  therefore	
  must	
  execute	
  
twice	
  the	
  number	
  of	
  9me	
  steps.	
  



Opportunity	
  &	
  challenge	
  II	
  
Advanced	
  numerical	
  methods	
  

•  Regular	
  grids	
  with	
  finite	
  difference	
  is	
  the	
  modus	
  operandi	
  of	
  oil	
  and	
  gas	
  
industry.	
  

•  However:	
  
–  Unstructured	
  grids	
  are	
  more	
  efficient	
  at	
  represen9ng	
  complex	
  geological	
  

features.	
  
–  High	
  order	
  methods	
  can	
  achieve	
  the	
  same	
  accuracy	
  as	
  finite	
  difference	
  

methods	
  using:	
  
•  Coarser	
  resolu9on	
  (fewer	
  grid	
  points).	
  
•  Larger	
  9me	
  step.	
  
•  Less	
  memory.	
  
•  Shorter	
  9me	
  to	
  solu9on.	
  
•  Great	
  data	
  locality,	
  opportuni9es	
  for	
  vectorisa9on	
  etc.	
  

•  Best	
  example	
  from	
  global	
  seismic:	
  SeisSol	
  –	
  Arbitrary	
  high-­‐order	
  
DERiva9ve	
  Discon9nuous	
  Galerkin	
  (ADER-­‐DG),	
  2014	
  Gorden	
  Bell	
  finalist.	
  

•  Implementa9on	
  complexity!	
  
–  A	
  lot	
  more	
  so?ware	
  is	
  required	
  to	
  manage	
  unstructured	
  grids.	
  
–  Impacts	
  en9re	
  inversion	
  so?ware	
  stack.	
  
–  High	
  order	
  methods	
  are	
  many	
  9mes	
  more	
  involved	
  finite	
  difference	
  methods.	
  



Opportunity	
  &	
  challenge	
  III	
  
Architecture	
  and	
  code	
  modernisa9on	
  

•  Compu9ng	
  performance	
  con9nues	
  to	
  track	
  Moore’s	
  Law	
  –	
  but	
  you	
  have	
  to	
  
work	
  harder	
  to	
  make	
  use	
  of	
  it.	
  

•  Many-­‐core	
  era	
  so?ware	
  must	
  exploit	
  parallelism	
  at	
  every	
  level	
  to	
  achieve	
  
good	
  computa9onal	
  efficiency,	
  e.g.:	
  
–  Various	
  parallel	
  programming	
  models	
  (MPI,	
  OpenMP/pthreads,	
  OpenCL,	
  

OpenMP,	
  Cilk,	
  etc.)	
  
–  Deep	
  memory	
  hierarchy,	
  data	
  locality.	
  
–  Vectorisa9on	
  (AVX).	
  
–  Heterogeneous	
  compu9ng	
  –	
  Intel	
  Xeon,	
  Xeon	
  Phi,	
  etc.	
  

•  Parallel	
  programming	
  has	
  always	
  been	
  considered	
  challenging	
  –	
  and	
  now	
  
it	
  has	
  become	
  over	
  more	
  demanding:	
  
–  Greater	
  need	
  for	
  specialists	
  in	
  parallel	
  programming	
  for	
  HPC.	
  
–  Increasingly	
  difficult	
  for	
  domain	
  specialists	
  to	
  implement	
  high	
  performance	
  

so?ware	
  although	
  they	
  are	
  the	
  algorithm	
  specialists.	
  
–  Tradi9onal	
  numerical	
  algorithms	
  may	
  need	
  to	
  be	
  discarded	
  in	
  favor	
  of	
  

methods	
  be"er	
  suited	
  to	
  computer	
  architectures.	
  	
  
•  Domain	
  Specific	
  Languages	
  (DSL’s)	
  offer	
  a	
  route	
  to	
  bridge	
  the	
  divide	
  

between	
  domain	
  specialists	
  (o?en	
  the	
  applica9on	
  developers)	
  and	
  parallel	
  
programming	
  specialists	
  (in	
  this	
  case	
  compiler	
  writers).	
  



Geophysicist

Numerical
analyst

Library, and
DSL compiler
developers

Platform
specialist

Inversion algorithm (High level language such as Python, MATLAB or Julia)
Nonlinear gradient-based optimization methods; compressive sensing (randomised sparse sampling)

Forward models written using DSL: 2D/3D; acous-
tic/elastic wave equation; isotropic/anisotropic
elastic modulii; and time/frequency domain

Backward (adjoint) model (Code generation)

Gradient&Hessian operators (Code generation) Reference implementation of kernels (Fortran, C, etc.)

Stencil DSL for finite di↵erence (Pochoir)
Iterative solvers (PETSc with do-

main specific optimisations)

UFL for finite element (Firedrake)
Seismic data I/O module (SEG-Y) with exten-
sions to support randomised sampling; High

throughput checkpointing module for inversion

Platform specific data layouts and task scheduling;
code generation for MPI with OpenMP or OpenCL

Anisotropic adaptive meshes

Platform tuned kernels; autotuning frameworks MPI, OpenMP, OpenCL

x86 64, Intel Phi, GPGPU etc. Future architecture



UFL/Firedrake	
  



Abstrac9on	
  facilitates	
  automa9c	
  differen9a9on	
  of	
  models	
  



Example	
  using	
  UFL/Firedrake	
  





Alterna9ve	
  approach	
  -­‐	
  Stencil	
  languages	
  

•  Good	
  for	
  applica9ons	
  such	
  as	
  finite	
  difference,	
  image	
  
processing	
  (see	
  conference	
  proceedings	
  for	
  HiStencils).	
  

•  Automate	
  the	
  en9re	
  workflow	
  with	
  smart	
  abstrac9ons	
  
–  Python/SymPy	
  (high	
  level,	
  symbolic	
  math).	
  
–  Code	
  genera9on	
  to	
  target	
  stencil	
  language,	
  e.g.	
  Pochoir.	
  
–  Code	
  genera9on	
  from	
  stencil	
  language	
  to	
  na9ve	
  source	
  
code.	
  

•  High	
  level	
  retains	
  expressiveness	
  –	
  key	
  to	
  innova:on.	
  	
  	
  
•  Extreme	
  op9miza9on	
  techniques	
  performed	
  by	
  the	
  
stencil	
  compiler.	
  

•  Separa9on	
  of	
  concerns	
  enables	
  effec9ve	
  collabora9on.	
  



Conclusions	
  
•  To	
  bring	
  about	
  disrup9ve	
  change	
  in	
  areas	
  such	
  as	
  data	
  inversion	
  and	
  

design	
  op:miza:on	
  progress	
  must	
  be	
  made	
  on	
  three	
  fronts:	
  
–  Be"er	
  models.	
  
–  Advanced	
  numerical	
  models.	
  
–  Domain	
  specific	
  languages	
  (DSL’s)	
  and	
  code	
  genera9on.	
  

•  A	
  number	
  of	
  stencil	
  compilers	
  are	
  already	
  available	
  for	
  finite	
  difference	
  
and	
  performance	
  results	
  show	
  that	
  these	
  already	
  offer	
  an	
  a"rac9ve	
  code	
  
moderniza9on	
  solu9on	
  without	
  impac9ng	
  the	
  rest	
  of	
  the	
  so?ware	
  stack.	
  

•  Methods	
  pioneered	
  by	
  SeisSol	
  for	
  global	
  seismic	
  inversion	
  appears	
  to	
  offer	
  
the	
  best	
  numerical	
  approach	
  currently.	
  A	
  drawback	
  with	
  moving	
  to	
  these	
  
sophis9cated	
  methods	
  is	
  that	
  they	
  are	
  challenging	
  to	
  	
  implement	
  –	
  which	
  
raises	
  issues	
  for	
  code	
  op9miza9on	
  and	
  sustainability.	
  

•  UFL	
  and	
  the	
  Firedrake	
  compiler	
  facilitates	
  a	
  separa9on	
  of	
  concerns	
  which	
  
allows	
  applica9on	
  developers	
  to	
  develop	
  these	
  sophis9cated	
  schemes	
  
without	
  any	
  knowledge	
  of	
  the	
  hardware,	
  while	
  compiler	
  writers	
  take	
  
these	
  abstract	
  forms	
  and	
  automa9cally	
  generate	
  na9ve	
  source	
  code	
  
whose	
  performance	
  is	
  compe99ve	
  to	
  what	
  a	
  human	
  expert	
  could	
  achieve.	
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Links	
  
•  OPESCI – http://opesci.github.io (Intel PCC)
•  Firedrake – http://www.firedrakeproject.org
•  FEniCS – http://fenicsproject.org
•  Dolfin-adjoint – http://www.dolfin-adjoint.org
•  PRAgMaTIc –https://github.com/meshadaptation/pragmatic
•  PETSc - http://www.mcs.anl.gov/petsc/

•  PRISM – http://prism.ac.uk
•  AMCG – http://amcg.ese.ic.ac.uk


