1P, IEEE HiPC’20

PufferFish: NUMA-Aware
Work-stealing Library using
Elastic Tasks
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Task Parallelism on Multicore Processors

1. int *A;
2. void Sort(int low, int high) {
3. 1if(Chigh-1ow)<LIMIT) return SeqSort(low, high);

4 int Chunks=Chigh-low)/4;

5.

6. Sort(/*Chunk C1*/);

7 Sort(/*Chunk C2*/);

8. Sort(/*Chunk C3*/);

9. Sort(/*Chunk C4*/);

10.

11.

12. Merge(/*Chunk C1*/, /*Chunk C2*/);
13. Merge(/*Chunk C3*/, /*Chunk C4%*/);
14.

15. Merge(/*Chunk C12*/, /*Chunk C34*/);
163 00000000

Multicore Processor
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Task Parallelism on Multicore Processors

1. int *A;
2. void Sort(int low, int high) {

3. 1if(Chigh-1ow)<LIMIT) return SeqSort(low, high);
4 int Chunks=Chigh-low)/4;

5. finish {

6. async Sort(/*Chunk C1*/);

7 async Sort(/*Chunk C2*/);

8 async Sort(/*Chunk C3*/);

9. async Sort(/*Chunk C4*/);

10. }

11. finish {

12. async Merge(/*Chunk C1*/, /*Chunk C2*/);
13. asyni\Merge(/*Chunk C3*/, /*Chunk C4*/);

14. 3}
15. Merge(/* nk C12*/, /*Chunk C34%*/);
16.}

Multicore Processor

Serial elision
High productivity
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Task Parallelism on Multicore Processors

1. int *A;

2. void Sort(int low, int high) {
if(Chigh-1ow)<LIMIT) return Sort(low, high);

int Chunks=Chigh-low)/4; Q

w

4
5. finish { Sort
6. async Sort(/*Chunk C1*/); -
7 async Sort(/*Chunk C2*/); -
8 async Sort(/*Chunk (3*/); Sort
9

. async Sort(/*Chunk C4*/); Sort
o ® »
11. finish {

v

12. async Merge(/*Chunk C1*/, /*Chunk C2*/)Merge
13. asynci\Merge(/*Chunk C3*/, /*Chunk C4*/)Merge
14. }

15. Merge(/*
16.}

nk C12*/, /*Chunk C34%*/);
Merge

Multicore Processor

Serial elision
High productivity
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Task Parallelism on Multicore Processors

1. int *A;
2. void Sort(int low, int high) {
if(Chigh-1ow)<LIMIT) return SeqSort(low, high); S

ort Sort Sort  So
4. int Chunks=Chigh-low)/4;
5. finish {
6. async Sort(/*Chunk C1*/);
7. async Sort(/*Chunk C2*/); - >
8. async Sort(/*Chunk C3*/);
9. async Sort(/*Chunk C4*/);
10. }

rt

w

11. finish { el
12. async Merge(/*Chunk C1*/, /*Chunk C2*/);
13. asyni\Merge(/*Chunk C3*/, /*Chunk C4*/);
14. }
15. Merge(/* nk C12*/, /*Chunk C34%*/);
16.} Merge
/\ Multicore Processor
Irregular
Serial elision execution DAG

High productivity
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Task Parallelism on Multicore Processors

1. int *A; ,///’j77\<§T\\\\
2. void Sort(int low, int high) {

3. 1f(Chigh-1ow)<LIMIT) return SeqSort(low, high); Sort  Sort Sort  Sort
4. int Chunks=Chigh-low)/4;
5. {
6. Sort ;s
7. Sort( D); >
8. Sort( );
9. Sort( );
10. } N
11. { Merge  Merge
12. Merge( , );
13. Merge( , );
14. }
15. Merge( , );
16.} Merge
/\ Multicore Processor
Irregular

Serial elision execution DAG
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Task Parallelism on Multicore Processors

1. int *A;
2. void Sort(int low, int high) {

w

4
5.
6.
7

8.
9.

10.
11.
12.
13.
14.

15.
16.}

1f(Chigh-1ow)<LIMIT) return SeqSort(low, high);

int Chunks=Chigh-1low)/4;

{
Sort
Sort(
Sort(
Sort(
}
{
Merge(
Merge(
}
Merge(

A N S

TR

Sort Sort Sort Sort

e

Serial elision

o

Merge  Merge

®

Merge

\

I

Multicore Processor

Irregular
execution DAG
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Task Parallelism on Multicore Processors

1. int *A; X

2. void Sort(int low, int high) {

3. 1f(Chigh-1ow)<LIMIT) return SeqSort(low, high);

4. int Chunks=Chigh-low)/4;

5. {

6. Sort );

7 Sort( );

8. Sort( );

9. Sort( s

10. }

11. { Merge  Merge

12 Merge( )

13. Merge( , D; é T T
v A 7]

R & eGdddodesd

Multicore Processor

Irregular
Serial elision execution DAG
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Task Parallelism on Multicore Processors

1. int *A;
2. void Sort(int low, int high) {

w

4
5.
6.
7

8.
9.

10.
11.
12.
13.
14.

15.
16.}

1f(Chigh-1ow)<LIMIT) return SeqSort(low, high);

int Chunks=Chigh-low)/4;

{
Sort
Sort(
Sort(
Sort(
3
{
Merge(
Merge(
}
Merge(

N

TR

Sort Sort Sort Sort

K

Serial elision

o

Merge  Merge

i

Irregular
execution DAG

@ EE

[ Faq[F]1]
ek

C

" Y L[]0
C
ok

Multicore Processor
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Task Parallelism on Multicore Processors

Random work-stealing
High performance

1. int *A; /\

2. void Sort(int low, int high) {

3. 1f(Chigh-1ow)<LIMIT) return SeqSort(low, high); Sort  Sort Sort  Sort

4. int Chunks=Chigh-low)/4;

5. { \
6. Sort );

7. Sort( ); > —

8. Sort( ;s

9. Sort( s

10. } <> L] L]

11. { Merge Merge |:| |:| |:| |:|
12. Merge( , ) I:l El I:l I:l I:l
13. Merge( , ); |:| El |:| |:| |:| |:|
X T T
15. Merge( , );

. dédéedes

Multicore Processor

Irregular
Serial elision execution DAG
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Task Parallelism on UMA Multicore Processors

1. int *A;
2. void Sort(int low, int high) {

w

4
5.
6.
7

8.
9.

10.
11.
12.
13.
14.

15.
16.}

1f(Chigh-1ow)<LIMIT) return SeqSort(low, high);

int Chunks=Chigh-low)/4;

{
Sort
Sort(
Sort(
Sort(
3
{
Merge(
Merge(
3
Merge(

N

TR

Sort Sort Sort Sort

K

Serial elision

Random work-stealing

=V

o

Merge  Merge

NNy N

Merge

/\ |

Irregular
execution DAG

/|

Uniform Memory Access

(UMA)
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Task Parallelism on NUMA Multicore Processors

Cache Cache

Cache

Cache

Node-0 Node-1

1. int *A; /////i;7~§§:\\\\\

2. void Sort(int low, int high) {

3. 1f(Chigh-1ow)<LIMIT) return SeqSort(low, high); Sort  Sort Sort  Sort

4 int Chunks=Chigh-low)/4;

5. {

6. Sort );

7 Sort( D; > >

8 Sort( ;s

9. Sort( );

10. } <>

11. { Merge  Merge

12. Merge( , );

13. Merge( , s

14. }

15. Merge( D);

16.} Merge
Irregular

Serial elision

execution DAG

A

Node-2

Node-3

Non Uniform Memory Access
(NUMA)
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Task Parallelism on NUMA Multicore Processors

Random work-stealing
Low performance

=
<

B
U0

—>
—>

T YLD
N

" Yua B0

Y [H[0[0

Cache Cache Cache Cache

Node-0 Node-1 Node-2 Node-3

1. int *A; /////i;7~§§:\\\\\

2. void Sort(int low, int high) {

3. 1f(Chigh-1ow)<LIMIT) return SeqSort(low, high); Sort  Sort Sort  Sort

4. int Chunks=Chigh-low)/4;

5. {

6. Sort );

7. Sort( ) > >

8. Sort( ;s

9. Sort( );

10. } <>

11. { Merge  Merge

12. Merge( , );

13. Merge( , s

14. }

15. Merge( D);

16.} Merge
Irregular

Serial elision

execution DAG

]

Non Uniform Memory Access

(NUMA)
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Task Parallelism on NUMA Multicore Processors

1. int *A; /\
2. void Sort(int low, int high) {
3.  if((high-1ow)<LIMIT) return SeqSort(low, high); Sort  Sort  Sort  Sort
4 int Chunks=Chigh-1low)/4;
5 finish {
() async_at(@) Sort(/*Chunk C1*/);
7. async_at(1l) Sort(/*Chunk C2*/); —_— —
8 async_at(2) Sort(/*Chunk C3*/);
9. async_at(3) Sort(/*Chunk C4*/);
10. } <
11. finish { Merge — Merge
12. async_at(@) Merge(/*Chunk C1*/, /*Chunk C2*/);
13. async_at(1l) Merge(/*Chunk C3*/, /*Chunk C4*/);
14. }
15. Merge(/*Chunk C12*/, /*Chunk C34*/);
16-} Merge
Node-0 Node-1 Node-2 Node-3
Irregular ﬂ

Serial elision execution DAG Non Uniform Memory Access
High productivity (NUMA)
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Task Parallelism on NUMA Multicore Processors

co N O U

11.
12.
13.
14.
15.
16.}

J

Merge(

(o)

Sort

Sort(
Sort(
Sort(

Merge(
Merge(

NN

Serial elision
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Merge  Merge

®

Merge

Node-0

Irregular
execution DAG

Node-1

Node-2

Node-3

Non Uniform Memory Access

(NUMA)
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Task Parallelism on NUMA Multicore Processors

o N O Un

11.
12.
13.
14.
15.
16.}

Merge(

Sort

Sort(
Sort(
Sort(

Merge(
Merge(

A A "

Serial elision

Sort Sort

e =

High Performance

Hierarchical work-stealing

o

Merge  Merge

Merge

\

— O OO
L] ]
L] ] ] ]
B 5| |[E= ] ]
B B ||=] = [] L]
1y 1 j

o

séo

Cache Cache Cache

Cache

Node-0 Node-1 Node-2

Irregular
execution DAG

]

Node-3

Non Uniform Memory Access

(NUMA)
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Task Parallelism on NUMA Multicore Processors

R

‘Son Sort Sort  Sort

co N O U

11.
12.
13.
14.
15.
16.}

J

Merge(

Sort

Sort(
Sort(
Sort(

NN

Merge(
Merge(

Serial elision
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—f:

M
);
D

erge Merge

Merge

\

Node-0

Irregular
execution DAG

Node-1

Node-2

Node-3

Non Uniform Memory Access

(NUMA)
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Task Parallelism on NUMA Multicore Processors

o N O Un

11.
12.
13.
14.
15.
16.}

Merge(

Sort

Sort(
Sort(
Sort(

Merge(
Merge(

A A "

Serial elision

Sort Sort Sort Sort

)

Hierarchical work-stealing
1. Worker Starvation

O

/\/

Merge  Merge

®

Merge

\

N [)
')

< BEE

Cache Cache

0.—:::
Q::s:

Cache

Cache

Node-0 Node-1

Irregular
execution DAG

]

Node-2

Node-3

Non Uniform Memory Access
(NUMA)
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Task Parallelism on NUMA Multicore Processors

Hierarchical work-stealing
2. Bad Locality

P V_

Sort Sort Sort Sort

< -
5. { -
6. Sort D3 C\ C\ C\ C\
7. Sort( D; —_— >
8. Sort( )3
9. Sort( D;
10. } <> = =
11, { Merge  Merge = = = =
12. Merge( , ) B (| | = =
13. Merge( X D; ]| B B
14. } T
15. Merge( ’ D; T T T T T
16.} Merge . .
Shared Shared Shared Shared
/\ Node-0 Node-1 Node-2 Node-3
Irregular ﬂ
Serial elision execution DAG Non Uniform Memory Access

(NUMA)
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Task Parallelism on NUMA Multicore Processors

Hierarchical work-stealing

Sort Sort Sort  Sort W

5. {

6. Sort );

7. Sort( D; — —p
8. Sort( )3

9. Sort( );

10. } -

11. finish { Merge — Merge

12. async_at(@) Merge(/*Chunk C1*/, /*Chunk C2*/);

13. async_at(1l) Merge(/*Chunk C3*/, /*Chunk C4*/);

E h};er‘ge(/*Chunk 2%/, /*Chunk C34*/); T¢ Ti T¢ T¢ T¢ T¢

16 } Merge

Node-0 Node-1 Node-2 Node-3

Modify "merge” into % 3. No Serial elision ﬂ
four subtask Irregular

execution DAG Non Uniform Memory Access
(NUMA)
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Library for Task Parallelism & Work-Stealing over NUMA Processors

async_hinted (A, Cl_start, Cl_end) S

6. [ Chunk C1
7. async_hinted (A, C2_start, C2_end) Sort(/*Chunk (2
8. async_hinted (A, C3_start, C3_end) Sort(/*Chunk (
9. async_hinted (A, C4_start, C4_end) So un

10. }

12. async_hinted (A, Cl_start, C2_end) Merge Chunk (1 Chun
13. async_hinted (A, C3_start, C4_end) Merge(/*Chunk C3 Chun

Chun

1. Supports Serial elision
(except for using NUMA aware malloc/free)
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Library for Task Parallelism & Work-Stealing over NUMA Processors

R

Sort Sort Sort  Sort

O 00 N O

Merge  Merge

12.
13.
14.
Merge

2. Supports Irregular execution DAG

(except for using NUMA aware malloc/free)
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Library for Task Parallelism & Work-Stealing over NUMA Processors

Hierarchical work-stealing
3. Improves Locality
4. Removes Starvation

P — A,JV(_

Sort Sort Sort  Sort C\ C\ C\ C\
6. Y
7. > >
. O = =
- = = =
Merge Merge i : :

C Vg
"m0

)
v

12.
13.
14. .
T
Merge Cache Cache Cache Cache

(except for using NUMA aware malloc/free)
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Library for Task Parallelism & Work-Stealing over NUMA Processors

Hierarchical work-stealing

P /V/

O 00 N O

N

Merge Merge

5 ﬁ Nttt N

14.
Merge

(except for using NUMA aware malloc/free)
Logical Root

5. Hierarchical Elastic Tasks .
(further improves the locality) NUMA Memory Hierarchy
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Library for Task Parallelism & Work-Stealing over NUMA Processors

Hierarchical work-stealing

P /V/

O 00 N O

N

Merge Merge

5 ﬁ Nttt N

14.
Merge

(except for using NUMA aware malloc/free) ‘
Logical Root

5. Hierarchical Elastic Tasks .
(further improves the locality) NUMA Memory Hierarchy
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Performance Analysis on AMD EPYC 7551

~ Random work-stealing
B PufferFish
19

o

35 16

o o

°g

g @ 10

£ 8

3 o 7

@)

1 |

Executing summary for seven recursive benchmarks with
regular/irregular DAG on a 32-core processor with four NUMA nodes



Sort  Sort Sort  Sort

Hierarchical work-stealing
3. Improves Locality
4. Removes Starvation

6 async_hinted (A, Cl_start, Cl_end)

7. async_hinted (A, C2_start, C2_end) —
8. async_hinted (A, C3_start, C3_end)

9. async_hinted (A, C4_start, C4_end)

10.

Merge  Merge

12. async_hinted (A, Cl_start, C2_end)
13. async_hinted (A, C3_start, C4_end)

14.
% =

2. Supports Irregular execution DAG

1. Supports Serial elision .
(except for using NUMA aware malloc/free)

5. Hierarchical Elastic Tasks
(further improves the locality)

[=]s,
Artifact Ef' ,
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e [ |

Logical Root

NUMA Memory Hierarchy
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