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Mo5va5on	
  
•  Data	
  processing	
  so=ware	
  of	
  HEP	
  experiments:	
  

–  SaDsfy	
  the	
  needs	
  of	
  extremely	
  ambiDous	
  Physics	
  
programs	
  

–  Fit	
  on	
  the	
  available	
  computaDonal	
  resources	
  (e.g.	
  
Tier0,1s,2s,	
  trigger	
  farms,	
  laptops)	
  

•  New	
  so=ware	
  technologies	
  are	
  crucial	
  in	
  this	
  
environment!	
  

•  CMS	
  evaluates	
  these	
  innovaDons	
  on	
  a	
  regular	
  
basis	
  (e.g.	
  compilers,	
  allocators	
  …)	
  

•  Today	
  we	
  will	
  discuss	
  one	
  among	
  them,	
  OpenCL	
  
The	
  evaluaDon	
  of	
  this	
  product	
  goes	
  along	
  three	
  
lines:	
  performance,	
  portability	
  and	
  usability	
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Open	
  Compu5ng	
  Language	
  
•  Idea:	
  allow	
  programmers	
  to	
  write	
  portable	
  programs	
  that	
  

use	
  all	
  resources	
  in	
  a	
  heterogeneous	
  plaVorm	
  (e.g.	
  CPUs,	
  
(GP)GPUs,	
  handheld	
  devices,	
  FPGAs).	
  	
  

•  Mix	
  data	
  parallel	
  and	
  task	
  parallel	
  code	
  in	
  the	
  same	
  
applicaDon.	
  

•  Maintained	
  by	
  the	
  Khronos	
  group	
  and	
  supported	
  by	
  many	
  
leading	
  hardware	
  and	
  so=ware	
  vendors	
  (Apple,	
  NVIDIA,	
  
AMD,	
  …)	
  

•  Open	
  and	
  Royalty-­‐free	
  
•  OpenCL:	
  a	
  framework	
  +	
  a	
  programming	
  language	
  

(C99+limitaDons+addiDons)	
  
–  IEEE	
  754	
  numerical	
  accuracy	
  for	
  all	
  fp	
  operaDons	
  available	
  

•  Abstracted	
  memory	
  and	
  execuDon	
  model:	
  
–  Basic	
  units	
  of	
  executable	
  code,	
  	
  kernels,	
  dispatched	
  to	
  the	
  
Compu,ng	
  Units	
  (CUs)	
  

–  Run	
  the	
  same	
  code	
  on	
  CPUs	
  and	
  GPUs	
  
•  Explicit	
  memory	
  model	
  (private,	
  shared	
  	
  

and	
  global	
  mem	
  spaces)	
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See	
  references	
  and	
  backup	
  for	
  more	
  details	
  

OpenCL	
  allows	
  to	
  run	
  
computa5ons	
  on	
  

heterogeneous	
  plaEorms	
  



The	
  “candle”	
  used	
  for	
  this	
  study	
  
•  Algorithm	
  from	
  the	
  CMS	
  tracking	
  code	
  (MulDpleScaberingUpdator)	
  

–  Calculate	
  the	
  maximum	
  scabering	
  angle	
  of	
  a	
  parDcle	
  passing	
  through	
  a	
  
material	
  (silicon)	
  layer.	
  

–  ImplementaDon	
  of	
  the	
  Highland	
  formula	
  for	
  mulDple	
  Coulomb	
  
scabering.	
  

•  Called	
  several	
  Dmes	
  for	
  a	
  single	
  track	
  	
  
•  Useful	
  figure:	
  500-­‐1000	
  tracks	
  to	
  be	
  expected	
  in	
  an	
  average	
  LHC	
  

event	
  in	
  2012	
  
•  In	
  terms	
  of	
  mathemaDcal	
  operaDons:	
  

–  MulDplicaDons,	
  divisions,	
  sums	
  and	
  a	
  logarithm.	
  
–  About	
  40	
  lines	
  of	
  code,	
  1	
  branching	
  
–  I/O:	
  4	
  double	
  precision	
  floaDng	
  points	
  in,	
  3	
  of	
  them	
  out.	
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See	
   references	
   and	
  
backup	
   for	
   more	
  
details	
  

An	
  algorithm	
  from	
  the	
  
CMS	
  soLware	
  framework	
  

taken	
  as	
  candle	
  



AMD	
  cpu	
  +	
  ATI	
  graphics	
  card:	
  
•  AMD	
  FX-­‐8120	
  CPU	
  –	
  Bulldozer	
  microarchitecture	
  (AVX	
  support)	
  

o  8	
  cores	
  
o  RAM:	
  16	
  GB	
  

•  AMD	
  Radeon	
  HD	
  6970	
  –	
  300	
  CHF	
  
o  1536	
  Stream	
  Processors*	
  
o  2	
  GB	
  on-­‐card	
  RAM	
  
o  AMD	
  Catalyst	
  11.11	
  Linux	
  driver,	
  revision	
  12.1	
  

•  ScienDfic	
  Linux	
  6	
  	
  

Intel	
  CPU	
  +	
  NVIDIA	
  graphics	
  card:	
  
•  Core	
  i7-­‐3930K	
  @	
  3.20GHz	
  (AVX	
  support)	
  

o  6	
  physical,	
  12	
  hyper-­‐threaded	
  cores	
  
o  RAM:	
  16	
  GB	
  	
  

•  NVIDIA	
  GeForce	
  GTX	
  560	
  –	
  250	
  CHF	
  
o  336	
  CUDA	
  compute	
  cores*	
  
o  1.5	
  GB	
  on-­‐card	
  RAM	
  
o  NVIDIA	
  Linux	
  driver	
  version	
  275.43	
  

•  ScienDfic	
  Linux	
  6	
  

Hardware	
  used	
  for	
  the	
  test	
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*	
  These	
  numbers	
  are	
  not	
  directly	
  comparable!	
  

1800	
  CHF	
  

1800	
  CHF	
  



The	
  OpenCL	
  SDKs	
  used	
  
•  Intel	
  SDK	
  	
  

–  Version	
  1.5	
  for	
  64-­‐bit	
  Linux	
  
–  SSE	
  and	
  AVX	
  instrucDon	
  sets	
  support	
  

•  NVIDIA	
  SDK	
  
–  NVIDIA	
  Linux	
  driver	
  version	
  275.43	
  

•  AMD	
  Accelerated	
  Parallel	
  Programming	
  SDK:	
  
–  Version	
  2.6	
  for	
  64-­‐bit	
  Linux	
  
–  Supports	
  both	
  AMD	
  CPUs	
  and	
  GPUs	
  
–  No	
  support	
  for	
  limiDng	
  the	
  number	
  of	
  CPUs	
  used	
  
–  SSE	
  and	
  AVX	
  instrucDon	
  sets	
  support	
  

All	
  these	
  SDKs	
  use	
  the	
  LLVM	
  compiler	
  infrastructure.	
  
	
  
For	
  the	
  results	
  presented	
  in	
  this	
  report,	
  the	
  GPU	
  has	
  not	
  been	
  
parDDoned	
  but	
  considered	
  on	
  as	
  one	
  single	
  compute	
  enDty.	
  
Moreover	
  no	
  special	
  opDmisaDons	
  were	
  put	
  in	
  place:	
  use	
  OpenCL	
  
“out	
  of	
  the	
  box”.	
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Compute	
  Performance	
  
and	
  
Performance	
  Portability	
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Reference	
  Implementa5on	
  
•  In	
  order	
  to	
  have	
  a	
  reference	
  for	
  the	
  benchmark	
  
a	
  well-­‐established	
  technology	
  was	
  used:	
  
– MulDpleScaberingUpdator	
  OpenMP	
  
implementaDon	
  

•  Open	
  MulD	
  Processing:	
  
– C,C++,Fortran	
  
– Simple:	
  annotaDon	
  for	
  parallel	
  porDons	
  with	
  
pragmas	
  

– Good	
  potenDal	
  when	
  coupled	
  to	
  recent	
  compilers	
  
– No	
  GPU	
  support	
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Rely	
  on	
  a	
  well	
  established	
  
technology	
  to	
  assess	
  the	
  
performance	
  of	
  OpenCL	
  



Intel	
  Box:	
  Overall	
  Performance	
  1	
  

•  10k,1k	
  and	
  100	
  tracks	
  considered	
  –	
  1000	
  reiteraDons	
  
–  100	
  warm-­‐up	
  iteraDons:	
  not	
  accounted	
  in	
  the	
  total	
  Dme	
  

•  AllocaDon	
  done	
  once	
  
•  Transfers:	
  4	
  doubles	
  sent	
  to	
  the	
  device	
  and	
  3	
  copied	
  back	
  
•  Worst	
  case	
  scenario:	
  a	
  huge	
  number	
  of	
  copies	
  is	
  done!	
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Hyper-­‐threading	
  	
  

Times	
  cited	
  are	
  
intended	
  for	
  6	
  
cores,	
  except	
  for	
  
the	
  GPU	
  

Technology	
   Time	
  ms	
  

OpenCL	
  CPU	
   310	
  

OpenCL	
  GPU	
   130	
  

OpenMP	
   70	
  

Non	
  linear:	
  
False-­‐sharing?	
  

GPU	
  considered	
  
as	
  a	
  “single	
  CPU”	
  

6	
  cores	
  used	
  



Intel	
  Box:	
  no	
  transfer	
  

•  Same	
  condiDons	
  as	
  in	
  the	
  previous	
  slide	
  
–  Transfers	
  to/from	
  memory	
  not	
  accounted	
  

•  6	
  cores	
  case	
  CPU	
  OpenCL:	
  GPU	
  OpenCL	
  3.8x	
  –	
  OpenMP	
  2x	
  faster	
  
•  Within	
  OpenCL,	
  same	
  hierarchy	
  kept	
  
•  Transferring	
  data	
  from/to	
  the	
  device	
  has	
  an	
  influence	
  and	
  this	
  effect	
  

must	
  be	
  carefully	
  considered	
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Times	
  cited	
  are	
  
intended	
  for	
  6	
  
cores,	
  except	
  for	
  
the	
  GPU	
  

Technology	
   Time	
  ms	
  

OpenCL	
  CPU	
   140	
  (310)	
  

OpenCL	
  GPU	
   40	
  (130)	
  

OpenMP	
   70	
  

6	
  cores	
  used	
  



Intel	
  Box:	
  CPU	
  Scheduling	
  Overhead	
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100	
  Tracks	
  

1.000	
  Tracks	
  

10.000	
  Tracks	
  

•  Scheduling	
  is	
  ~constant	
  
•  Small	
  workload:	
  Scheduling	
  

overhead	
  >	
  actual	
  runDme	
  
•  IndicaDon	
  that	
  in	
  a	
  real-­‐life	
  

situaDon	
  going	
  across	
  event	
  
boundaries	
  might	
  be	
  needed	
  

	
  
	
  

“Resonance”	
  of	
  the	
  
hardware	
  and	
  OpenCL?	
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•  GPU	
  scheduling	
  is	
  5%	
  of	
  the	
  GPU	
  one	
  
–  5	
  VS	
  95	
  μs	
  

	
  

Intel	
  Box:	
  GPU	
  Scheduling	
  Overhead	
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AMD	
  Box	
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•  10k	
  and	
  1000	
  tracks	
  cases	
  only	
  (warm-­‐up	
  loop	
  always	
  present)	
  
•  No	
  transfer	
  from/to	
  memory	
  considered	
  
•  Comparison	
  of	
  CPU	
  (Intel+AMD	
  SDK),	
  GPU	
  and	
  OpenMP	
  
•  OpenMP	
  always	
  slightly	
  faster	
  
•  OpenCL	
  CPU:	
  AMD	
  SDK	
  faster	
  but	
  less	
  flexible	
  (all	
  8	
  cores	
  used)	
  
•  AMD	
  GPU	
  (25	
  ms)	
  faster	
  than	
  all	
  CPUs	
  and	
  NVIDIA	
  (40	
  ms)	
  

	
  

Number of CPUs used 

R
un

tim
e 

in
 s

ec
on

ds
 (1

00
0 

ite
ra

tio
ns

) 

AMD	
  SDK:	
  no	
  
limitaDon	
  on	
  
cores	
  used	
  
possible	
  

Feature	
  of	
  Intel	
  
SDK:	
  offset	
  in	
  
number	
  of	
  cores	
  

Times	
  cited	
  are	
  
intended	
  for	
  6	
  
cores,	
  except	
  for	
  
the	
  GPU	
  and	
  the	
  
AMD	
  SDK	
  (8	
  
cores)	
  

Technology	
   Time	
  ms	
  

CL	
  IntelCPU	
   160	
  

CL	
  AMD	
  CPU	
   140	
  

CL	
  AMD	
  GPU	
   25	
  

OpenMP	
   90	
  

6	
  or	
  8	
  cores	
  used	
  



OpenMP	
  +	
  Vectorisa5on	
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•  GCC	
  4.7	
  +	
  OpenMP:	
  well	
  established	
  technology	
  
•  AutovectorisaDon	
  enabled	
  (SSE2)	
  

–  CMS	
  autovectorisable	
  logarithm	
  implementaDon	
  used	
  (faster	
  per	
  se	
  than	
  libm)	
  
•  An	
  overall	
  factor	
  2	
  in	
  speed	
  wrt	
  scalar	
  version	
  
•  Faster	
  than	
  all	
  OpenCL	
  CPU	
  implementaDons	
  
•  OpenCL	
  on	
  GPU	
  (both	
  AMD	
  and	
  NVIDIA)	
  is	
  sDll	
  faster	
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OpenMP	
  +	
  Vectorisa5on	
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•  GCC	
  4.7	
  +	
  OpenMP:	
  well	
  established	
  technology	
  
•  AutovectorisaDon	
  enabled	
  (SSE2)	
  

–  CMS	
  autovectorisable	
  logarithm	
  implementaDon	
  used	
  (faster	
  per	
  se	
  than	
  libm)	
  
•  An	
  overall	
  factor	
  2	
  in	
  speed	
  wrt	
  scalar	
  version	
  
•  Faster	
  than	
  all	
  OpenCL	
  CPU	
  implementaDons	
  
•  OpenCL	
  on	
  GPU	
  (both	
  AMD	
  and	
  NVIDIA)	
  is	
  sDll	
  faster	
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Usability	
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Developing	
  with	
  OpenCL	
  
•  Many	
  insights	
  gained	
  from	
  the	
  applicaDons	
  
programmer’s	
  point	
  of	
  view	
  

•  Some	
  features	
  of	
  programming	
  with	
  OpenCL	
  
are	
  for	
  some	
  use	
  cases	
  less	
  than	
  opDmal	
  
– Especially	
  in	
  the	
  context	
  of	
  a	
  sw	
  project	
  maintained	
  
by	
  a	
  plethora	
  of	
  users	
  with	
  non-­‐uniform	
  computer	
  
skills	
  

•  Examples:	
  	
  
– Kernel	
  code	
  passed	
  as	
  string	
  
– No	
  syntax	
  check	
  for	
  kernels	
  at	
  compile	
  Dme	
  
– Explicit	
  memory	
  management:	
  alloc,	
  dealloc	
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OpenCL	
  is	
  a	
  powerful	
  tool	
  
but	
  not	
  	
  easy	
  to	
  use	
  “as	
  is”	
  



A	
  possible	
  simplifica5on	
  
Start	
  from	
  openclam:	
  
•  Kernels	
  defined	
  and	
  interleaved	
  with	
  “regular”	
  	
  	
  	
  	
  	
  
C++	
  code	
  

•  Compile-­‐Dme	
  syntax	
  and	
  type	
  checking	
  
à	
  No	
  surprises	
  during	
  kernels	
  re-­‐compilaDon	
  at	
  runDme	
  

On	
  the	
  top	
  of	
  that,	
  a	
  convenient	
  C++	
  layer	
  was	
  built:	
  
•  Huge	
  increase	
  in	
  usability:	
  

–  Simplify	
  kernel	
  creaDon	
  with	
  various	
  numbers	
  of	
  
parameters	
  (all	
  OpenCL	
  supported	
  types)	
  	
  

–  Convenient	
  data	
  structures	
  wrappers	
  for	
  vectors	
  and	
  
matrices	
  

– Automated	
  memory	
  management	
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   references	
  
and	
   backup	
   for	
  
more	
  details	
  



Conclusions	
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Conclusions	
  
Performance	
  
•  A	
  “real-­‐life”	
  standard	
  candle	
  was	
  used	
  to	
  test	
  AMD,	
  Intel	
  and	
  Nvidia	
  hardware	
  and	
  

OpenCL	
  runDmes.	
  
•  OpenMP	
  and	
  OpenCL	
  performance	
  is	
  comparable	
  

–  OpenMP	
  sDll	
  faster	
  when	
  considering	
  CPUs	
  

•  Absolute	
  performances:	
  AMD	
  GPU	
  >	
  Nvidia	
  GPU	
  >	
  AMD	
  CPU*	
 ~	
 Intel	
  CPU*	
  
*	
  Normalised	
  according	
  to	
  the	
  number	
  of	
  cores	
  

•  The	
  scheduling	
  overhead	
  must	
  be	
  seriously	
  considered	
  
–  To	
  ammorDse	
  it,	
  elements	
  from	
  subsequent	
  events	
  might	
  need	
  to	
  be	
  lumped	
  together	
  
–  NVIDIA	
  GPU	
  scheduling	
  overhead	
  was	
  5%	
  of	
  the	
  Intel	
  CPU	
  one	
  

•  The	
  data	
  transfer	
  overhead	
  was	
  not	
  a	
  significant	
  penalty	
  for	
  the	
  GPU	
  
	
  

Portability	
  
•  The	
  promises	
  of	
  OpenCL	
  are	
  maintained:	
  the	
  same	
  kernels	
  run	
  smoothly	
  and	
  without	
  

any	
  modificaDons	
  to	
  the	
  source	
  code	
  on	
  [CG]PUs.	
  No-­‐vendor	
  lock-­‐in!	
  
	
  

Usability	
  
•  The	
  bare	
  OpenCL	
  API	
  might	
  result	
  cumbersome	
  
•  An	
  appropriate	
  wrapper	
  was	
  developed	
  on	
  top	
  of	
  openclam	
  

–  This	
  is	
  a	
  promising	
  strategy	
  to	
  take	
  advantage	
  of	
  the	
  power	
  of	
  OpenCL	
  

Th
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Next	
  Steps	
  
Up	
  to	
  now:	
  real-­‐life	
  simple	
  algorithm	
  in	
  an	
  arDficial	
  
environment	
  
	
  
•  Consider	
  a	
  more	
  complex	
  algorithm:	
  DeterminisDc	
  
Annealing	
  for	
  verDces	
  reconstrucDon	
  (DAClusterizerInZ)	
  

•  Make	
  it	
  callable	
  from	
  a	
  CMSSW	
  component	
  
•  Answer	
  these	
  quesDons:	
  

–  How	
  much	
  “work”	
  shall	
  we	
  extract	
  from	
  a	
  typical	
  data	
  
processing	
  chain	
  to	
  profit	
  from	
  a	
  CPU-­‐>GPU	
  offload?	
  

–  How	
  does	
  this	
  scale	
  with	
  one	
  to	
  N	
  processes	
  on	
  a	
  K	
  cores	
  
machine?	
  

– Which	
  should	
  be	
  the	
  total	
  cost	
  of	
  ownership	
  of	
  a	
  (more)	
  
graphics	
  card(s)	
  per	
  blade	
  at	
  a	
  trigger/Tier0,1,2	
  farm	
  for	
  this	
  
idea	
  to	
  be	
  profitable?	
  

–  Get	
  an	
  idea	
  about	
  how	
  the	
  situaDon	
  can	
  change	
  with	
  
another	
  kind	
  of	
  accelerator	
  (e.g.	
  MIC)?	
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References:	
  
•  hbp://www.khronos.org/opencl/	
  
•  Passage	
  of	
  parDcles	
  through	
  maber:	
  

hbp://pdg.lbl.gov/2011/reviews/rpp2011-­‐rev-­‐passage-­‐parDcles-­‐maber.pdf	
  
•  MulDple	
  scabering	
  updator	
  in	
  CMSSW:	
  

hbp://cmslxr.fnal.gov/lxr/source/TrackingTools/MaterialEffects/src/
MulDpleScaberingUpdator.cc?v=CMSSW_5_2_0#014	
  

•  Intel	
  OpenCL	
  SDK:	
  
hbp://so=ware.intel.com/en-­‐us/arDcles/vcsource-­‐tools-­‐opencl-­‐sdk/	
  

•  AMD	
  OpenCL	
  SDK:	
  hbp://developer.amd.com/pages/default.aspx	
  
•  LLVM:	
  hbp://llvm.org/	
  
•  Openclam:	
  hbp://code.google.com/p/openclam/	
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BACKUP	
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OpenCL	
  abstract	
  resource	
  layout	
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OpenCL	
  Memory	
  Model	
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OpenCL	
  C99	
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C-­‐based	
  language	
  kernels:	
  	
  
•  Derived	
  from	
  ISO	
  C99	
  	
  
•  Few	
  restricDons,	
  e.g.	
  recursion,	
  funcDon	
  pointers	
  	
  
•  Short	
  vector	
  types	
  e.g.,	
  float4,	
  short2,	
  int16	
  	
  
•  Built-­‐in	
  funcDons:	
  math	
  (e.g.,	
  sin),	
  geometric,	
  

common	
  (e.g.,	
  min,	
  clamp)	
  	
  



Passage	
  of	
  par5cles	
  through	
  maber	
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More	
  Scheduling	
  Time	
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A	
  “bare	
  openclam”	
  example	
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Full	
  kernel	
  code	
  example	
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Carries	
  the	
  informaDon	
  about	
  the	
  resources	
  
to	
  be	
  used	
  and	
  compiler	
  flags.	
  



Another	
  Full	
  Example	
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Notes	
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Category	
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