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OpenMP	
  introspec5on:	
  Mo5va5on	
  
•  Mul5-­‐process	
  concurrency	
  is	
  reaching	
  scaling	
  
limits	
  

•  Hybrid	
  concurrency	
  is	
  the	
  new	
  normal	
  
– Clusters	
  of	
  mul5core	
  mul5processors	
  
– Threads,	
  GPUs,	
  accelerators,	
  MIC	
  

•  MPI+OpenMP	
  is	
  a	
  popular	
  approach	
  
•  Wanted:	
  portable,	
  robust,	
  efficient,	
  always-­‐
on/available	
  approach	
  to	
  observe	
  OpenMP	
  
concurrency,	
  including	
  internals	
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POMP	
  &	
  OPARI	
  
•  POMP:	
  Profiling	
  OpenMP	
  
•  OPARI:	
  OpenMP	
  Pragma	
  And	
  Region	
  Instrumentor	
  
•  Explicit	
  instrumenta5on	
  of	
  OpenMP	
  direc5ves:	
  Mohr	
  et	
  al.,	
  SC	
  2001	
  
•  Pros	
  

–  Highly	
  portable	
  
–  Full	
  source	
  context	
  

•  Cons	
  
–  Requires	
  instrumenta5on,	
  recompile	
  
–  All	
  barriers	
  are	
  explicit,	
  extra	
  barrier	
  for	
  all	
  regions	
  
–  Lacks	
  explicit	
  sampling	
  tool	
  support	
  
–  Ignorance	
  of	
  OpenMP	
  behavior	
  in	
  uninstrumented	
  libraries	
  
–  Ignorance	
  of	
  run5me	
  library	
  internals	
  

•  Run5mes:	
  all	
  Fortran,	
  C/C++	
  compilers/run:mes	
  
•  Tool	
  examples:	
  Vampir,	
  Scalasca/KOJAK,	
  TAU,	
  ompP	
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Profile	
  Example	
  NPB3.2	
  BT.B	
  (32)	
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Profile	
  Example	
  NPB3.2	
  BT.B	
  (32)	
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OpenMP	
  Run5me	
  API	
  /	
  Collector	
  API	
  
•  Proposed	
  callback	
  interface	
  for	
  tool	
  support	
  in	
  OpenMP	
  run5mes	
  
•  Itzkowitz	
  et	
  al.,	
  2007	
  (2006?)	
  –	
  Sun	
  /	
  Oracle	
  
•  1	
  API	
  func5on	
  for	
  tools	
  to	
  make	
  requests	
  (registra5on,	
  query	
  state)	
  

int __omp_collector_api(void *message);!
•  Callback	
  interface	
  to	
  tools	
  from	
  run5me	
  

–  22	
  events	
  (profiling/tracing),	
  11	
  states	
  (sampling)	
  
•  Pros	
  

–  Instrumenta5on	
  not	
  required	
  
–  Event,	
  sampling	
  support	
  
–  Par5al	
  view	
  of	
  run5me	
  internals	
  (implicit	
  barriers,	
  locks)	
  
–  No	
  more	
  library	
  blind	
  spots	
  

•  Cons	
  
–  Not	
  widely	
  implemented	
  
–  No	
  sta5c	
  executable	
  support	
  (requires	
  dlsym();	
  call)	
  
–  No	
  explicit	
  support	
  for	
  locks,	
  stack	
  frame	
  loca5ons,	
  blame	
  shieing	
  
–  No	
  support	
  for	
  source	
  context	
  (integer	
  “region	
  id”)	
  

•  Run5mes:	
  Open64,	
  OpenUH*	
  
*with	
  task	
  extensions	
  to	
  be	
  presented	
  @IWOMP2013	
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ORA	
  Events	
  &	
  States	
  

•  Fork/Join	
  
•  Begin/End	
  Idle	
  
•  Begin/End	
  Implicit	
  Barrier	
  
•  Begin/End	
  Explicit	
  Barrier	
  
•  Begin/End	
  Lock	
  wait	
  
•  Begin/End	
  Cri5cal	
  wait	
  
•  Begin/End	
  Ordered	
  wait	
  
•  Begin/End	
  Master	
  
•  Begin/End	
  Single	
  
•  Begin/End	
  Ordered	
  
•  Begin/End	
  Atomic	
  Wait	
  

•  Overhead	
  
•  Working	
  
•  Implicit	
  Barrier	
  
•  Explicit	
  Barrier	
  
•  Idle	
  
•  Serial	
  
•  Reduc5on	
  
•  Lock	
  Wait	
  
•  Cri5cal	
  Wait	
  
•  Ordered	
  Wait	
  
•  Atomic	
  Wait	
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OpenUH	
  new	
  Task	
  Events	
  
•  Begin/End	
  Create	
  Task	
  Immediate/Delayed	
  
•  Begin/End	
  Schedule	
  Task	
  
•  Begin/End	
  Suspend	
  Task	
  
•  Begin/End	
  Steal	
  Task	
  
•  Fetched	
  Task	
  
•  Begin	
  Execute	
  Task	
  
•  Begin/End	
  Finish	
  Task	
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Profile	
  Example	
  NPB3.2	
  BT.B	
  (32)	
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Task	
  Profile	
  Example:	
  BOTS	
  FFT	
  (32)	
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Obvious	
  takeaway:	
  unless	
  needed,	
  
Task	
  Events	
  will	
  add	
  overhead	
  for	
  
lightweight	
  tasks	
  



GOMP	
  ORA	
  Support	
  
•  GOMP	
  Implementa5on	
  of	
  OpenMP	
  Collector	
  API	
  (ORA)	
  
•  GOMP_*	
  library	
  func5ons	
  wrapped	
  dynamically,	
  sta5cally	
  
•  Pros	
  

–  No	
  instrumenta5on	
  required	
  
–  Event,	
  sampling	
  support	
  
–  Dynamic,	
  sta5c	
  executable	
  support	
  (sta5c	
  requires	
  relinking)	
  
–  Lock	
  support	
  (omp_set_lock(),	
  omp_unset_lock()	
  wrapped)	
  

•  Cons	
  
–  Only	
  available	
  for	
  GNU	
  
–  No	
  introspec5on	
  of	
  GOMP	
  internals	
  
–  Only	
  par5al	
  support	
  for	
  implicit	
  barriers	
  
–  GNU	
  run5me	
  is	
  func5onal,	
  widely	
  available,	
  but	
  not	
  op5mal	
  
–  Measures	
  everything,	
  all	
  the	
  5me	
  
–  No	
  explicit	
  support	
  for	
  blame	
  shieing,	
  source	
  context	
  

•  Run5mes:	
  GNU	
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Profile	
  Example:	
  forward	
  solver	
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Uninstrumented	
  binary,	
  but	
  genng	
  events	
  from	
  run5me	
  callbacks	
  
and	
  samples	
  from	
  profiling	
  tool	
  



Enabling	
  states	
  to	
  separate	
  samples	
  

Profile	
  Example:	
  forward	
  solver	
  (states)	
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OpenMP	
  Run5me	
  Instrumenta5on	
  
•  Run5me	
  libraries	
  with	
  known	
  APIs	
  can	
  be	
  
wrapped	
  or	
  instrumented	
  (DynInstAPI)	
  

•  Example:	
  Extrae	
  measurement	
  for	
  Paraver	
  (BSC)	
  
•  Pros:	
  
–  Same	
  as	
  collector	
  API	
  

•  Cons:	
  
–  Lacks	
  implicit	
  barrier	
  support	
  
–  Less	
  portable	
  than	
  OPARI	
  
–  Specific	
  to	
  one	
  tool	
  (the	
  implementa5on,	
  not	
  the	
  
approach)	
  

– No	
  explicit	
  support	
  for	
  blame	
  shieing,	
  source	
  context	
  
•  Run5mes:	
  Intel,	
  IBM,	
  GNU	
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OMPT:	
  OpenMP	
  Tools	
  Interface	
  
•  John	
  will	
  have	
  covered	
  this	
  right	
  before	
  me	
  
•  Pros:	
  
–  No	
  instrumenta5on	
  required	
  
–  Event,	
  sampling	
  support	
  
–  Dynamic,	
  sta5c	
  executable	
  support	
  
–  Internals	
  knowledge,	
  surgical	
  measurement,	
  always	
  on	
  
–  Blame-­‐shieing,	
  debugger	
  support	
  

•  Cons	
  
–  S5ll	
  in	
  development	
  
–  Not	
  an	
  accepted	
  standard	
  (yet)	
  
–  Poten5al	
  for	
  high	
  overhead	
  with	
  some	
  events	
  

•  Available:	
  IBM	
  (limited/experimental	
  on	
  BGQ),	
  GNU	
  
(prototyped	
  by	
  Rice),	
  Intel	
  (in	
  development),	
  OpenUH	
  
(planned)	
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Profile	
  Example:	
  NPB	
  3.2	
  BP	
  (32)	
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Event/State	
  Coverage	
  
Feature	
   OPARI	
   ORA	
   OpenUH-­‐ORA	
   GOMP-­‐ORA	
   OMPT	
  
Parallel	
  Region	
   Enter/exit,	
  begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Thread	
  create/exit	
   Pthread	
   ✖	
   ✖	
   ✖	
   ✔	
  

Work	
  Sharing	
   Enter/exit,	
  begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Atomics	
   Enter/exit	
   Wait	
  State	
   Wait	
  State	
   Wait	
  State	
   ✔	
  

Barriers	
   Explicit	
  only	
   ✔	
   ✔	
   Explicit,	
  Some	
  Implicit	
   ✔	
  

Cri5cal	
   Enter/exit,	
  begin/end	
   Wait	
  State	
   Wait	
  State	
   Wait	
  State	
   ✔	
  

Master	
   Begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Ordered	
   Enter/exit,	
  begin/end	
   ✔,	
  Wait	
   ✔,	
  Wait	
  State	
   ✔,	
  Wait	
  State	
   ✔	
  

Sec5ons	
   Enter/exit,	
  begin/end	
   ✖	
   ✖	
   ✖	
   ✔	
  

Single	
   Begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Locks	
   Lock	
  wrapper	
   Wait	
  State	
   Wait	
  State	
   Wait	
  State	
   ✔	
  

Task	
  Crea5on	
   Begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Task	
  Schedule	
   ✖	
   ✖	
   ✔	
   n/a	
   switch	
  

Task	
  Wait	
   Begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Task	
  Execu5on	
   Begin/end	
   ✔	
   ✔	
   ✔	
   ✔	
  

Task	
  Comple5on	
   ✖	
   ✖	
   ✔	
   ✖	
   ✔	
  

Task	
  Yield	
   ✖	
   ✖	
   ✔	
   n/a	
   switch	
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Overhead	
  comparisons	
  (OMPT	
  later)	
  
Benchmark Baseline Collector Collector+TAU Opari+TAU

BT 19.4± 0.21 19.7± 0.19 19.9± 0.21 19.8± 0.19
CG 8.9± 0.30 10.2± 0.18 10.3± 0.08 10.0± 0.17
EP 1.6± 0.01 1.7± 0.06 1.7± 0.09 1.7± 0.06
FT 4.2± 0.34 4.0± 0.04 4.2± 0.04 4.2± 0.04
LU 13.9± 0.26 15.0± 0.65 14.3± 0.78 40.3± 0.93

LU-HP 23.6± 0.41 137.1± 2.17 142.2± 1.53 127.4± 2.41
MG 1.5± 0.01 2.2± 0.08 2.1± 0.05 2.1± 0.04
SP 18.2± 1.32 18.6± 0.19 19.7± 0.26 19.8± 0.89

Table 2. OpenUH NPB overhead measurements for 32 threads on ACISS.

Benchmark Baseline Collector Collector+TAU Opari+TAU
BT 19.0± 0.75 20.5± 0.88 20.7± 0.03 18.8± 0.05
CG 8.5± 0.35 9.3± 0.15 9.1± 0.03 10.2± 0.05
EP 2.8± 0.12 2.7± 0.04 2.9± 0.03 3.0± 0.05
FT 3.6± 0.02 3.8± 0.23 3.8± 0.01 3.8± 0.03
LU 12.6± 0.52 13.0± 0.53 13.4± 0.04 98.7± 0.07

LU-HP 23.8± 1.53 63.5± 0.83 58.2± 0.03 164.2± 0.05
MG 1.5± 0.02 1.9± 0.06 2.0± 0.02 2.2± 0.04
SP 17.8± 0.33 17.6± 0.47 16.5± 0.02 17.4± 0.05

Table 3. GCC NPB overhead measurements for 32 threads on ACISS.

3.2 Head Modeling Forward Solver

To demonstrate the utility of the Collector API support in TAU, we used
it in an optimization study of an application that models the conduc-
tivity of human head tissues [24]. This head modeling tool contains two
Finite Di↵erence solvers, ADI and VAI, which solve the electromagnet-
ic problem via Poisson’s equation. The ADI solver (Alternating Direc-
tion Implicit) considers only isotropic head tissue conductivities, and the
VAI solver (Vector Additive Implicit) handles anisotropic conductivities.
Both solvers are used in computing individual-specific conductivity val-
ues (in an inverse problem) and in generating the lead field matrices (for
conducting source analysis). For the purposes of this study, we used the
ADI algorithm.
The application was compiled normally with the OpenUH C++compiler
using full optimizations and no instrumentation. The application was
executed using 1, 2, 4, 8 and 16 threads on a 32-core node of ACISS.
The application domain is small enough that executing with more than
16 threads does not reduce the execution time. The data was collected
using the tau exec utility, which preloads the TAU libraries and tool
support. The profile data was then archived in a TAUdb performance
database for analysis. As can be seen in Figures 2(a) and 2(b), there is
a load imbalance in the time spent in the parallel region, and signifi-
cant synchronization time spent in an implicit barrier at the end of the
loop. This imbalance suggests that the default static OpenMP schedule
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OPARI	
  Addi5onal	
  Events	
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~2,398,166	
  extra	
  5mers!	
  

c	
  

c	
  
c	
  



Collector	
  API	
  Extra	
  Events	
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~897,103	
  extra	
  5mers!	
  

c	
  

c	
  

Obvious	
  takeaway:	
  unless	
  needed,	
  
Events	
  will	
  add	
  overhead	
  for	
  
lightweight	
  loops	
  



OMPT	
  Overheads	
  
•  LU-­‐HP	
  
•  Intel:	
  20.430s	
  
•  Intel+TAU:	
  22.911s	
  
•  Intel+TAU+OMPT	
  (currently	
  supported	
  
events):	
  137.016s	
  

•  Intel+TAU+OMPT	
  (minimal	
  support)+Samples:	
  
25.569s	
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Obvious	
  takeaway:	
  unless	
  needed,	
  
Task	
  Events	
  will	
  add	
  overhead	
  for	
  
lightweight	
  tasks	
  



DOE	
  SciDAC:	
  MPAS-­‐Ocean	
  	
  
•  MPAS-­‐Ocean	
  (SciDAC-­‐3	
  MULTISCALE)	
  has	
  scaling	
  limits	
  using	
  MPI	
  only	
  	
  
•  Currently	
  adding	
  OpenMP	
  pragmas	
  to	
  efficiently	
  increase	
  concurrency	
  
•  TAU	
  (SciDAC-­‐3	
  SUPER)	
  was	
  used	
  to	
  evaluate	
  MPI+OpenMP	
  approach,	
  

suggest	
  improvements	
  
•  Tests	
  performed	
  by	
  Doug	
  Jacobsen	
  (LANL),	
  Kevin	
  Huck	
  and	
  Sameer	
  

Shende	
  (U.	
  Oregon)	
  
•  Observa5ons,	
  op5miza5ons	
  found:	
  

1.  MPI	
  block	
  decomposi5on	
  +	
  OpenMP	
  element	
  decomposi5on	
  reduces	
  total	
  
instruc5ons	
  in	
  computa5onal	
  regions	
  (~10%	
  faster)	
  when	
  compared	
  to	
  MPI	
  
block	
  decomposi5on	
  alone	
  

2.  Weighted	
  block	
  decomposi5on	
  using	
  ver5cal	
  elements	
  (depth)	
  balances	
  
work	
  across	
  processes	
  (~5%	
  faster)	
  

3.  Guided	
  schedule	
  balances	
  work	
  across	
  threads	
  (~6%	
  faster)	
  
4.  Overlapping	
  communica5on	
  and	
  computa5on	
  will	
  reduce	
  synchroniza5on	
  

delays	
  when	
  exchanging	
  halo	
  regions	
  (not	
  yet	
  implemented)	
  
•  Evalua5on	
  of	
  OpenMP	
  implementa5on	
  is	
  ongoing	
  
•  hup://mpas-­‐dev.github.io	
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MPI	
  Scaling	
  to	
  16,800	
  processes	
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MPI	
  Scaling	
  to	
  16,800	
  processes	
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OpenMP	
  Performance	
  Improvements	
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1.	
  Increasing	
  thread	
  concurrency	
  with	
  constant	
  
resources	
  (64	
  cores	
  used	
  in	
  all	
  cases).	
  

3.	
  Adjus5ng	
  thread	
  schedule	
  balances	
  workload,	
  
reduces	
  computa5on	
  5me	
  (but	
  not	
  all	
  loops)	
  

Weighted	
  decomposi5on	
  (2),	
  guided	
  schedule	
  (3)	
  
balances	
  workload,	
  reduces	
  synchroniza5on	
  delay	
  



Summary	
  
•  Several	
  OpenMP	
  op5ons	
  to	
  choose	
  from	
  
–  OPARI	
  is	
  the	
  most	
  portable	
  alterna5ve	
  

•  Obviously,	
  best	
  implementa5on	
  support	
  comes	
  from	
  
within	
  the	
  run5me	
  

•  OMPT	
  is	
  a	
  promising	
  opportunity	
  for	
  OpenMP	
  run5me	
  
tool	
  support	
  

•  S5ll	
  need	
  to	
  be	
  careful	
  about	
  processing	
  too	
  many	
  
lightweight	
  events	
  (especially	
  tasks)	
  –	
  even	
  with	
  OMPT	
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