EUROMPI£.26

A Unified Two-Dimensional Design
Space for the MPI All-to-All Collective

Presenter: Ke Fan
Authors: Ke Fan, Guimu Guo, and Sidharth Kumar




Exascale Computing Demands Effective Parallelism

Inter-process Data

Synchronization Si

TR Movement

Exascale Supercomputers

Black Holes Simulation



Three Fundamental Interfaces of Data Movement

Point-to-point

MPI_Send
MPI Recv

Collective

One-sided

MPI_Put
MPI_Get




Collective Involves Communication Among All
Processes

Point-to-point

Collective

= D
All-to-One e.2., MPI Reduce
()

MPI_Send
MPI Recv

One-sided

MPI_Put
MPI_Get




Some Widely Used Collective Primitives

oG G
,

(1) Broadcast (2) Scatter : (3) Reduction

One-to-all Collective All-to-one Collective All-to-all Collective




All-to-all Data Exchange is the Most Challenging
to Scale and Optimize
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All-to-all — Every process Sends and receives
data from every other process

e

P1
P2

P3

P0

PO



Standard MPI All-to-all Implementations

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic




Standard MPI All-to-all Implementations: Spread-out

Spread-out algorithm

Linear
4 )

PO

P1 P2 P3 P4 PS5
e.g., Spread-out
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

P1 P2 P3 P4 PS5
e.g., Spread-out

\_

v

PO

Post receive requests
using MPI_Irecv

P1a P2 P3 A P4 @ PS

(rank +1i) % P

J

1 laking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

P1 P2 P3 P4 PS5
e.g., Spread-out

\_

Post receive requests

using MPI_Irecv

v

PO ,m P1

19y Q) U

(rank +1i) % P

|

Post send requests
using MPI Isend

w

POgs P1 A P2 P3 A P4

(rank —i+P) % P

~

|

J

1 laking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

v

PO ,m P1

P1 P2 P3 P4 PS
e.g., Spread-out

\_

P2

Post receive requests
using MPI_Irecv

P3

w

17 @ | @€ &) €

MPI_Waitall

Post send requests
using MPI Isend

P4

~

|

J

1 laking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

v

PO P1

P1 P2 P3 P4 PS5
e.g., Spread-out

\_

P2

Post receive requests
using MPI_Irecv

P3

Post send requests

|
|
I using MPI Isend
|
|
|
|

w
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MPI_Waitall

~

|

J

- 1} communication steps.
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Standard MPI All-to-all Implementations: Bruck

Bruck algorithm
Logarithmic / \
o
P1 P2 P4 p—
e.g., Bruck ' '%qwommunication steps
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Standard MPI All-to-all Implementations: Bruck

Logarithmic

o

Bruck algorithm

P1 P2 P4
e.g., Bruck

\_

rotate
—

1. Local initial rotation.

J

 communication steps
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Standard MPI All-to-all Implementations: Bruck

Logarithmic

o

Bruck algorithm

rotate

P1 P2 P4
e.g., Bruck

1. Local initial rotation.

\_

2. Log(P) communication steps.
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Standard MPI All-to-all Implementations: Comm-0

Logarithmic

B

Bruck algorithm

rotate
—

P1 P2 P4
e.g., Bruck

\_

1. Local initial rotation
|

PO P1 P2 P3 P4 P5 PO P1 P2 P3 P4 P5

000 [00(11]22(33]44|55

001101 12 23 34 45 50 50 01 12 23 34 45
:>
011403 14 25 30 41 52 52 03 14 25 30 41

101 21 32 43 54 54 05 10 21 32 43

Send: (p +2°) % P
Receive: (p =2+ P) % P
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Standard MPI All-to-all Implementations: Comm-1

Logarithmic

B

1. Local initial rotation

P1 P2 P4
e.g., Bruck

\_

Send: (p +2) % P
Receive: (p —2'+P)% P

Bruck algorithm

1

: PO 1 P2 P3 P4 P5

1 000 000
: 001 001

rotate | 010 |:> 010 4

: 011} 52 011
100 [04]15[20(31 42|53 100
I 101 [54]05]10]21]32]43 101
I

|
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Standard MPI All-to-all Implementations: Comm-2

Bruck algorithm
Logarithmic
1 %
: PO P1 P2 P3 P4 PS5 PO P1 P2 P3 P4 P5
P0 1000 [0o[11]22]33]44]55 000 [00]11]22]3344]55
: 001 |50|01(12(23|34|45 001 (5010112123 (34(45
rotate
> 1 010 102[13|24|135|40]51 [ 010 [40)|51102]113(24(35
: 011 |52103]114(25(30(41 011 [30|41152]103]14(25
A 100 | 04
1 101 54
o o 1
1. Local initial rotation, _ 2
| Se'nd. (p+ 22) % P
1 Receive: (p — 2"+ P)% P

P1 P2 P4
e.g., Bruck
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Standard MPI All-to-all Implementations: Bruck

Bruck algorithm

Logarithmic

~

2. Log(P) communication steps.
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rotate
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rotate

N =D
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N N <
PO P1 P2 P3 P4 P5
3 3
1. Local initial rotation. m 3. Local inverse rotation.
PO P1 P2 P3 P4 P5

P1 P2 P4 (

s

g O e.g., Bruck

21



Comparison of These Two Algorithms

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic

PO PO

P1 P2 P3 P4 PS5 P1 P2 P4

Exchanging 5 Exchanging 7
data-blocks data-blocks

via 5 rounds via 3 rounds
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Comparison of These Two Algorithms

Time (microsec.)

900
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Myrmet Cluster 64 nodes
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|
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- Bruck -------: |
i a+ nfi -
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) / (bytes) \ -
Latency cost per Transfer time
B communication per bytes _
exchange
R : : | I I
0 50 100 150 200 250
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Many All-to-all Implementations

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic

modified-Bruck,
two-phase-Bruck,

scattered,
pairwise, basic-
linear, ...

hierarchical Bruck,
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All-to-all Implementation: Algorithm Selection

scattered,

pairwise, basic- two-phase-Bruck,
linear hierarchical Bruck,
s e
— N , S

i [roran] e

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic

modified-Bruck,

1. Spread-out
S I t 2. Bruck
e e C I O n - &= 3 ?;’;ﬂered

Exascale Supercomputers All-to-all algorithms
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All-to-all Implementation: Algorithm Selection

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic

Algorithms A One selected algorithm

eI we _ -

= <—| Selection I—' s

Exascale Supercomputers All-to-all algorithms




Time (ms, log scale)

200

100

50

20

10

Algorithm Switching

possible algorithm switch

P=1024

16 32 64 128 256 512 1024 2048 40p6 8192 16k 32k 64k
Data-block size (bytes

\ 4

possible algorithm switch

500
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20

Time (ms, log scale)

possible algorithm switch

A

10

P =2048

16 32 64 128 256 512 1024 2048 4096 81P2 16k 32k 64k

Data-block size (bytes)

possible algorithm switch
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Prior Work Enables Tunable Radices For
Bruck-style Algorithms

(- )

Total number of radix

communication
= | e
rounds (K)

\ )

L-)

Total number of

exchanged data-
blocks (D)




Prior Work Enables Tunable Radices For
Bruck-style Algorithms

r

Total number of

communication -
rounds (K)

N\

radix

: I ¢ | —)

J

k—-)

Total number of

exchanged data-
blocks (D)
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Examples of Tunable Radices
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Sqrt(P) Delivers Best Overall Performance

K — total number of communication rounds
D — total amount of data transmitted

P=16384
1
D 0.5 p K
S T,
AR 10000

Radix (r)



Sqrt(P) Delivers Best Overall Performance

K — total number of communication rounds
D — total amount of data transmitted

 0-1€3 led
' P = 16384 | 600- P = 8192, S=512
-1 ? 400-
D 0.5- D K :
ol E 200
0.0 (') 10(')00 -0 O35 % 30 35 44 63 68 70 &2 91 102134512 4k
Radix (r)

Radlx (r ) r = [vV8192] =91 matches the theoretical deduction



Linear Implementation Enables Tunable Batch-size

Spread-out algorithm

~

Post send requests
using MPI Isend

Post receive requests
using MPI_Irecv

PO II 130 U7 W) Uy W) | P11 P2 P3 A P4 A PS

\ MPI_Waitall /
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Linear Implementation Enables Tunable Batch-size

Spread-out algorithm

~

Post send requests
using MPI Isend

Post receive requests
using MPI_Irecv

I
|
I
|
|
I
' | '

PO . P1 A P2 P4 A PO a4 P18 P2 M P3 M P4 W P5S
\ MPI_Waitall

Scattered
algorithm
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Linear Implementation Enables Tunable Batch-size

Spread-out algorithm

~

Post send requests
using MPI Isend

Post receive requests
using MPI_Irecv

I
|
I
|
|
I
' | '

PO . P1 A P2 179 Q) 1 WSR2y 29 U8 € U8
\ MPI_Waitall

Scattered
algorithm




Bruck-style Algorithm Implies Blocking Communication

S R
000 |00
001 |01
010 |02
011 |03
100 |04
101 | 0S
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Bruck-style Algorithm Implies Blocking Communication

S R
000 |00
001 |01
010 |02

011 |03 '
100 |04

101 |05

S R
00
01]170
02
031172
04
0S| 174
06
071176
P1
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Bruck-style Algorithm Implies Blocking Communication

S R
000 |00
001 |01
010 |02
011 |03
100 |04
101 | 0S

S R
00
01]170
02
031172
04
0S| 174
06
071176
P1

S R
00
701170
02
721 | 72
04
74| | 74
06
761176
PO
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Bruck-style Algorithm Implies Blocking Communication

S R
000 |00
001 |01
010 |02
011 |03
100 |04
101 | 0S

S R
00
01]170
02
031172
04
0S| 174
06
071176
P1

S R
00
701170
02
721 | 72
04
74| | 74
06
761176
PO

S R
00

701170
02] 160
721150
04

74| | 74
06| | 64
76| | 54
P2
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Bruck-style Algorithm Implies Blocking Communication

S R
000 |00
001 |01
010 |02

101 |05
110 |06
m [p7]

/Po

S R
00
01]170
02
031172
04
0S| 174
06
071176
P1 P7

S R
00
701170
02
721172
04
74| | 74
06
761176

S R
00

70| |70
02] |60
72| |50
04

74| |74
06 | |64
76 | |54
P2 P6

round-

synchronous
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Spreadout-style Algorithm Implies Non-blocking

Communication

Spread-out algorithm

Post receive requests

-

using MPI_Irecv
P2

—
fp

| (—]
=%

00
=
=
3]
LS
<
-
o
Z
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Generalized All-To-All Design

| Blocking |

Bruck-style Algorithm > Tunable Radix

Spreadout-style Algorithm ¢ lTunable batch-size

[ Non-blocking ]
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Generalized All-To-All Design

Blocking |-

Bruck-style Algorithm Tunable Radix

Spreadout-style Algorithm Tunable batch-size

Non-blocking }ﬁ
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Tunable Radix All-to-all

S R

00 |00

01 01

02 |02

03 |03

04 |04 ‘
10 |05

11 06

12 |p7]]

/ PO.-\target
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70
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03

04

05

06

75

07

P1

S R
00
70| | 70
02| | 60
03
04
05
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07| | 65
P2

S R
00
70| | 70
60| | 60
03| | 50
04
05
75| | 75
65| | 65
P3

S R
00

70| | 70
60| | 60
50| | 50
04| |40
05

75| | 75
65| | 65
P4
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Tunable Radix All-to-all

S R

00 |00
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02 |02
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04 |04 ‘
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P1
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00
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03
04
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07| | 65
P2

S R
00
70| | 70
60| | 60
03| | 50
04
05
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S R
00
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Tunable Radix All-to-all

S R
00 |00
01 |[o1
02 |02
03 |03
04 |04 )
10 |05
11 |06
12 |07
/ PO.-\target
source
P=8,r=5
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01
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03

04

05

06

75

07

P1

S R
00
70| | 70
02| | 60
03
04
05
75| | 75
07| | 65
P2

S R
00
70| | 70
60| | 60
03| | 50
04
05
75| | 75
65| | 65
P3

S R
00

70| | 70
60| | 60
50| | 50
04| |40
05

75| | 75
65| | 65
P4

!

Non-blocking

S R
00

70| [ 70
60 | | 60
50 | [ 50
04| [ 40
05| |30
75| |20
65| |10
P5

}I\

sync

!

Non-blocking
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Extreme Radix (r = P)

S

R

00

01

02

03

04

0S

06

S

R

00

S

R

01

70

00

02

01

70

03

02

60

04

03

0S

04

06

0S

07

06

P1

P7

07

P2 P6

S R S R
00 00
01] |70 01/ |70
02| | 60 02 | 60
03] | 50 03] | 50
04 - 04| | 40
05 05
06 06
07 07
P3 P5 P4 P4

Non-blocking

. =

S R
00

01| |70
02| | 60
03| | 50
04| | 40
05

06

07| | 10
P7 P1
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Tunable Radix All-to-all Definition

r-representation

P
00 |00
01 01
02 |02
03 |03
04 |04
10 |05
11 06
12 |p7]]
/ PO.-\target

w = [log, (P)] digits of r-
representation

Each communication
round i is identified by
x(0<=x<w)andzg

(r — 1) unique values for each (1<=z<r)

digit
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Tunable Radix All-to-all Definition

r-representation

P
00 |00
01 01
02 |02
03 |03
04 |04
10 |05
11 06
12 |p7]]
/ PO.-\target

w = [log, (P)] digits of r-
representation

Each communication
round i is identified by
x(0<=x<w)andzg

(r — 1) unique values for each (1<=z<r)

digit

Each process
sends data-
blocks whose x
digit equals to z
per round
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Tunable Radix All-to-all

S
00 |00
01 |01
02 |02
03 |03
04 |04
10 |05
11 |06
12 |97

/

R S R S R S R S R S R
00 00 00 00 00

01170 701 170 701 |70 701 |70 701170

02 021160 601 |60 60| |60 60| | 60

03 03 03] |50 501 |50 501150

‘ 04 04 ‘ 04 ‘ 041 |40 ‘ 041140

05 05 05 05 05|30

061 |75 751 175 751 175 51 |75 751120

07 071 |65 651 |65 65| | 65 65| |10
o'\target P1 P2 P3 P4 P5

x=0,z=1 x=0,z=2 x=0,z=3 x=0,z=4 x=1,z=1




Tunable Radix All-to-all

S
00 |00
01 |01
02 |02
03 |03
04 |04
10 |05
11 |06
12 |97

/

R S R S R S R S R S R
00 00 00 00 00

011170 701 |70 701 |70 701 |70 701170

02 021160 601 |60 60| |60 60| | 60

03 03 03] |50 501 |50 501150

‘ 04 ‘ 04 ‘ 04 ‘ 041 |40 ‘ 041140

05 05 05 05 05|30

061 |75 751 175 751 175 51 |75 751120

07 071 |65 651 |65 65] |65 65| |10
o'\target P1 P2 P3 P4 P5

x=0,z=1 x=0,z=2 x=0,z=3 x=0,z=4 x=1,z=1

\

)

|

Non-blocking with same x, different z




Tunable Batch-size b

b

3

Non-blocking

-fwég»k%:)

X
3
2

§;$qi) 2

;I‘

sync

v
Non-blocking

)

;I‘

sync

v
Non-blocking

°

3
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Extreme Batch-size (b = 1)
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Joint (r,b) Enables Dense 2D Tunable Space

Batch-size

latency

contention

blocking

Non-blocking
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Joint (r,b) Enables Dense 2D Tunable Space

Batch-size

latency

contention

blocking

Non-blocking
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(r,b) Design Space With 8 Processes

x=0,z=1

x=0,z=2

x=0,z=3

x=0,z=4

Waitall

x=1,z=1

Lo L

x=0,z=1

Xx=0,z=2

wall-clock time

P=8,r=5,b=4

Waitall

Waitall

x=1,z=1

el L

wall-clock time

P=8,r=5,b=2
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Joint (r,b) Enables Dense 2D Tunable Space

[2, P]

Batch-size

[1,r-1]

latency

contention

blocking

Non-blocking
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Boundary

Cases

r=2,b=1

Tunabler,b=1

Spread-out

Scattered

r=P,b=P-1

r=P, tunableb

r=P,b=1
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Data-block Size (N) (bytes)

Evaluation: Tunable Radix Selection

gata: best radix r* (P, n)

65536

32768

16384

8192

4096

2048

1024

512
256

128

Polaris Supercomputer at
Argonne National Laboratory

*)]
=S

32

16

256 512 1024 2048 4096 8192 \/P
Process Count (P)
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Evaluation: Tunable Batch-size Selection

gata: best radix r* (P, n) gata: best batch size b * (P, n)

65536
32768
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- 10°
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o
w

4096

2048

1024

512

=
o
(]
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Data-block Size (N) (bytes)
r
Data-block Size (N) (bytes)

64
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16

256 512 1024 2048 4096 8192 \/P 256 512 1024 2048 4096 8192
Process Count (P) Process Count (P) 60



Performance Comparison

Time (ms, log scale)
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Time (ms, log scale)

Time (ms, log scale)
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Conclusion

One all-to-all algorithm, two jointly tunable knobs: radix r and batch-size b

True dependency is only across phases > same-phase steps can run concurrently

Design Space

Dense 2D (r, b) grid: existing algorithms are boundary points; many optima lie in
the interior

Polaris, up to 8192 procs: up to 3.4% vs. strongest baseline, 10.6x vs. vendor
MPI_Alltoall

Non-uniform MPI_Alltoallv; cost-model / ML-based (r, b) selection
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Thank you!
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