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Summary	
  

Original	
  source	
  code	
  
(heap-­‐directed	
  pointers,	
  

dynamic	
  memory	
  alloca>on)	
  	
  

Our	
  tool	
  

Modified	
  source	
  code	
  

Standard	
  HLS	
  tool	
  

Summary	
  
•  HLS	
  tools	
  map	
  code	
  to	
  hardware	
  

but	
  require	
  manual	
  source	
  code	
  
refactoring…	
  
–  …	
  to	
  map	
  pointer-­‐manipula>ng	
  
programs	
  efficiently	
  into	
  HW	
  	
  	
  

•  A	
  sta>c	
  program	
  analysis	
  
–  to	
  analyse	
  pointer-­‐based	
  memory	
  
accesses	
  and	
  heap	
  layout	
  

–  to	
  iden>fy	
  disjoint,	
  independent	
  
regions	
  in	
  heap	
  memory	
  

•  Source-­‐to-­‐source	
  transforma>ons	
  
–  to	
  par>>on	
  heap	
  across	
  on-­‐chip	
  
memory	
  banks	
  

–  To	
  perform	
  automa>c	
  loop	
  
paralleliza>on	
  

HLS	
  for	
  the	
  Heap	
  



HLS	
  tools	
  (examples)	
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•  State-­‐of-­‐the-­‐art	
  HLS	
  tools	
  don’t	
  support	
  full	
  

featured	
  C/C++	
  code	
  
•  A	
  major	
  restric>on:	
  Heap	
  directed	
  pointers	
  

and	
  dynamic	
  memory	
  alloca>on	
  not	
  
supported	
  

•  Worth	
  considering	
  at	
  all?	
  
	
  



Case	
  study:	
  K-­‐means	
  clustering	
  

Case	
  study:	
  
•  Compare	
  computa>onal	
  proper>es	
  of	
  two	
  
algorithms	
  for	
  K-­‐means	
  clustering	
  

•  SW	
  (C++)	
  /	
  RTL	
  (VHDL)	
  /	
  HLS	
  (C++)	
  
implementa>ons	
  

•  Code	
  available	
  on	
  GitHub	
  (Vivado-­‐KMeans)	
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Same	
  result	
  –	
  two	
  algorithms	
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…	
   …	
  …	
   …	
  
…	
   …	
  

Brute-­‐force	
  algorithm	
  
•  Computa>onally	
  expensive	
  
•  Simple	
  control	
  flow	
  
•  Embarrassingly	
  parallel	
  

Tree-­‐based	
  algorithm	
  
•  Data-­‐dependent	
  control	
  flow	
  
•  Pointer-­‐based	
  tree	
  traversal	
  
•  Dynamic	
  memory	
  alloca>on	
  



Results	
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Sodware	
  	
  
C++,	
  GCC	
  -­‐O3	
  

Intel	
  i7,	
  3.4GHz	
  

Hand-­‐craded	
  RTL	
  
Virtex7	
  FPGA	
  

C++-­‐based	
  HLS	
  
Virtex7	
  FPGA	
  
(Vivado	
  HLS)	
  

Time	
  per	
  clustering	
  itera>on	
  [ms]	
  

The	
  bajlefield	
  

Brute-­‐	
  
force	
  

Tree-­‐
based	
  

x	
  4.4	
  

Iden>cal	
  area	
  constraint	
  for	
  FPGA	
  
implementa>ons:	
  6500	
  slices	
  

Tree-­‐based	
  
re-­‐wrijen	
  

Brute-­‐	
  
force	
  

Tree-­‐
based	
  

Brute-­‐
force	
  

Tree-­‐
based	
  

Tree-­‐based	
  algorithm:	
  
7.2x	
  improvement	
  
ader	
  extensive	
  source	
  
code	
  refactoring	
  

Implementa>on	
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Challenge	
  

0x18	
  

0x14	
  

0x10	
  

0x0C	
  

0x08	
  

0x04	
  

0x00	
  

SW	
  memory	
  model	
  

Distributed	
  
Block	
  RAM	
  

FPGA	
  

int	
  main()	
  {	
  
	
  	
  	
  x	
  =	
  A[i];	
  
	
  	
  	
  p	
  =	
  new	
  int;	
  
	
  	
  	
  *p	
  =	
  3;	
  
	
  	
  	
  ...	
  
}	
  

low	
  address	
  

HLS	
  

high	
  address	
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Challenge	
  

Our	
  goal	
  
•  Par>>on	
  heap-­‐allocated	
  data	
  	
  
structures	
  (‘heaplets’)	
  

•  Synthesize	
  a	
  parallel	
  	
  
implementa>on	
  

•  Ensure	
  that	
  heap	
  par>>ons	
  are	
  ‘private’	
  

heap[N]	
   heapa[N/2]	
  	
  	
  heapb[N/2]	
  

0x18	
  

0x14	
  

0x10	
  

0x0C	
  

0x08	
  

0x04	
  

0x00	
  

SW	
  memory	
  model	
  

low	
  address	
  

high	
  address	
  



Mo>va>ng	
  example	
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sb	
  

…	
   …	
  …	
   …	
  
…	
   …	
  

s	
  =	
  PUSH(root,	
  s);	
  
while	
  s!=0	
  do	
  
	
  	
  	
  	
  s	
  =	
  POP(&u,	
  s);	
  
	
  	
  	
  	
  …	
  do	
  something	
  
	
  	
  	
  	
  if	
  (u-­‐>led!=	
  0)	
  &&	
  (u-­‐>right!=0)	
  then	
  
	
  	
  	
  	
  	
  	
  	
  	
  s	
  =	
  PUSH(u-­‐>right,	
  s);	
  
	
  	
  	
  	
  	
  	
  	
  	
  s	
  =	
  PUSH(u-­‐>led,	
  s);	
  
	
  	
  	
  	
  end	
  if	
  
	
  	
  	
  	
  delete	
  u;	
  
end	
  while	
  

…	
  preamble	
  (accessing	
  root	
  node)	
  
	
  
while	
  sa!=0	
  do	
  
	
  	
  	
  	
  …	
  loop	
  body	
  (access	
  led	
  sub-­‐tree)	
  
end	
  while	
  
	
  
while	
  sb!=0	
  do	
  
	
  	
  	
  	
  …	
  loop	
  body	
  (access	
  right	
  sub-­‐tree)	
  
end	
  while	
  
	
  

n	
   u	
  

n	
   u	
  

n	
   u	
  

sa	
  

•  Par>>on	
  linked	
  list	
  and	
  tree	
  
•  Will	
  the	
  red	
  loop	
  ever	
  access	
  data	
  in	
  the	
  green	
  par>>on?	
  
•  Paralleliza>on	
  is	
  legal	
  (does	
  not	
  violate	
  data	
  dependencies)	
  
•  Why	
  is	
  it	
  hard	
  for	
  a	
  tool	
  to	
  figure	
  this	
  out?	
  

No!	
  



The	
  problem	
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…	
  …	
   …	
  
…	
   …	
  

n	
   u	
  

n	
   u	
  

n	
   u	
  

s	
  

Heap	
  accessed	
  
in	
  the	
  next	
  
itera>on	
  

Heap	
  accessed	
  in	
  
some	
  itera>on	
  in	
  
the	
  future	
  

•  Do	
  these	
  itera>ons	
  access	
  the	
  same	
  memory	
  cell?	
  
	
  
	
  
	
  

•  Need	
  to	
  reason	
  about	
  structure,	
  heap	
  layout	
  and	
  disjointness	
  
•  None	
  of	
  this	
  is	
  explicit	
  in	
  the	
  above	
  representa>on	
  

heap[s]	
  heap[heap[s].u]	
   heap[s]	
  heap[heap[s].n]	
  heap[heap[heap[s].n].n]	
  heap[heap[heap[heap[s].n].n].u]	
  

=	
  ?	
  

…	
   Traverse	
  a	
  
linked	
  list	
  

…	
  which	
  
has	
  links	
  to	
  
sub-­‐trees	
  



Classical	
  first	
  order	
  logic	
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Describe	
  heap	
  
layout	
  with	
  
formulae	
  

…	
  …	
   …	
  
…	
   …	
  

n	
   u	
  

n	
   u	
  

n	
   u	
  

s	
   …	
  

“s	
  points	
  to	
  a	
  record	
  with	
  fields	
  u	
  and	
  n”	
  



Classical	
  first	
  order	
  logic	
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Describe	
  heap	
  
layout	
  with	
  
formulae	
  

n	
   u	
  

n	
   u	
  

n	
   u	
  

s	
  

Formula	
  
below	
  can	
  
also	
  mean	
  this	
  



Separa>on	
  logic	
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Describe	
  heap	
  
layout	
  with	
  
formulae	
  

…	
  …	
   …	
  
…	
   …	
  

n	
   u	
  

n	
   u	
  

n	
   u	
  

s	
   …	
  

* *
** *

•  Tractable	
  heap	
  
analysis	
  

•  Task:	
  Split	
  the	
  
heap	
  formula	
  
into	
  red	
  and	
  
green	
  par>>on	
  

…



Symbolic	
  execu>on	
  

•  Symbolically	
  execute	
  the	
  program	
  using	
  
(a	
  modified	
  version	
  of)	
  coreStar	
  

	
  

	
  

14	
  



Implementa>on	
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Analysis	
  
interface	
  

C/C++	
  
code	
  

Subs>tute	
  
dynamic	
  
memory	
  
alloca>on	
  

Heap	
  
spliyng	
  /	
  
Loop	
  

spliyng	
  

Heap	
  
analysis	
  /	
  
Theorem	
  
proving	
  

C/C++	
  
code	
  

Vivado	
  HLS	
  

RTL	
  impl.	
  

Automated	
  source-­‐to-­‐source	
  compiler	
  
LLNL	
  ROSE	
  Compiler	
  Infrastructure	
  

Automated	
  proof	
  engine	
  

Parse	
  
into	
  AST	
  

Unparse	
  
AST	
  



Case	
  Studies	
  (I)	
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Slices	
  

Latency	
  
[clock	
  cycles]	
  

paralleliza>on	
  p=2	
  

paralleliza>on	
  p=4	
  

no	
  paralleliza>on,	
  
only	
  ensuring	
  synthesizability	
  

Tree-­‐based	
  K-­‐means	
  clustering	
  

no	
  paralleliza>on,	
  
only	
  ensuring	
  synthesizability	
  

paralleliza>on	
  p=2	
  

paralleliza>on	
  p=4	
  paralleliza>on	
  p=4	
  



Case	
  Studies	
  (II)	
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x2	
  

P	
   Slices	
   Clock	
   Cycles	
  

Merger	
  (linked	
  lists)	
  
Baseline	
  (no	
  par.)	
   1	
   574	
   9.0	
  ns	
   21167k	
  
Autom.	
  Paralleliza>on	
   4	
   965	
   8.7	
  ns	
   5483k	
  

Tree	
  dele=on	
  (tree,	
  linked	
  list)	
  
Baseline	
  (no	
  par.)	
   1	
   1521	
   5.2	
  ns	
   901k	
  
Autom.	
  Paralleliza>on	
   2	
   4069	
   6.0	
  ns	
   487k	
  

K-­‐means	
  (tree,	
  linked	
  list,	
  single	
  heap	
  records)	
  
Baseline	
  (no	
  par.)	
   1	
   2694	
   6.1	
  ns	
   1120k	
  
Autom.	
  Paralleliza>on	
   2	
   5618	
   7.0	
  ns	
   606k	
  

Hand-­‐op>mized	
  HLS	
   2	
   5492	
   5.5	
  ns	
   165k	
  

x4	
  

x2	
  

1

2

3

Manual	
  loop	
  flajening,	
  pipelining,	
  custom	
  bit	
  widths,	
  data	
  streaming	
  direc>ves,	
  data	
  packing,	
  …	
  x3.6	
  



Conclusions	
  

•  Exci>ng	
  issues	
  in	
  HLS	
  
– Memory	
  
•  Heap,	
  Arrays	
  

– Real	
  arithme>c	
  (come	
  to	
  another	
  talk!)	
  
•  Lots	
  s>ll	
  to	
  do	
  
– Unified	
  theore>cal	
  basis	
  for	
  memory	
  op>misa>on	
  
– Scope	
  for	
  SVM	
  support	
  and	
  fancy	
  memory	
  models	
  
–  Incorpora>on	
  of	
  non-­‐tradi>onal	
  error	
  sources	
  
– …	
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Thank	
  you	
  for	
  listening.	
  
	
  


