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Three Fundamental Interfaces of Data Movement

Point-to-point

MPI_ Send
MPI Recv

Collective

One-sided
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MPI_Put
MPI_Get




Collective Involves Communication Among All
Processes

Point-to-point

Collective

= D
All-to-One e.g., MPI Reduce
©

MPI_ Send
MPI Recv

One-sided

MPI_Put
MPI_Get




Some Widely Used Collective Primitives
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(1) Broadcast
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: ation, e.g., sum

I Oper

(2) Scatter :

One-to-all Collective

(3) Reduction |  (4) All Reduction

All-to-one Collective

(5) All-to-all

All-to-all Collective



All-to-all Data Exchange is the Most Challenging
to Scale and Optimize
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P0

All-to-all — Every process Sends and receives
data from every other process

<

P1
P2

P3
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Uniform and Non-uniform All-to-all

P0

P1
P2

P3

Send buffer Receive buffer

Uniform

P1
P2
P3

Send buffer Non-uniform Receive buffer
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Standard MPI All-to-all Implementations

N: Size of data-block
P: Process count

‘ Inputs: N, P ‘

Linear Logarithmic

PO PO

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

Spread-out algorithm

Linear

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

Pose receive requests
using MPI Irecv

D¢

P1 P2 @ P3 W P4 A PS

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

\ (rank +1i) % P

J

| Taking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

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

\_

D¢

Pose receive requests
using MPI Irecv

P11 P2 P3 A P4

(rank +1i) % P

PS5

» ] — — — — — — — — —

Pose send requests
using MPI_Isend

D€

P11 P2 @ P3 A P4

(rank —i+P) % P

~

PS

J

‘ Taking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

Pose receive requests
using MPI Irecv

PO' PO'

14 Q27 Uf) U ) 1 P1 @ P2 B P3

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

\ MPI_Waitall

Pose send requests
using MPI_Isend

P4

~

PS

J

| Taking PO as example
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Standard MPI All-to-all Implementations: Spread-out

Linear

PO

Spread-out algorithm

Pose receive requests Po

using MPI Irecv

D¢

P1

17) €2 @) & | @

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

w.

se send requests

using MPI_Isend

P1 @ P2 @ P3 A P4

\ MPI_Waitall

~

PS

J

“ i,
:"
T
G

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

Bruck algorithm
Logarithmic / \
o
P1 P2 P4 1 Y
e.g., Bruck ?—"ﬁog(P 'g%c;_ommunication steps
I %k""’i‘ﬁ'&‘ﬁ% -
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Standard MPI All-to-all Implementations: Bruck

Bruck algorithm
Logarithmic
B
1. Local initial rotation.
P1 P2 P4 ‘ ,.
e.g. 1|37” uck | _log(Pmmunication steps
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Standard MPI All-to-all Implementations: Bruck

Bruck algorithm

Logarithmic
2. Log(P) communication steps. \

|

|

|

1

|

1 N

: : PON P1 NP2 NP3 N P4 N P5

; I

5 g 1

1. Local initial rotation. ,
| PO P1 P2 P3 P4 P5
' AN /

B

rotate
: —

P1 P2 P4
e.g., Bruck
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Standard MPI All-to-all Implementations: Comm-0

Bruck algorithm
Logarithmic
PO P1 P2 P3 P4 P5 PO P1 P2 P3 P4 P5
PO 000 |00|11(22]|33|44]|55 000 [00(11]22]33(44|55

01 12 23 34 45 50 50 01 12 23 34 45

_rotate, e 010
011103 14 25 30 41 52 52 03 14 25 30 41

05 10 21 32 43 54 54 05 10 21 32 43
1. Local initial rotation Send: (p + 2°) % P

I
\ 1 Receive: (p —2°+ P)% P

|
1
|
|
|
|
1 010
|
|
|
|
|
|

P1 P2 P4 1

e.g., Bruck '5103(
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Standard MPI All-to-all Implementations: Comm-1

Logarithmic

B

Bruck algorithm

rotate

1. Local initial rotation

P1 P2 P4
e.g., Bruck

\_

|
1
|
|
|
|
|
|
|
|
|
|
|

000
001
010

011152 ¢

100
101

P2

P3 P4 P5 PO P1 P2 P3 P4 P5

000

20

001
[ 010} 4C
011

31(42|53 100

10

21(32(43 101

Send: (p +2H % P
Receive: (p —2'+P)% P
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Standard MPI All-to-all Implementations: Comm-2

Bruck algorithm
Logarithmic '
: P0 £1 P2 P3 P4 P5 F0 P1 P2 P3 P4 P5
PO 1 000 [00]11]22]33]44]55 000 [00[11]22]33 4455
: 001 [50[o1[12]23]34]45 001 [50[o1]12{23[34(45
rotate 1 ot10|02|13[24]35]40]51 010 |40{51{02]13]24]35
: 011 |52[03]14]25]30]41 > o11 [3041]52]03[14[25
. 100 100
: 101 101] 10 2
|

1. Local initial rotation Send: (p +22) % P

I
\ Receive: (p — 22+ P)% P

P1 P2 P4 ‘ fm
e.g., Bruck | [gg(P

| -
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Standard MPI All-to-all Implementations: Bruck

Bruck algorithm

Logarithmic

~

2. Log(P) communication steps.

1. Local initial rotation. 3. Local inverse rotation.

PO mlmlmimlﬁ
1
NN /
4

| |
I I
‘PO ! I 2 0
i I i) €2 €2) €3 € €5 |
! ! <l rotate | 1
rotate I 1 >
I SO N I 0 2
| ! 3 3
| |
I I
I I

P1 P2 P4
g 9 e.g., Bruck
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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

Myrinet Cluster, 64 nodes

900 i .
Spread-Out

800 |- Bruck -------- )
-~
o 700 | _
wn
<
.2 600 = - ", _
E 500 o _
e o+ nf
= .’ g Messag/ra size
.§ 400 B ‘,‘/ / (bytes) \ -
~ - Lumcyopr T

3 0 0 » R ’ COH;)I:llllll:Ifggon _

200 S I | I i

0 50 100 150 200 250 300
Message length (bytes)
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Tuning Radices Enables Performance Tuning

Total number of

communication -
rounds (K)

Performance tuning

Total number of

exchanged data-
blocks (D)

B
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Standard MPI All-to-all Implementation
Leaves a Large Unexplored Space

( Unexpl(ired space R
[ \
: | ] -
\_ radices )




Mathematics of Tunable Radix All-to-all

Total number of

communication
rounds (K)

Total number of

exchanged data-
blocks (D)

K=wx(r—1) ]

— B —
4 [D= wX (r—1)xrv!

£= wr—1)— [ = P)/r !

K
D=2}ﬂ
()

\

/lgc =P%rt(0<x<w)

ift <0, rd=Ic
ECISC if LI/F\J >SO0.rd=Ilc+1r'
\ elserd=1Ic+1t % r*

t=lgc—zxXr*(1<z<r),le=|PIrt xr

\

/
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Tunable Radix All-to-all Example

P=8, r=3

P0

N | SN | N ARARWIN]-=O

if l0gy(P) =—p
1s integer

Indies of
data-blocks

32



Tunable Radix All-to-all Example: r-representation

P=8, r=3

o

01
02
10
‘ 11
12
20
21

PO

N | SN | N ARARWIN]-=O

if l0gy(P) =—p
1s integer

Indies of 3-representation
data-blocks
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Tunable Radix All-to-all Example: r-representation

P=8, r=3
POJ| O c 00
1 01 R w=[log,(P)] digits of r-
) 02 representation
3 10 w=2
4 I 11
S 12 R (r— 1) unique values for each
6 20 digit
7 21
if log,(P) ——
1s integer
Indies of 3-representation

data-blocks
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Tunable Radix All-to-all Example: r-representation

PO

P=8, r=3
] ©
1
2
3
4~
5
6
7

if l0gy(P) =—p
1s integer

Indies of

3-representation

data-blocks

00

01

02

10

11

12

20

21

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

Each communication
round i 1s 1dentified by

x(0<=x<w)andz

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

digit

35



Tunable Radix All-to-all Example: Communication

P=8, r=3

00
01
02
10
11 x digit equals to z
12
20
21

PO

PO sends data-blocks whose

N | QNN BRIV =IO

if log,(P) ——
1s integer

Indies of 3-representation
data-blocks
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Tunable Radix All-to-all Example: Comm-round-0

P=8, r=3
PO 0 00 O 00
1 01 01
2 02 02
3 10 10
4 ‘ 11 ‘ 11
5 12 PI112
6 20 20
7 21 < |21
if log,(P) — I
is integer =
Indies of 3-representation

data-blocks

comm-round-0: x = (0, z = 1, PO sends to Pl
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Tunable Radix All-to-all Example: Comm-round-1

P=8,r=3
POl o 00 O 00 e 00
1 01 01 01
2 02 02 02
3 10 10 10
4 E— 11 = 11 — 11
5 12 P14 P2115
6 20 {20 120
0o oo
7 21 R P Sl
. Il Il
if l0gy(P) =—p " .

1s integer

Indies of
data-blocks

3-representation

comm-round-1: x = 0, z = 2, PO sends to P2
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Tunable Radix All-to-all Example: Comm-round-2,3

P=8,r=3
polo 00 O 00 e 00 0 00 9 00
1 01 01 01 01 01
2 02 02 02 02 02
3 10 10 10 10 10
4 e 11 — 11 m— 11 — 11 — 11
5 12 P114s P22 12 P6 11,
6 20 120 120 20 o 20
[\ [\

7 21 < |21 ~|21 21 =21

. Il Il I

if l0gy(P) =—p " . y

1s integer

Indies of 3-representation

data-blocks comm-round-2: x = 1, z = 1, PO sends to P3

comm-round-3: x = 1, z = 2, PO sends to P6
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Challenges of Applying the Logarithmic Algorithm
to Non-uniform All-to-all Data Exchange

|
PO | I | |
* receive ?

Each process is unaware of how much
data to expect during each intermediate
communication round.

Pl

Non-uniform
workloads



Challenges of Applying the Logarithmic Algorithm
to Non-uniform All-to-all Data Exchange

o [T

1
* receive

P1

Each process is unaware of how much
data to expect during each intermediate
communication round.

Non-uniform
workloads

PO [ | I I

P1 I Ll1]e

The received data elements could be

too large to fit into the segment in
the send buffer.

Store-and-
forward

42



Two-phase Communication Scheme

(O Metadata Exchange | a | b | Size of each block

43



Two-phase Communication Scheme

(1) Metadata Exchange
Q@ Data Exchange

Size of each block

Block 1

Block 3

Actual data-blocks

44



Two-phase Communication Scheme

(O Metadata Exchange | a | b | Size of each block
@ Data Exchange Block 1 | Block 3 | Actual data-blocks




Using Temporary Buffer to Solve Challenge 2

PO

S RT
00

01

02)

03




Estimating Temporary Buffer Size
PO

S RT
00
01

‘ Global max data-block
size of 1s 5
02

03




Estimating Temporary Buffer Size

PO

S RT

00

01 Global max data-block

size of 1s 5

02

03

Sizeof T: 5 x4 =20




Temporary Buffer Size Can Be Very Large

P0
SRT

00

Global max data-block
size of 1s 5

4

(bytes)
w K U

Size

Size of T: 5x4 =20

(= R e

0 100 200 400 500

ﬂ“lﬂ |wh "’"!?,hoo“‘h‘ b

Sparse workloads
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Temporary Buffer Size Analysis

source

target

© \ro/ ro
0 00 00
1 01 70
2 02 02
3 03 72
4 o4 [o4
5 05 74
6 06 06
7 07 76
]‘ Co

Indices of data-blocks

P=8,r=2
PO PO
00 00
70 70
02 60
72 50
04 04
74 74
06 64
76 54

Cl

PO PO
00 00
70 70
60 60
50 50
04 40
74 30
64 20
54 10
C2

50



Temporary Buffer Size Analysis

P=8,r=2
source target
0 PO PO PO PO
00 00 00 00 00
1 01 —>R 70 70 70 70
2 |02 end of 0 02| |60 60!l |60
3 o3 ﬂ—» T —) 72| [solL .8 —)
| DY Jendof 0 50 50
4 04 04 04 04 04 40
5 |05 T 74| |74 74| |30
_>R
6 06 m 06 T 64 20 | end of 0
7 |o7 T 76 54| |10
]‘ Co C1 C2

Indices of data-blocks



Temporary Buffer Size Analysis

source target

© \ro/ ro

0 00
01
02
03
04
05
06
07

neverin T

N & n B~ W N =

/

Indices of data-blocks

P=8,r=2
PO PO
00 00
neverin T

70 70 N

02 60

2| T50 o ars —)

7 end of 0
04 04

74 74

06 )
76

Cl1

PO PO

00 00

70 70

60 [ |60 neverinT

50 dsol,” 0

04

74| [30]_,, 1

64| |20|enaoro 2

54| o] 3
2 f

Actual number of data-
blocks required in T
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Example of the ParLogNa with P =4 and r = 2.

PO P1 P2 P3
S RT SRTSRT SRT

0011111 100 11|} 2001 111} 3010 |1l
HiEIBINNEININ NI -
O b b b e e e ) 31 (1]
02 [ AL 21 (.. B
_________________ 22 32
_________________ 12 o -
_________________________ 23 -
3L 1 ALl L. 33| |
_________________ 13 . .

Initial data for 4 process
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Example of the ParLogNa with P =4 and r = 2.

Taking P1 for example



Example of the ParLogNa: Rotation Array and
Binary Encoding

P1 binary encoding of indices

S R T

101 {] .. 2-10

I [

........................ 1-01

12 - 0-00

131 -11

________ indices of data-block

Taking P1 for example Rotation array



Example of the ParLogNa: Comm Round O

Taking P1 for example

binary encoding of indices P, PO

S R T
2-10 100 1.
ufl ]|
101 actual data ™| " [
sent | ||
- 0-00 - 12
-11 [2, 3] 13
indices of data-block \ ------

meta-data sent

Rotation array

58



Example of the ParLogNa: Comm Round O

Taking P1 for example

binary encoding of indices P1 | 5(2)
S R T
2-10 101 | 23
]
) R Y | ~
actual data

............ received
‘ 0-00 ‘ 12|21

-11 [2, 3] 13

[1,5] |

\

meta-data received

indices of data-block

Rotation array

59



Example of the ParLogNa: Comm Round 1

P1 binary encoding of indices Pl: 5(2) Pl P3
S R T S R T S R T
1011 {].. 2-10 1001 | | 23 1001 |} 23
Il ] INTI I o)
........................ 1-01

12 ‘ 0-00 - 12| 21 ‘ 12] 21

3 j3-11 [2,3] [* [4, 5] i
-------------- actual data
"""" indices of data-block [1,5] [ \ sent

meta-data sent

Taking P1 for example Rotation array
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Example of the ParLogNa: Comm Round 1

Taking P1 for example

binary encoding of indices  P1_ :(2) P1: : I;g
S R T S R T
2-10 101 1| 23 10
o1 11
1-01y A
- 0-00 - 12| 21 - 12| |21
__________________ 31
11 13| LI~
F [2,3] ™ [4, 5] i actual data
indices of data-block [1,5] |- [3, 2] received
Rotation array meta-data received
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Architecture of Modern HPC Systems

Shared-memory

parallelism

R Multiple cores
V ‘
Multiple nodes ‘ E;::ﬁle)ﬁ';encll

Modern HPC systems
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Architecture of Modern HPC Systems

R Multiple cores Shared-memory
Multiple nodes ‘ E;:;ﬁgﬁtsﬁ

Modern HPC systems
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Parameterized Linear Non-uniform All-to-all
(ParLinNa) tunable radix

ParLogNa

Latency-bound

%t

Intra-node Comm

ParlLinNa

Inter-node Comm

4

Scattered

Modern HPC systems

Bandwidth-bound

tunable batch_size .



Intra-node Communication: Two Strategies

NO N1 N2 NO N1 N2
PO P1 P2 P3 P4 P5 P6 P7 P8 PO P1 P2 P3 P4 PS5 P6 P7 P8
00(10]20] [30[40]50(60|70]80 00]101102| [30(40(50] |160]70]80
OLf11]21| [31|41|51]|61[71]81 o [10]11[12] [31|41|51] |61|71]81
02(12]22] [32]42]52]|62(72]82 20121122 [32|42]52] |62|72(82
03(13]23| [33]43]|53]]63[73]83 03|13(23] |33|34|35| |63|73|83
0414124 |34|44|54||64|74]|84 ‘gl- 04114 (24| [43[44145] |64]|74|84
05[15]25] [35]45]|55]|65(75]85 05[15(25] |53]|54|55] |65]75]85
06[16]26] [36[46]|56| |66[76]|86 06]16]126| [36(46[56]| |66]|76]|86
071727 (37(47|57||67|77|87 924 107[17|27] |37|47|57| |76|77|78
0811828 [38[48[58| [68]|78 |88 0811828 [38]48[58] |86|87|88

Initial Data (a) Standard



Intra-node Communication: Two Strategies

NO

PO P1

P2

P3

N1

P4

P5

N2

P6 P7

P8

00

10

20

30

40

50

60

70

80

01

11

21

31

41

51

61

71

81

02

12

22

32

42

52

62

72

82

03

13

23

33

43

53

63

73

83

04

14

24

34

44

54

64

74

84

05

15

25

35

45

55

65

75

85

06

16

26

36

46

56

66

76

86

07

17

27

37

47

57

67

77

87

08

18

28

38

48

58

68

78

88

Initial Data

Yo-

92—

NO N1 N2
PO P1 P2 P3 P4 PS P6 P7 P8
00|{01(02] [30]40|50 |60[70]80
10f 11 12| (31]41[51] |61]|71]8]1
20121122 [32|42]52] |62|72(82
03|13(23] |33|34|35| |63|73|83
04114124 [43|4445] |64|74 |84
05[15(25] |53]|54|55] |65]75]85
06]16]126| [36(46[56]| |66]|76]|86
07(17|27) |37|47|57| |76|77|78
0811828 [38]48[58] |86|87|88

(a) Standard

PO

NO

P1 P2

P3

N1
P4

PS5

P6

N2
P7

P8

00

01

02

30

31

32

60

61

62

10

11

12

40

41

42

70

71

72

20

21

22

50

31

52

80

81

82

03

04

05

33

34

35

63

64

65

13

14

19

43

44

45

73

74

79

23

24

25

33

54

55

83

84

85

06

07

08

36

37

38

66

67

68

16

17

18

46

47

48

76

Ll

78

26

27

28

56

57

58

86

87

88

(b) Ours
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Inter-node Communication: Two Patterns

P3 P35 0 P35Ee  P3LGE P3N P3N P35
30 03|30 03|30 03|30 03|30 03|30 03|30
PO < 40 40 13|40 1340 13|40 13|40 13]40
50 50 50 23|50 23|50 23|50 23|50
33 33 |33 |33 |33 NEE |33
43 — 43 |43 |43 |43 |43 |43
53 53 53 53 53 53 53
36 36 36 36 63|36 63|36 63|36
P6 46 46 46 46 46 73|46 73|46
56 56 56 56 56 56 83|56
R T R T R T R T R T R T R T

Initial data (a) Staggered



Inter-node Communication: Two Patterns

P3 P35 P35 P3N P3N P3N P3N : P35 5 P35 T
30 0330 03[30 03[30 03|30 03[30 03|30 03]30 03|30
PO < 40 40 13|40 13|40 13|40 13|40 13|40 E 13140 13140
50 50 50 2350 23|50 2350 23|50 23|50 23|50
33 33 |33 33 33 |33 |33 : 33 |33
43 - 43 “las "[43 "4 “las a3 43 a3
53 53 53 53 53 53 53 53 53
36 36 36 36 63|36 63|36 63|36 36 63|36
P6 < 46 46 46 46 46 73|46 73|46 : 46 73|46
56 56 56 56 56 56 83|56 56 83|56
R T R T R T R T R T R T R T E R T R T
Initial data (a) Staggered : (b) Coalesced
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Intra-node Communication Examp
NO N

PO P1 P2 P3 P4 : PO PO—p ps PO—p p3 PO—p PI
+00[oo] o00[oo] 000[00] 000[00
: o4lo1| 1oolot| 100lo1| 100]01
: 03]02| o011]02| o011]02] 011]02
+02[03] o10f[03] o10{03] o10]03
: o1(o4| oo1lo4| o001]04| 001|04
. 05|05 000f0o5| 000{05| 000]05
09(o6| 100lo6| 100]06| 100{06
! 08107 011 {07 011|07|=» 01107
. 07]08| 010]08| 010|08| 01008
+06[09] oo1foo] oo01{09] 001]09
: 10{10] oo0of[10] o000[10] 000]10
: 14111 100|11| 100|11]| 10011
vz onifi2] onfiz] onfi2
: 12(13] o1of13] o10[13| o010]13
: 11|14 o01|14| oo01{14| o001]14

(1) Initial Data O 0 0 0O
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Inter-node Communication Example
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Comparing ParLogNa with MPI_Alltoallv

4000-
1000+
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30-
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P=16384, Fugaku =T 128
128
== 128
E=2 128
- 1%8 128
— = = 128
= 55 28 MPI_Alltoallv
28
22 $ParLogNa
0 16 32 64 128 256 512 1024 2048 4096 8192

0 ]

S: Max data-block size (bytes)
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Comparing ParLogNa with MPI_Alltoallv

500 T 500+ B 2000
2z P = 4096, Polaris é P = 8192, Polaris @ 00 P =2048, Fugaku
1 64
2 100- MPI Alltoallv 5 4096|100, T 8192 MPI_Alltoallv o
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= 20 =64 o0 % & ol 46
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2000 — | 40001 — 4000
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2 100- = 6 ‘ 22 = 128
S 96 = 128
= % 64 304 % = 28 30- = = 128
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g 8 15 1
= 12
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0 16 64 138 236 512 1024 2048 4006 8192 16384  OF 5 35 &4 138 2% 512 1024 2048 4096 8192 16384 16 32 64 128 256 512 1024 2048 4096 8192

S: Max data-block size (bytes)

S: Max data-block size (bytes)

S: Max data-block size (bytes)
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Ranges of radix where ParLogNa outperforms
MPI_Alltoallv

(b) Fugaku

16384 1 M— W 1 ] 1 [ 1 (il | | I
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5124 [ 1 [I] 1 [l 1 [ o | | S 54 B | l
QN) 244 2 84 2192 2 384 2 1024 2 4000 g T 1 3 256 2 8192
‘@ 2561 L | 1 1 [ 1 [} | S 256 - ! 1 B |
v, 2 49 2112 2198 2384 21024 2 409 o e T 2 9000
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= 250 292 2210 2384 2 1126 2 4505 < 7 160 2195 2 1373
AR Y e jmm— | m— i — 2 ] B J 5 —
)= 252 2 102 2 240 2 512 2 1536 2 4710 o 2 172 2 256 2 6554
S 329 E | I | ] | I N ) — 5 21 B—E l N —
2 50 2 108 2237 2 512 2 1434 I = T ITe 3 256 2 BB
S 16 E 1 B 1 o 1 ] N . 16 i | I l
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Comparing Coalesced and Staggered ParLinNa

$ Coalesced intra l$| Coalesced Inter Staggered intra I$I Staggered Inter
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1 12,
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S: Max data-block size (bytes)



Comparing Proposed Algorithms with the Top-
performing Benchmark
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S: Max data-block size (bytes)
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Comparing Proposed Algorithms with the Top-
performing Benchmark
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Performance of Applying Our Algorithms to
FFT
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Performance of Applying Our Algorithms to

Path Finding
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Conclusion

* We have presented algorithms (ParLogNa and ParLinNa) that can
Improve an important class of collective functions.

* The work can help vendors further optimize their collective routines.

* The work can have a direct impact on a range of applications that uses
all to all communication.



Thank you!
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