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Background d-esa
Lack of automated optimizations ... SW memory model
0x18 | high address

e ... for programs using pointers

Ox14 4

e ... because pointers are difficult

0x10
to analyze 'g
. O0x0C ‘
e ...and memory is allocated, 0408 4&_
disposed, and reused at run-time 0404
e Yet widely used in SW 0x00 low address

int main() {
X = Ali];
P = hew int;
*p=3;
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Background d-esa
Lack of automated optimizations ... SW memory model
0x18 | high address

e ... for programs using pointers

Ox14 4

e ... because pointers are difficult

0x10
to analyze ,g
. Ox0C o
e ...and memory is allocated, 008 3 Cg(
disposed, and reused at run-time

Ox04
* Yet widely used in SW | o1D LI EEE
int main() {
x = Alil;
This work takes a step D = new int;
towards closing this gap *p=3;




Our contribution d:esa

SW memory model

Our goal
5 0x18 | high address
e Partition heap-allocated data Ox14 4
structures (‘heaplets’) 0x10
e Synthesize parallel memory 0x0C bQ
accesses 0x08 %(g/—
0x04

hieap&]—)hea;a[N/Z] hean[N/Z] o000 low address

 Ensure that heap partitions are
‘private’




Outline

Executive summary Original source code
. . (heap-directed pointers,
e Static program anaIyS|s dynamic memory allocation)
— Analyse pointer-based memory l
accesses Static analysis
— ldentify independent, disjoint regions and COde_
in memory transformation

!

e Source-to-source transformations .
Modified source code
— Partition heap across on-chip memory l

banks Standard HLS tool
— Automatic parallelization (e.g. Vivado HLS)




Motivating example

Can we parallelize
this loop?

s = PUSH(root, s);
while s!=0 do
s = POP(&u, s);
... do something
if (u->left!=0) && (u->right!=0) then
s = PUSH(u->right, s);
s = PUSH(u->left, s);
end if
delete u;
end while
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Motivating example dcesa

After two iterations...

nju s = PUSH(root, s);
while s!=0 do
s = POP(&u, s);
... do something
\ if (u->left!=0) && (u->right!=0) then

s = PUSH(u->right, s);

n u XX s e S = PUSH(U_>Ieft’ S),
end if
delete u;

end while




Motivating example

Partition linked list and tree

s = PUSH(root, s);
while s!=0 do
s = POP(&u, s);
... do something
if (u->left!=0) && (u->right!=0) then
s = PUSH(u->right, s);
s = PUSH(u->left, s);
end if
delete u;
end while
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... preamble (accessing root node)

while s,!=0 do
... loop body (access left sub-tree)
\ end while

while s, !=0 do
... loop body (access right sub-tree)
end while

e Partition linked list and tree
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Motivating example dzesa

... preamble (accessing root node)

while s,!=0 do
... loop body (access left sub-tree)
\ end while

while s, !=0 do
... loop body (access right sub-tree)
end while

e Partition linked list and tree
 Will the red loop ever access data in the green partition? No!
e Parallelization is legal (does not violate data dependencies)

e Why is it hard for a tool to figure this out?
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N L=< _




The problem dcesa

N u
n u
:’I Traverse a
s eee oese s ) ||nked I|St
e Do these iterations access the same memory cell?
heap[lpeap[s].u'] heap[@ap[heap[heap[s].nD].u,]
4
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The problem dcesa

n u
n u see see .
... which
[} .
! has links to
S esee e0e o0 eeo e Sub_trees

e Do these iterations access the sam

heap[lpeap[s].u'] heap[‘heap[heap[heap[s].n].n].u

N X

J




The problem dcesa

O

b Tt L. which
:'I has links to
S eee o0 oo see Sub_trees

e Do these iterations access the sam

heap[lheap[s].u'] heap[‘heap[heap[heap[s].n].n].u

K >=?<

e Need to reason about structure, heap layout and disjointness
e None of this is explicit in the above representation 8

J
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Describe heap L[™1°
layout with
formulae nlu




Classical first order logic ~ €=€sa

\

W

Describe heap L[™1°
layout with
formulae nlu

s = [u: Uq, N S|
| J
|
“s points to a record with fields v and n”

\




Classical first order logic =~ &-esa

Describe heap L[™1°
layout with
formulae n|u

s = [uruy,nis;] A s;— [uiuy, n: sy



Classical first order logic =~ &-esa

Describe heap |-
layout with
formulae n|lu

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]



Classical first order logic =~ &-esa

Describe heap L[™1°
layout with
formulae nlu

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]

A ui—= [Liug, ruc]



Classical first order logic =~ &-esa

Describe heap L[™1°
layout with
formulae nlu

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]

A ui— [Lug, riuc] A us - [Liug, 7 ug]



Classical first order logic ~ €=€sa

\

W

Describe heap 1"
layout with
formulae n|u

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]

A up— [Lug, riuc] A ug - [Liug riug] A uy = [Lug, 7ius]



Classical first order logic =~ &-esa

Describe heap
layout with
formulae n

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]
A up— [Lug, riuc] A ug - [Liug riug] A uy = [Lug, 7ius]

A ...



Classical first order logic =~ &-esa

Describe heap L1
layout with
formulae n|u
\ Conjunction
n|u oo oo N does not
\ﬂ rule out
) cee  eee ses aliasing!

s = [u:uy,n:sq] @Si [u: us, n: sy @Sz [u: usz, n: 0]
®u1—> [L:u), i ug] @x'g [l.ug,r.ug]QDuZ > [l:ug, r:ub]
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Describe heap L1 Formula
layout with below can
formulae n|u also mean this
Conjunction
n | u ‘A" does not
rule out
. aliasing!
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Describe heap 1"
layout with
formulae n|u

Formula
below can
also mean this

Caniunction
. All u-pointers alias

U = Uy, = Up = Uy =

ro T

u5—u6—U7—u8—uQ—'“
GIIGDIIIS:

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]

A up— [Lug, riuc] A ug - [Liug riug] A uy = [Lug, 7ius]
AN
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Describe heap L[°1- Could
layout with add loads of
formulae nju constraints

Conjunction

nlu e eee N does not
}It rule out

S o000 o006 o000 [ N aliasing!

s = [uruy,nis;] A s;—= [uruy, nisy] A sp— [ususg, n:0]
A up— [Lug, riuc] A ug - [Liug riug] A uy = [Lug, 7ius]
A AU FU AU FUZAU] FULAU F Us AU F Ug AUy F Uy

AUy #F Ug AUy #F Ug A U3 F Uy AUz F Uc AUz F Ug AUz F Uy
AUz FUGAU; FUFAUS FULAUH) F Us AUy F Ug A was 10
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Describe heap 1"

O’Hearn,
layout with Reynolds,
formulae n|u Ishtiag, Yang:

\ Separating
niu ces ..-conjunction
“*’ rules out

aliasing!

s = [urug,nis;] * s;— [uruy,nisy] * s;— [ususz, n:0]

¥ uy— [Liug, riuc] * us -

[L:ug, riug] * uy = [Lug, r:us]
AN

AUy #FU) AU FUSAU] F Uy AU F Us AUy F Ug AUY F Uy
AUy #F Ug AUy #F Ug A U3 F Uy AUz F Uc AUz F Ug AUz F Uy
AUz FUGAU; FUFAUS FULAUH) F Us AUy F Ug A was
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Describe heap L[°1- O’Hearn,
layout with Reynolds,
formulae n|u Ishtiag, Yang:

\ Separating

n|u -+« «eq CcONjunction
“*” rules out

S see sese osse see aliasing!

s = [urug,nis;] * s;— [uruy,nisy] * s;— [ususz, n:0]
% u1—> [L:ug, miuc] % ug - [Lug,riug| * up - [Lug, r:us]
e AU, AUy F U AU F Uy AU #:W
/\u1 # Ug A Uy ;kquW/\ug # Ug AUz # Uz

AvrTg AUy # U3 AU, F Uy AUy #F Us AUy F Ug Nasos——




Separation logic

Describe heap 1"
layout with
formulae n|u

O’Hearn,
Reynolds,
Ishtiaq, Yang:

Separating

- conjunction

“*’ rules out
aliasing!

s = [urug,nis;] * s;— [uruy,nisy] * s;— [ususz, n:0]

¥ uy— [Lug, riuc] % us - [Liug,riug| * u, = [Lug, 7ius]

 Tractable heap analysis — very popular in SW verification

e We use it to prove disjointness of heap regions

11
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Back to our partitioning task €-esa

ni|u
n u ﬁ o\oo
S see oese oo

s = [uruy,nis;] * s;—= [wus,nisy|l * s;— [uiug, n: 0]

* Uy [Lug,riuc] * uz - [Lugriug]l * uy - [Lug, r:us]

12
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Back to our partitioning task &

e Partitioning the heap
n | u = partitioning the formula
describing it

s = [uruy,nis;] * s;—= [wus,nisy|l * s;— [uiug, n: 0]

* Uy [Lug,riuc] * uz - [Lugriug]l * uy - [Lug, r:us]

12
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Sp describing it
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Back to our partitioning task €=esa

e Partitioning the heap
= partitioning the formula
describing it

e Add a second ‘hook’ into

the data structure

‘Symbolically’ step

rough loop iterations

s = [u: ui,n:s{]a* s1— [u:uy, n: sé]a * So— [u:ugz,n: 0] b

* Uy [l:ug,r:ug]a * U — [l:u’g,r:ug]a* U, = [l:ug, r: us] b

Communication-free parallelism: Never “ ab -



Implementation

Automated source-to-source compiler
LLNL ROSE Compiler Infrastructure (C++)

Parse
into AST Analysis
:> .
interface
C/C++
code

Substitute
dynamic
memory

allocation

Heap
splitting /
Loop
splitting

Unparse
AST

Heap
analysis /
Theorem

proving

A

Automated proof engine (OCaml)

|

C/C++
code

!

Vivado HLS

!

RTL impl.

13
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Case Studies (1) - C

Tree-based K-means clustering

x 10>
Latency |
12 | N |
[clock cycles] o no parallelization,

10 only ensuring synthesizability
8
6 o-- parallelization p=2
4 ot
5 parallelization p=4

0 2000 4000 6000 8000 10000
Slices ”



Case Studies (Il)

P Slices Clock Cycles

(8 Merger (linked lists)

Baseline (no par.) 574 9.0ns 21167k > w/l
Autom. Parallelization 965 8.7ns 5483k

2
Baseline (no par.) 1521 5.2ns 901k X2
Autom. Parallelization 2 4069 6.0ns 487k

B] K-means (tree, linked list, single heap records)
Baseline (no par.) 1 2694 6.1ns 1120k > X2

Autom. Parallelization 2 5618 7.0 ns 606k
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Case Studies (Il)

P Slices Clock Cycles

(8 Merger (linked lists)

Baseline (no par.) 574 9.0ns 21167k > w/l
Autom. Parallelization 965 8.7ns 5483k

2
Baseline (no par.) 1521 5.2ns 901k X2
Autom. Parallelization 2 4069 6.0ns 487k

B] K-means (tree, linked list, single heap records)
Baseline (no par.) 1 2694 6.1ns 1120k > X2
Autom. Parallelization 2 5618 7.0ns 606k

Manual loop flattening, pipelining, custom bit widths, data streaming directives, data packing, ...

Hand-optimized HLS 2 5492 55ns 165k

15
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P Slices Clock Cycles

(8 Merger (linked lists)

Baseline (no par.) 574 9.0ns 21167k > w/l
Autom. Parallelization 965 8.7ns 5483k

2
Baseline (no par.) 1521 5.2ns 901k X2
Autom. Parallelization 2 4069 6.0ns 487k

B] K-means (tree, linked list, single heap records)
Baseline (no par.) 1 2694 6.1ns 1120k > X2
Autom. Parallelization 2 5618 7.0ns 606k

Manual loop flattening, pipelining, custom bit widths, data streaming directives,%| x3.6

Hand-optimized HLS 2 5492 55ns 165k
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Conclusion

e Static analysis of heap-manipulating programs
— Leveraging recent advances in separation logic
— Distribute heap across on-chip memory banks
— Loop parallelization

 Tool implementation

— Automated heap analyzer

— Automated source-to-source transformations (synthesizability and
parallelization)

— Successful parallelization using standard HLS tools

e Future work

— Use this analysis for efficient loop pipelining

— ... and automatic on-chip buffer insertion in interface to external
memory

— Compute worst-case/average-case bounds on heap usage
16
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dzesa

Thank you for listening.

http://cas.ee.ic.ac.uk/people/fwi811/
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