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quick	  start	  guide	

>	  git	  clone	  git@github.com:nushio3/Paraiso.git	  
>	  cd	  Paraiso/	  
>	  cabal	  install	  
>	  cd	  examples/Life/	  	  	  	  	  	  #Conway’s	  game	  of	  life	  example	  
>	  make	  lib	  
>	  ls	  output/OM.txt	  
output/OM.txt	  	  	  	  	  	  	  	  	  	  	  	  #this	  is	  analysis	  result	  for	  dataflow	  
graph	  
>	  ls	  dist/	  
Life.cpp	  	  Life.hpp	  	  	  	  	  	  	  #an	  OpenMP	  implementation	  
>	  ls	  dist-‐cuda/	  
Life.cu	  	  Life.hpp	  	  	  	  	  	  	  	  #a	  CUDA	  implementation	  
>	  cd	  ../Hydro/	  	  	  	  	  	  	  	  	  	  	  #hydrodynamics	  simulator	  example	  	  
>	  make	  lib	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  #this	  takes	  half	  a	  minute	  or	  so	  
>	  ls	  output/;	  ls	  dist/;	  ls	  dist-‐cuda/	  	  	  	  #same	  as	  above	  
	  
	  
	

Install	  Haskell	  PlaPorm	  and	  git,	  then	  type	  	  
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related	  projects	

Fast Fourier	
Transformation	

Hyperbolic PDE	
Solvers	

FFTW	

Paraiso	
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Processing	 SPIRAL	

Problem	 Code	  Generator	  &	  Automated	  Tuning	



related	  projects	



many	  categories	  of	  problems	  in	  astrophysics	

General	  Rela0vity	

Magneto-‐Hydrodynamics	Hydrodynamics	
Radia0ve	  Transfer	  

(Rela0vis0c)	  

Target	  Problem	  of	  Paraiso:	  	  
Hyperbolic	  Par0al	  Differen0al	  Equa0ons	

subset∪	  



GPGPU:	  General-‐Purpose	  Computa0on	  on	  GPUs	  
M.	  Harris	  et	  al	  (2002)	  who	  coined	  the	  name	  

Target	  hardware:	  Parallelism!!	



Target	  Machines	  for	  Paraiso	
•  Parallel	  computers	  (with	  /	  without	  accelerators	  
like	  GPUs)	  programmed	  in	  CUDA,	  OpenCL	  or	  
Fortran.	  Complex	  storage	  hierarchy	  

•  We	  physicists	  are	  des0ned	  to	  use	  this	  kind	  of	  
machines.	  then	  let’s	  find	  fun	  ways	  of	  doing	  so!	  

runs	  90’832’896	  CUDA	  Thread	  in	  Parallel	

L1	  Cache	
L2	  Cache	

Video	  Memory	
Host	  Memory	

SSD	
Hard	  Disk	

GPU	  Register	
Scratchpad	

4,386,816	  floa0ng	  opera0ons	  in	  Parallel	

The	  K	  computer,	  Kobe,	  Japan	

Tsubame2.0	  
at	  TiTech	  

and	  its	  awful	  
hierarchy	



Target	  Problem:	  Par0al	  Differen0al	  Equa0ons,	  	  
Explicit	  Solvers,	  on	  Uniform	  Mesh	

From	  computa0onal	  point	  of	  view:	  
•  They	  are	  d-‐Dimensional,	  real-‐number	  cell	  automata.	  
(also	  called	  stencil	  calcula9ons)	  

•  The	  state	  of	  each	  cell	  is	  a	  tuple	  of	  real	  numbers.	  
•  The	  state	  of	  the	  cell	  at	  genera0on	  (n+1)	  is	  defiend	  as	  
func0on	  of	  the	  states	  of	  its	  neighbor	  cells	  at	  
genera0on	  (n).	  This	  locality	  makes	  distributed	  
computa0on	  rela0vely	  easy.	

n-‐th	  genera0on	 n+1 -‐th	  genera0on	



The	  Problem	 • We	  astrophysicists	  
write	  beau0ful	  codes	  

• With	  very	  beau0ful	  
repea0ng	  paIerns	  

•  I	  mean,	  as	  beau0ful	  as	  crystalline	  
silicate	  

•  OK,	  but	  this	  is	  not	  the	  kind	  of	  beauty	  
func0onal	  programmers	  are	  
searching	  for	
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Our	  Parallel	  Programming	  is	  like	  this	
The	  amount	  of	  programs	  we	  write	  in	  our	  life	  is	  
the	  product	  of	  the	  factors	  who	  mul0ply	  by	  
copying-‐and-‐pas0ng.	

Specify	  each	  of	  the	  sufficient	  knowledge	  modules,	  
and	  programs	  like	  above	  are	  automa0cally	  
generated	

I	  want	  it	  like	  this	



What	  a	  code	  generator	  aims	  for	  
•  Generally	  you	  write	  Nf×Nmath×Neq×Nint×Nhw…	  lines	  of	  
code	  

•  You	  find	  a	  bug	  /	  improvement	  and	  want	  Neq	  =	  Neq	  +	  1;	  then	  you	  
need	  to	  re-‐write	  Nf×Nmath×1×Nint×Nhw…	  lines	  	  

•  With	  code	  generator	  you	  only	  have	  to	  write	  
	   	  Nf	  +	  Nmath	  +	  Neq	  +	  Nint	  +	  Nhw…	  lines	  
•  You	  want	  Neq	  =	  Neq	  +	  1;	  then	  just	  add	  1	  line	  
•  You	  can	  concentrate	  on	  physics	  
•  We	  have	  vast	  possibility	  for	  automated	  tuning	  



Paraiso	

•  cannot	  invent	  new	  integra0on	  schemes	  for	  
you	  

•  can	  write	  programs	  instead	  of	  you	  
•  for	  CPUs,	  GPUs,	  and	  future	  machines	  ...	  

•  can	  search	  for	  beIer	  memory	  &	  cache	  usage	  
paIern	  for	  you	  

•  can	  search	  for	  beIer	  communica0on	  paIerns	  
for	  you	

13	
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Orthotope	  Machine	  (OM)	
•  	  A	  virtual	  machine	  much	  like	  vector	  
computers,	  each	  register	  is	  mul0dimensional	  
array	  of	  infinite	  size	  

•  arithme0c	  opera0ons	  work	  in	  parallel	  on	  each	  
mesh,	  or	  loads	  from	  neighbour	  cells.	  
	

	  No	  inten0on	  of	  buiding	  a	  
real	  hardware:	  

a	  thought	  object	  to	  
construct	  a	  dataflow	  graph	



Instruc0on	  set	  of	  Orthotope	  Machine	
and	  as	  a	  physicist	  I	  can	  assure	  this	  0ny	  set	  can	  cover	  any	  hyperbolic	  	  
PDE	  solving	  algorithm	  (for	  uniform	  mesh)	

Imm 
　load	  constant	  value	  
Load　（graph starts here） 
　read	  from	  named	  array	  
Store　（graph ends here） 
　write	  to	  named	  array	  
Reduce 
　array	  to	  scalar	  value	  
Broadcast 
　scalar	  to	  array	  
Shift 
　copy	  each	  cell	  to	  neighbourhood	  
LoadIndex & LoadSize 
　get	  coordinate	  of	  each	  cell	  
	  	  	  get	  array	  size	  
Arith 
　various	  mathema0cal	  opera0ons	
	
	
	
	
	
	
	



a	  Kernel	  is	  a	  bipar0te	  dataflow	  graph	

Mul	

Add	

ShiB(-‐1,0)	

Reduce(Min)	

Broadcast	
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NValue	 NInst	

global	  value	  
（scalar	  value）	

local	  value（Array）	

local	  value（Array）	

Load(“hoge”)	

Store(“hoge”)	
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programming	  language	  Paraiso	  
lacks	  a	  usual	  frontend	

•  its	  source	  code	  is	  not	  a	  string	  
•  no	  Lexer,	  no	  Parser	  

•  Paraiso	  is	  an	  embedded	  DSL	  in	  Haskell,	  its	  
programme	  wriIen	  in	  terms	  of	  Builder	  
monads	  and	  their	  combinators	



Builder	  Monads	  
constructs	  dataflow	  graph	  

(a	  state	  monad	  that	  carries	  the	  half-‐built	  graph)	  	



•  User	  interface	  is	  in	  Type-‐level	  
– The	  type-‐checker	  helps	  user	  
– and	  assures	  type-‐consistency	  for	  the	  backend	  

•  Dataflow	  graph	  under	  cover	  is	  Value-‐level	  	  
– can	  handle	  the	  graph	  in	  one	  type.	  

Value	  TLocal	  Float	  
-‐>	  Value	  TGlobal	  Int	  
-‐>	  Value	  Tlocal	  Float	  	

Value	  TLocal	  Float	

Value	  TGlobal	  Int	

DynValue	  
-‐>	  DynValue	  
-‐>	  DynValue	

DynValue	

DynValue	

User	  space	
Internal	  
Dataflow	  
Graph	



a	  helper	  func0on	  to	  define	  
binary	  operators	  for	  Builder	  Monad	

Typed	  user	  interface	  



Builder	  monad	  being	  an	  Addi0ve	  
Builder	  monad	  being	  a	  Ring	  ...	



Builder	  Commuta0ve	  Diagram	

Builder A	 Builder B	 Builder C	

Program A	 Program B	 Program C	

Value A	 Value B	 Value C	

code	  	  	  genera0on	

computa0on	



typelevel-‐tensor	

27	

jkijik BAC =
Einstein’s	  nota0on	

Nota0on	  in	  Haskell	  
using	  typelevel-‐tensor	

Implementa0on	  in	  C++	  	

∑
=

=
3

1j
jkijik BAC

nota0on	  in	  standard	  	  
mathema0cs	  terminology	



All	  these	  combined...	
We	  can	  write	  equa0ons	  compactly,	  
which	  are	  automa0cally	  code	  generators,	  
that	  generate	  huge	  codes!	



実際に使っているところ	

ただの数式にみえるが、各項はBuilderモナドであり、	  
全体がOMグラフのジェネレータになっている	



Don’t	  Repeat	  Yourself	

•  Builderが言語の第一級の対象	  
•  コード生成器を自由に操る道具、を自由に操
る道具、を自由に操る道具、・・・がタダでつい
てくる	  

•  その言語の加護を受けられる	  

•  DRY(同じことは２度書かない)原則をとことん
追求できる	



「流体っぽいもの」型クラスを定義	

•  必要そうな物理量の定義を全部用意	  
•  あとでDead	  Code	  Elimina0onが消すから大丈夫	



「流体っぽいもの」をApplica0veにする	

•  結構たくさんある流体変数全体に一つの演算
を施せるように！	



隣り合う4マスを補間して	  
間の量を求める関数	

•  これ１つで、無数の流体変数全体を一気に処理	  
•  任意の次元、任意の方向に対応！	  
•  一発で書ける	  



4つの解の候補のなかから	  
場合分けに応じて正しいものを選ぶ	

•  これ１つで、無数の流体変数全体を一気に処理	  
•  任意の次元、任意の方向に対応！	  
•  一発で書ける	  



各方向ごとの計算結果を足し合わせ	  
全体の解を求める処理	

•  これ１つで無数の流体変数全体を（ｒｙ	  
•  任意の次元、任意の方向に（ｒｙ	  
•  モナド、Fold、演算子の部分適用などすごい
Haskellの楽しい機能を駆使	  

•  自分で後からみても正直読めない	  
•  でもこんなに少ない行数で書ける！	  



Don’t	  Repeat	  Yourself	

•  Paraisoには文字列フロントエンドがない	  
•  コード生成器Builder自体が言語の第一級の
対象	  
• 関数型言語の強力な利点！	  
•  コード生成器を自由に操れる	  

•  DRY(同じことは２度書かない)原則をとことん
追求できる	  



-‐-‐Advanced	  topic-‐-‐	

in	  an	  answer	  to	  Simon’s	  ques0on	
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Duplicated	  Calcula0ons!	

•  Although	  the	  in-‐memory	  representa0on	  of	  Haskell	  avoids	  
duplica0on,	  user	  cannot	  observe	  the	  sharing	  (Mainland	  &	  
Morriset	  2010).	  

•  let-‐sharing	  and	  λ-‐sharing	  ...	  to	  recover	  sharing	  is	  
Publishable	  Results	  at	  the	  Interna0onal	  Conferences™	  
(EllioI	  et	  al.	  2003,	  O’Donnell	  1993,	  Bjesse	  et	  al.	  1998,	  
Claessen	  and	  Sands,	  1999,	  Gill	  2009.)	  	 38	

let	  x	  =	  calc	  
let	  y	  =	  x*x	  
let	  z	  =	  y+y	  
	

How	  the	  customer	  
explained	  it	 How	  Haskell	  internally	  represents	  it	  	

x	  =	  calc();	  
y	  =	  x*x;	  
z	  =	  y+y;	  
	

What	  the	  customer	  
really	  needed	

z	  =	  Expr	  Add	  	  
	  	  (Expr	  Mul	  calc	  calc)	  
	  	  (Expr	  Mul	  calc	  calc)	

How	  Haskell	  seman0cally	  	  
means	  it	  	

z	  =(calc()*calc())+	  
	  	  	  (calc()*calc());	  
	

What	  code	  generated	

	  
	  
	  

calc	

z	 Expr□□□	

Add	 Mul	

Expr□□□	

What	  speed	  you	  get	



The	  Russians	  Used	  a	  Pencil	

•  I	  use	  monad!	  (Undergraduate™)	  
•  Each	  term	  is	  bound	  to	  a	  node	  index	  in	  the	  graph	  in	  the	  
State	  monad,	  the	  indices	  get	  duplicated,	  but	  calcula0on	  
doesn’t.	  The	  bind	  keyword	  does	  this	  indexing.	  

•  Then	  do	  I	  need	  to	  be	  careful	  not	  to	  bind	  unused	  values?	  	  
à	  NO!	  dead	  code	  elimina9on	  takes	  care	  of	  them	  

39	

x	  <-‐	  bind	  $	  someCalc	  
y	  <-‐	  bind	  $	  x*x	  
z	  <-‐	  bind	  $	  y+y	  

void	  Hello::Hello_sub_0	  (const	  int	  &	  a1,	  int	  &	  a5)	  	  {	  
int	  a1_0_0	  =	  a1;	  
int	  a3_0_0	  =	  (a1_0_0)	  *	  (a1_0_0);	  
(a5)	  =	  ((a3_0_0)	  +	  (a3_0_0));	  
}	

Paraiso	  generates	  this	  code	
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	  code	  generator	

Analysis	  	  ::	  OM	  -‐>	  OM	  
=	  add	  annota0ons	  
Op7miza7on	  ::	  OM	  -‐>	  OM	  
=	  transforms	  graph	  
Plan	  =	  decisions	  made	  upon	  
•  how	  much	  memory	  to	  allocate	  
•  which	  part	  of	  calcula0on	  to	  
take	  place	  in	  same	  subrou0ne	  

Claris	  
•  a	  C++	  -‐like	  syntax	  tree	  with	  
CUDA	  extension.	  

OM	  Dataflow	  
Graph	

C++	  
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Analysis/Op7miza7on	
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Claris	  
•  a	  C++	  -‐like	  syntax	  tree	  with	  
CUDA	  extension.	  

OM	  Dataflow	  
Graph	

C++	  
Code	

OMTrans	

Plan	

Annotated	  and	  
Op7mized	  OM	

Analysis	  &	  
Op7miza7on	

CUDA	  
code	

ClarisTrans	

Claris	

PlanTrans	



an	  omnibus	  interface	  for	  	  
analysis	  and	  op0miza0on	
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Op7mizers	  read	  what	  type	  they	  recognize	  and	  transform	  graphs	

Analyzers	  annotate	  the	  graph	  nodes	  with	  values	  of	  their	  favorite	  types	



just	  one	  example:	  
an	  annota0on	  for	  memory	  alloca0on	

•  some	  of	  the	  dataflow	  
graph	  nodes	  are	  
marked	  ‘Manifest.’	  

•  Manifest	  nodes	  are	  
stored	  in	  memory.	  

•  Delayed	  nodes	  are	  re-‐
computed	  as	  needed.	

data	  Allocation	  	  
	  	  =	  Existing	  -‐-‐	  ^	  This	  entity	  is	  already	  allocated	  as	  a	  static	  
variable.	  
	  	  |	  Manifest	  -‐-‐	  ^	  Allocate	  additional	  memory	  for	  this	  entity.	  	  
	  	  |	  Delayed	  	  -‐-‐	  ^	  Do	  not	  allocate,	  re-‐compute	  it	  whenever	  if	  needed.	  
	  	  deriving	  (Eq,	  Show,	  Typeable)	  

Names	  inherited	  from	  Repa	  (hackage.haskell.org/package/repa)	



Which	  one	  beIer?	  
no	  one	  but	  benchmark	  knows	

Less	  computa0on	

for(;;){	  
	  f[i]	  =	  calc_f(a[i],	  a[i+1]);	  

}	  
for	  (;;){	  
	  b[i]	  +=	  f[i]	  –	  f[i-‐1];	  	  

}	  

Less	  storage	  consump0on	  
&	  bandwidth	
for(;;){	  
	  f0	  =	  calc_f(a[i-‐1],	  a[i]);	  
	  f1	  =	  calc_f(a[i],	  a[i+1]);	  
	  b[i]	  +=	  	  f1	  –	  f0;	  

}	

a	

f	

b	

a	

f	

b	



write	  grouping	
Kernel	  
•  a	  user-‐defined	  func0on	  that	  does	  desired	  task	  
•  calls	  several	  Subkernel	  
Subkernel	  
•  a	  set	  of	  calcula0on	  executed	  in	  a	  loop	  
•  =	  	  Fortran	  subrou0ne	  
•  =	  	  CUDA	  __global__	  kernel	  

void	  Life::proceed	  ()	  	  {	  //	  example	  of	  a	  kernel	  calling	  subkernels	  
	  	  Life_sub_2(static_2_cell,	  manifest_1_67);	  
	  	  Life_sub_3(static_1_generation,	  manifest_1_67,	  manifest_1_69,	  
manifest_1_74);	  
	  	  (static_0_population)	  =	  (manifest_1_69);	  
	  	  (static_1_generation)	  =	  (manifest_1_74);	  
	  	  (static_2_cell)	  =	  (manifest_1_67);	  
}	  



a	  Kernel	  	



write	  grouping	  
=	  a	  Kernel	  -‐>	  subkernels	  	

•  all	  node	  wriIen	  by	  one	  
subkernel	  must	  have	  the	  
same	  array	  size	  

•  nodes	  wriIen	  by	  one	  
subkernel	  must	  not	  depend	  
on	  each	  other	  

•  greedy	



a	  Kernel	  	
Exis0ng	  nodes	



a	  Kernel	  	
Exis0ng	  nodes	

write	  group	  0	

(・A・)	  　dependency!	  not	  yet	  ready	  for	  update	

(・A・)　ready	  for	  update,	  but	  let	  us	  assume	  this	  
node	  had	  a	  different	  array	  size,	  so	  cannot	  be	  
updated	  in	  the	  same	  loop	  as	  above	

(・∀・)　ready	  for	  update!	



a	  Kernel	  	
Exis0ng	  nodes	

subkernel	  0	



a	  Kernel	  	
Exis0ng	  nodes	

subkernel	  0	

write	  group	  1	



a	  Kernel	  	
Exis0ng	  nodes	

subkernel	  0	

subkernel	  1	



a	  Kernel	  	
Exis0ng	  nodes	

subkernel	  0	

subkernel	  1	

write	  group	  2	



a	  Kernel	  	
Exis0ng	  nodes	

subkernel	  0	

subkernel	  1	

subkernel	  2	

write	  grouping	  is	  done!	  
see	  how	  some	  nodes	  are	  re-‐calculated	  
and	  others	  not.	  	



e.g.	  Hydrodynamics	  wriIen	  in	  Paraiso	

•  #	  of	  nodes	  in	  graph＝3958	  
•  #	  of	  nodes	  we	  can	  choose	  layout	  =	  1908	  
•  #	  of	  possible	  implementa0ons	  

à21908	
=2318631474140359897594479094137816650163390396354617107978538972914676911296
28988952894988789846447793390988399384716551223336856806783982602912691606248
36444577017233503954535729241917880311363490383137914861274921255128950712734
78839740867052195091971420983222926979177135181119534352143339906235134472215
63209222201346475070934362866728885394848451529803078779559205459073953255482
22694867051456609645215932758935244244579084816176470059329340736642337222850
66235895193869829821564571777280892089111508644034200647863717746967240332634
3875446350241918444483542305006944256	



manually	

OM	  Builder	

OM	  Compiler	

Na7ve	  compiler	

Orthotope Machine (OM)	
Virtual machine that	
operates on multi-dim.	
arrays	

result	

solution algorithm described in	
OM Builder Monad	

Equa7ons	

Discrete	  
Algorithm	

Orthotope	  
Machine	  code	

Na7ve	  Machine	  
Source	  code	

Executables	

equa0on	  
you	  want	  to	  solve	

The	  Performance	



21908	  different	  implementa0on	  of	  each	  
10’000	  lines	  of	  code,	  generated	  from	

Paraiso	

•  A	  framework	  for	  wri0ng	  any	  
hyperbolic	  par0al	  
differen0al	  equa0ons	  solver	  

•  4299	  lines	

Hydro.hs	
HydroMain.hs	

•  a	  Navier-‐Stokes	  equa0ons	  
solver	  wriIen	  in	  Paraiso	  

•  464	  lines	



Movie	

•  1024^2	  Resolu0on	  

•  A	  shockwave	  formed	  by	  supersonic	  jet	  



Benchmark	  Results	

0	  

500000	  

1000000	  

1500000	  

2000000	  

2500000	  

3000000	  

3500000	  

Paraiso	  Core	  i7	  
920	  x8core	  
2.67GHz	  

Paraiso	  GTX460	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(単精度)	  

Paraiso	  Tesla	  2050	  	   Athena	  Core	  i7	  
920	  x8core	  
2.67GHz	  

Athena:	  An	  open-‐source	  plasma	  simulator	  widely	  used	  in	  
our	  field.	  I’m	  10	  0mes	  slower	  than	  them!	  What	  a	  shame!	

Paraiso generated Codes	 Athena 
↓	

Speed	





Why	  not	  see	  how	  21908-‐1	  other	  
implementa0on	  performs?	

(Anot.add	  AnyAnnotation	  <?>)	  has	  an	  iden0ty	  type	  on	  Builder;	  	  
you	  can	  freely	  add	  any	  annota0on	  at	  almost	  anywhere	  in	  builder	  combinator	  
equa0on.	



I	  also	  add	  annota0ons	  here...	



Manifest	  
Strategy	

Hardware	 size	  of	  .cu	  file	 number	  
of	  CUDA	  
kernels	

memory	  
consump
7on	

speed	  
(mesh/s)	

none	 13108	  lines	 7	 52	  x	  N	 3.03×106	

HLLC	  +	  
interpolate	

GTX	  460　	 3417	  lines	 15	 84	  x	  N	 22.38×106	

HLLC	  only	 GTX	  460	 2978	  lines	 11	 68	  x	  N	 23.37×106	

interpolate	  
only	

GTX	  460	 17462	  lines	 12	 68	  x	  N	 0.68×106	

HLLC	  only	  
	

Tesla　
M2050	

2978	  lines	 11	 68	  x	  N	 16.97×106	

HLLC	  only	 Core	  i7	  x8	 2978	  lines	 68	  x	  N	 2.48×106	

Athena	   Core	  i7	  x8	 2.90×106	



By	  adding	  two	  lines	  of	  annota0on	

•  We	  made	  several	  tens	  of	  nodes	  Manifest	  
	  	  	  	  (not	  just	  two;	  applica0ve	  functors	  and	  traversables	  work	  as	  leverage)	  

•  Our	  generated	  codes	  is	  ¼	  in	  line	  number	  
•  Our	  code	  makes	  double	  more	  CUDA	  kernel	  
call	  per	  genera0on	  

•  Our	  code	  uses	  slightly	  more	  memory	  
•  and	  7	  0mes	  faster	  than	  it	  used	  to	  be!	
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Benchmark	  rev.2	
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920	  x8core	  
2.67GHz	  

Speed	 Paraiso Generated	 Common 
code 
↓	
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What	  speed	  you	  get	  rev.2	



Current	  State	  of	  Paraiso	

•  Can	  generate	  OpenMP	  and	  CUDA	  program	  for	  
mul0core	  CPUs	  as	  well	  as	  GPUs	  

•  On	  8-‐core	  CPU,	  the	  speed	  of	  OpenMP	  version	  
almost	  matches	  that	  of	  hand-‐wriIen	  codes	  
widely	  used	  

•  CUDA	  version	  is	  10	  0mes	  faster	  than	  them,	  and	  
comes	  for	  free.	  

•  By	  adding	  just	  1	  or	  2	  lines	  of	  Annota0on,	  we	  can	  
make	  radical	  changes	  on	  memory	  usage/
computa0on	  structure	  of	  the	  code,	  resul0ng	  in	  
radical	  change	  in	  performance.	  	  	  	  



Future	  of	  Paraiso	

	  
•  Distributed	  computa0on	  via	  MPI.	  	  
•  OpenCL	  &	  Fortran	  Backend.	  

•  Automated	  benchmark	  &	  search	  for	  memory	  
usage,	  communica0on	  paIerns,	  data	  structure.	

This	  is	  not	  a	  victory;	  this	  is	  where	  the	  real	  fight	  begins.	  



to	  be	  con0nued...	


