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Inverse	
  solving	
  by	
  sequen+al	
  Monte	
  Carlo	
  analysis	


This	
  sequenBal	
  method	
  is	
  not	
  suitable	
  for	
  parallelizaBon	
  	
  
because	
  each	
  judgement	
  of	
  the	
  MC	
  trial	
  depends	
  on	
  its	
  previous	
  state.	
  	


New	
  ParallelizaBon	
  model	
  by	
  "predicBon-­‐correcBon"	
  method	
  	


Building	
  3d	
  model	
  (par1cle	
  posi1ons)	
  from	
  X-­‐ray	
  sca9ering	
  data.	
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Algorithm	
  of	
  ConvenBonal	
  Reverse	
  Monte	
  Carlo	
  method	

①Hard Sphere ②Trial move ③Compute Scalc(q) 
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④Compute error sum of squareΔχ2 
Δχ 2 < 0
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Accept 

Accept with 
the probability 
exp(-Δχ2/2) Repeating it, χ2 can be minimized. 

　　→　Best estimated positions 

Physical	
  constraints	
  
(Excluded	
  volume)	
  

are	
  applied.	
  

①  Give	
  iniBal	
  configuraBon	
  
②  Calculate	
  S(q)	
  and	
  the	
  change	
  of	
  

χ2	
  by	
  trial	
  move	
  chosen	
  saBsfying	
  
with	
  physical	
  constrains	
  
•  χ2	
  is	
  a	
  square	
  sum	
  of	
  differences	
  

between	
  S(q)	
  obtained	
  from	
  
configuraBon	
  and	
  Experimental	
  
data.	
  

	
  
③  Accept	
  with	
  the	
  probability	
  exp(-­‐

Δ	
  χ2/2)	
  
④  UnBl	
  convergence	
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IniBal	
  guess	


Calc	
  of	
  h(r),	
  g(r),	
  S(q)	


Sampling	
  trial	
  move	


Calc	
  of	
  Δh(r),	
  Δg(r),	
  ΔS(q)	


Judge	


Sampling	
  M	
  trials	


PredicBve	
  Calc	
  of	
  Δhk(r)	
  	
  
for	
  k	
  =	
  1	
  to	
  M	


CorrecBon	
  of	
  Δhk(r)	
  	


Calc	
  of	
  Δgk	
  (r),	
  ΔSk	
  (q)	


Judge	


X-­‐ray	
  sca9ering	
  data	
  (S(q))	
  
=	
  info.	
  of	
  nano-­‐par1les’	
  posi1ons	
  

S(q)	
  :	
  structure	
  factor	


"predicBon"	
   part	
   calculates	
   Δhk(r)	
   M	
   Bmes	
  
simultaneously,	
   where	
   each	
   Δhk(r)	
   consists	
   of	
  
an	
  independent	
  partcle	
  move.	
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Algorithm	
  is	
  changed	
  to	
  separate	
  parallel	
  computaBon	
  of	
  Δhk(r)	
  for	
  k	
  =	
  1	
  to	
  M	
  	
  and	
  unparalleled	
  correcBon	
  part.	
  
CommunicaBon	
  overhead	
  can	
  be	
  reduced	
  to	
  1/M	
  of	
  that	
  of	
  "sequenBal"	
  method.	


Δh1(r)	
  
Δh2(r)	
  	
  except	
  for	
  i1-­‐i2	
  
Δh3(r)	
  	
  ※i1-­‐i2,	
  i1-­‐i3,	
  i2-­‐i3	
  
	
  

Here,	
  ik	
  is	
  parBcle	
  id	
  of	
  sampled	
  as	
  k-­‐th	
  trial.	
  

"correcBon"	
   part	
   fixes	
   Δhk(r),	
   which	
   were	
  
tentaBvely	
   calculated	
   for	
   pairs	
   of	
   M	
   trial	
  
parBcles	
  in	
  the	
  predicBon	
  part.	
  

Δh2(r)	
  for	
  i1-­‐i2	
  
Δh3(r)	
  	
  for	
  i1-­‐i2,	
  i1-­‐i3,	
  i2-­‐i3	
  

For	
   the	
   efficiency,	
   tentaBve	
   Δh2(r)	
   for	
   i1-­‐i2	
   is	
  
calculated	
  in	
  the	
  predicBon	
  part.	
  The	
  tentaBve	
  
value	
  is	
  subtracted	
  in	
  the	
  correcBon	
  part.	


Start	
  form	
  a	
  given	
  iniBal	
  configuraBon	
  
(parBcles	
  are	
  randomly	
  put	
  into	
  box	
  of	
  P.B.	
  condiBon.)	


1)	
  calculate	
  distances	
  between	
  parBcles	
  

2)	
  count	
  histogram,	
  convert	
  to	
  structure	
  factor	
  S(q)	
  

3)	
  compute	
  χ2	
  	
  between	
  obtained	
  S(q)	
  and	
  Exp.	
  one	
  

Trial	
  move	
  of	
  a	
  parBcle	
  randomly	
  chosen	
  

1)	
  calculate	
  distances	
  between	
  parBcles	
  

2)	
  count	
  histogram,	
  convert	
  to	
  structure	
  factor	
  S(q)	
  

3)	
  compute	
  χ2	
  	
  between	
  obtained	
  S(q)	
  and	
  Exp.	
  one	
  

Accept	
  this	
  trial	
  move	
   Accept	
  this	
  trial	
  move	
  with	
  a	
  probability	
  
exp(-­‐Δχ2/2) 

(2 may be replaced by a temperature like 
parameter for a controll of decreasing χ2 )	
  

Loop	
  unBl	
  convergence	
  within	
  a	
  given	
  error	
  

YES	
 NO	
Decreasing	
  χ2	
  by	
  trial	
  move?	
  

Check	
  physical	
  constraint	
  
・Excluded	
  Volume	
  of	
  atoms	
  

・specific	
  bond	
  among	
  atoms	
  (if	
  need)	
  

Physical	
  
Constraints	
  
not	
  saBsfied	




•  We	
  achieved	
  36.5%	
  of	
  peak	
  performance	
  on	
  “K	
  computer”「京」 for	
  the	
  histogram	
  
calculaBon	
  kernel.	
  
•  5.98	
  Tflops	
  was	
  achieved	
  on	
  128	
  nodes	
  with	
  4,194,304	
  parBcles.	
  	
  
•  339	
  Tflops	
  was	
  achieved	
  on	
  8,192	
  nodes	
  with	
  33,554,432	
  parBcles.	
  

•  New	
  algorithm	
  "predicBon-­‐correcBon"	
  is	
  efficient.	
  	
  
•  The	
  achieved	
  speed	
  up	
  was	
  14%	
  of	
  the	
  elapsed	
  Bme.	
  
•  ReducBon	
  of	
  the	
  MPI	
  communicaBons	
  leads	
  to	
  reducing	
  the	
  elapsed	
  Bme.	
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•  comm	
   Bme	
   is	
   reduced	
   from	
   11.1	
   s	
   to	
   4.5	
   s.	
   It	
   includes	
  
MPI_allreduce	
  and	
  MPI_bcast.	
  

•  In	
  "predicBon-­‐correcBon"	
  method,	
  number	
  of	
  part	
  of	
  the	
  MPI	
  
calls	
  is	
  reduced	
  to	
  1/M.	
  	
  

•  In	
  4,194,304-­‐parBcle	
   system,	
  24	
  nodes	
  and	
  M	
   =	
  64	
   is	
   sweet	
  
spot.The	
  calculaBon	
  Bme	
  of	
  Δh(r)	
  for	
  M	
  =	
  64	
  was	
  2.9	
  s	
  (14	
  %)	
  
shorter	
  	
  than	
  that	
  of	
  the	
  "sequenBal"	
  method.	
  

•  Our	
   “predicBon–correcBon”	
  method	
   is	
   very	
  useful	
   for	
   large-­‐
parBcle	
  systems	
  as	
  well	
  as	
  large	
  parallel	
  computers.	
  	
  

Performance	
  analysis	
  and	
  op+miza+on	


Performance	
  of	
  the	
  "predicBon-­‐correcBon"	
  compuBng	
  	


OpBmizaBon	
  for	
  the	
  histogram	
  calculaBon	
  kernel	

do	
  i=1+nid,n,nproc	

  xtmp(:)=pos(:,i)	
  +	
  3.0d0	

!***	
  	
  	
  	
  	
  Loop1	
  	
  	
  	
  ***	

	
  	
  do	
  j=1,i-­‐1	

	
  	
  	
  	
  	
  dx(:)=(xtmp(:)	
  -­‐	
  pos(:,j))*0.5d0	

	
  	
  	
  	
  	
  dx(:)=2.0d0*(dx(:)	
  -­‐	
  aint(dx(:)))-­‐1.0d0	

	
  	
  	
  	
  	
  r=ma*dx(1)*dx(1)+mb*dx(2)*dx(2)+	
  mc*dx(3)*dx(3)	

     ilist(j)=sqrt(r)*drinv	
  +	
  0.5d0	

   enddo	

!***	
  End	
  of	
  Loop1	
  	
  ***	
  	
  	

!***	
  	
  	
  	
  	
  Loop2	
  	
  	
  ***	

	
  	
  do	
  ip=1,nthr	

      ip_st	
  =	
  int((i-­‐1)*dble(ip-­‐1)/dble(nthr))	
  +	
  1	

      ip_en	
  =	
  int((i-­‐1)*dble(ip)/dble(nthr))	

	
  	
  	
  	
  	
  	
  do	
  j=ip_st,ip_en	

        phist(ilist(j),ip)=phist(ilist(j),ip)	
  +	
  1.d0	

     enddo	

   enddo	

!***	
  End	
  of	
  Loop2	
  ***	

enddo	

 	

do	
  ip=1,nthr	

	
  	
  do	
  ir=1,nr	

    mpihist(ir)=mpihist(ir)+phist(ir,ip)	

  enddo	

enddo	


•  We	
  modified	
  the	
  original	
  kernel	
  loop	
  for	
  the	
  single	
  instrucBon	
  
mulBple	
  data	
  (SIMD)	
  hardware	
  with	
  fused	
  mulBply-­‐add	
  (FMA)	
  
support	
  in	
  terms	
  of	
  instrucBon-­‐level	
  parallelizaBon.	
  	
  

•  To	
  prevent	
  indirect	
  memory	
  access,	
  we	
  divided	
  the	
  kernel	
  loop	
  
into	
  two	
  loops.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  (Loop1)	
  distance	
  computaBon	
  for	
  all	
  parBcle	
  pairs	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (Loop2)	
  histogram	
  reducBon	
  on	
  each	
  thread	
  
•  For	
  Loop1,	
  we	
  achieved	
  51	
  %	
  of	
  theoreBcal	
  peak.	
  
•  Total	
  performance	
  in	
  both	
  loops	
  was	
  36.5	
  %	
  where	
  75	
  %	
  of	
  the	
  

instrucBons	
  were	
  SIMD	
  vectorized.	
  	
  
Es1ma1on	
  of	
  Theore1cal	
  Limit	
  of	
  the	
  Performance	
  of	
  Loop1.	
  
	
  	
  	
  	
  Demand	
  for	
  memory:	
  16	
  bytes	
  /	
  Loop	
  
	
  	
  	
  	
  Flop/Loop	
  =	
  29	
  (including	
  sqrt	
  and	
  aint	
  funcBons.)	
  
	
  	
  	
  	
  Byte/Flop	
  =	
  0.55	
  
Due	
  to	
  Limit	
  (B/F=0.36)	
  of	
  K	
  computer,	
  65	
  %	
  is	
  theoreBcal	
  limit	
  of	
  Loop1.	
  
Check	
  of	
  this	
  limit	
  with	
  computa1on	
  removing	
  sqrt	
  and	
  aint.	
  
	
  	
  	
  	
  Peak-­‐raBo	
  =	
  44.2	
  %.	
  	
  	
  Flop/Loop	
  =	
  26.01.	
  
Validity	
  of	
  the	
  esBmated	
  theoreBcal	
  Limit	
  is	
  confirmed.	
  

Sequen+al	
 M=8	
 M=16	
 M=64	
 M=128	

20.6	
  s	
 20.9	
  s	
19.3	
  s	
 17.7	
  s	
 19.0	
  s	


Elapsed	
  +me	
  of	
  the	
  Δh(r)	
  calcula+on	
  on	
  24	
  nodes	


We	
  also	
  benchmarked	
  a	
  33,554,432-­‐parBcle	
  system	
  
on	
  256	
  nodes	
  of	
  the	
  K	
  computer;	
  the	
  elapsed	
  Bme	
  
with	
  M	
  =	
  32	
  was	
  22.4	
  s,	
  which	
  is	
  faster	
  than	
  that	
  of	
  the	
  
M	
  =	
  64	
  run	
  (24.7	
  s).	


MPI	
  func+ons	
 Sequen+al	
 M=64	

Allreduce	
 39,927	
 13,921	

Bcast	
 153,236	
 14,337	


•  For	
   speed	
   up	
   of	
   RMC	
   computaBons,	
   physical	
   condiBons	
   such	
   as	
  
excluded	
  volume	
  (EV)	
  are	
  checked	
  before	
  the	
  Δh(r)	
  calculaBon.	
  	
  

•  In	
  this	
  case,	
  approximately	
  13	
  %	
  of	
  the	
  100,000	
  trails	
  saBsfied	
  the	
  EV	
  
condiBons.	
   Next,	
   approximately	
   60%	
   of	
   the	
   saBsfied	
   trials	
   were	
  
accepted	
  in	
  terms	
  of	
  the	
  χ2	
  judgments.	
  

count	
  of	
  collec+ve	
  communica+on	



