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Exascale Computing Demands Effective Parallelism 

Inter-process Data 

Movement

Exascale Supercomputers

2



Three Fundamental Interfaces of Data Movement 

MPI_Send

MPI_Recv

Point-to-point

MPI_Put

MPI_Get

One-sided

Collective
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Collective Involves Communication Among All 
Processes

e.g., MPI_ReduceAll-to-One

One-to-All e.g., MPI_Scatter

e.g., MPI_AlltoallAll-to-All

MPI_Send

MPI_Recv

Point-to-point

MPI_Put

MPI_Get

One-sided

Collective
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Some Widely Used Collective Primitives
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All-to-all Data Exchange is the Most Challenging 
to Scale and Optimize 

Densest Comm 
Requirement
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Parallel Machine Learning

Large Scale Graph Mining

Logical Inference at Scale Parallel Fast Fourier Transform

Quantum Computer Simulations

(5) All-to-all
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All-to-all – Every process Sends and receives 
data from every other process
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N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

Standard MPI All-to-all Implementations
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N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5

Inputs: N, P

P0 P0

P1 P2 P4

Spread-out algorithm
Linear

Standard MPI All-to-all Implementations: Spread-out
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Inputs: N, P

P0

N: Size of data-block 

P: Process count

Spread-out algorithm

Taking P0 as example

Post receive requests

using MPI_Irecv

e.g., Spread-out

P1 P2 P3 P4 P5

𝑟𝑎𝑛𝑘 + 𝑖  % 𝑃

Linear

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

P0 P1 P2 P3 P4 P5

e.g., Bruck

P0

P1 P2 P4
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Inputs: N, P

P0

N: Size of data-block 

P: Process count

Spread-out algorithm

Taking P0 as example

Post receive requests

using MPI_Irecv

e.g., Spread-out

P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

𝑟𝑎𝑛𝑘 − 𝑖 + 𝑃  % 𝑃𝑟𝑎𝑛𝑘 + 𝑖  % 𝑃

Linear

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

P0 P1 P2 P3 P4 P5 P0 P1 P2 P3 P4 P5

e.g., Bruck

P0

P1 P2 P4
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Inputs: N, P

P0

N: Size of data-block 

P: Process count

Spread-out algorithm

Taking P0 as example

Post receive requests

using MPI_Irecv

e.g., Spread-out

P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

Linear

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

P0 P1 P2 P3 P4 P5 P0 P1 P2 P3 P4 P5

e.g., Bruck

P0

P1 P2 P4
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Inputs: N, P

P0

N: Size of data-block 

P: Process count

Spread-out algorithm

P0 P1 P2 P3 P4 P5

Post receive requests

using MPI_Irecv

e.g., Spread-out

P1 P2 P3 P4 P5

P0 P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

Linear

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

e.g., Bruck

P0

P1 P2 P4
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Bruck algorithm

N: Size of data-block 

P: Process count

e.g., Spread-out

P1 P2 P3 P4 P5

Inputs: N, P

P0

Logarithmic

Standard MPI All-to-all Implementations: Bruck

e.g., Bruck

P0

P1 P2 P4
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Bruck algorithm

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5

Inputs: N, P

P0 P0

P1 P2 P4

Logarithmic

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

2. Log(P) communication steps.

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5

Inputs: N, P

P0 P0

P1 P2 P4

Logarithmic

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

Send:

Receive:

Inputs: N, P

P0 P0

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5 P1 P2 P4

Logarithmic

Standard MPI All-to-all Implementations: Comm-0
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Bruck algorithm

Send:

Receive:

Inputs: N, P

P0 P0

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5 P1 P2 P4

Logarithmic

Standard MPI All-to-all Implementations: Comm-1
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Bruck algorithm

Send:

Receive:

Inputs: N, P

P0 P0

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5 P1 P2 P4

Logarithmic

Standard MPI All-to-all Implementations: Comm-2
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Bruck algorithm

2. Log(P) communication steps.

Inputs: N, P

P0 P0

N: Size of data-block 

P: Process count

e.g., Spread-out e.g., Bruck

P1 P2 P3 P4 P5 P1 P2 P4

Logarithmic

Standard MPI All-to-all Implementations: Bruck
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Comparison of These Two Algorithms

Exchanging 7
data-blocks
via 3 rounds

Exchanging 5
data-blocks
via 5 rounds

N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

P1 P2 P3 P4 P5

P0 P0

P1 P2 P4
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Exchanging 7
data-blocks
via 3 rounds

Exchanging 5
data-blocks
via 5 rounds

N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

P0 P0

P1 P2 P3 P4 P5 P1 P2 P4

Comparison of These Two Algorithms
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Many All-to-all Implementations
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N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

scattered, 
pairwise, basic-

linear, … 

modified-Bruck, 
two-phase-Bruck, 
hierarchical Bruck, 

…



N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

All-to-all Implementation: Algorithm Selection

scattered, 
pairwise, basic-

linear, … 

modified-Bruck, 
two-phase-Bruck, 
hierarchical Bruck, 

…

Selection
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N: Size of data-block 

P: Process count

Inputs: N, P

Linear Logarithmic

Selection
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Algorithms One selected algorithm

All-to-all Implementation: Algorithm Selection



Algorithm Switching
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P = 1024 P = 2048

possible algorithm switch

possible algorithm switch

possible algorithm switch

possible algorithm switch



Prior Work Enables Tunable Radices For 
Bruck-style Algorithms

radixTotal number of 

communication 

rounds (K)
2 P

Total number of 

exchanged data-

blocks (D)

Performance tuning
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Prior Work Enables Tunable Radices For 
Bruck-style Algorithms

radixTotal number of 

communication 

rounds (K)
2 P

Total number of 

exchanged data-

blocks (D)

𝜶 𝜷

Performance tuning
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Examples of Tunable Radices

R = 2

R = 4

R = 5

Exchanging 10
data-blocks via 
3 rounds

Exchanging 6
data-blocks via 
4 rounds

Exchanging 5
data-blocks via 
5 rounds



Sqrt(P) Delivers Best Overall Performance
K – total number of communication rounds

D – total amount of data transmitted



Sqrt(P) Delivers Best Overall Performance
K – total number of communication rounds

D – total amount of data transmitted



Spread-out algorithm

P0 P1 P2 P3 P4 P5

Post receive requests

using MPI_Irecv

P0 P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

Linear Implementation Enables Tunable Batch-size
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b = 8 = P



Linear Implementation Enables Tunable Batch-size
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Scattered 

algorithm

b = 3

Spread-out algorithm

P0 P1 P2 P3 P4 P5

Post receive requests

using MPI_Irecv

P0 P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

b = 8 = P



Linear Implementation Enables Tunable Batch-size
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Scattered 

algorithm

Spread-out algorithm

P0 P1 P2 P3 P4 P5

Post receive requests

using MPI_Irecv

P0 P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

b = 5b = 3

b = 8 = P



Bruck-style Algorithm Implies Blocking Communication
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Bruck-style Algorithm Implies Blocking Communication
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Bruck-style Algorithm Implies Blocking Communication
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Bruck-style Algorithm Implies Blocking Communication
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Bruck-style Algorithm Implies Blocking Communication

40

00

01

02

03

04

05

06

07

S R

P0

000

001

010

011

100

101

110

111

00

01

02

03

04

05

06

07

70

72

74

76

S R

P1 P7

00

70

02

72

04

74

06

76

70

72

74

76

S R

P0

00

70

02

72

04

74

06

76

70

60

50

74

64

54

S R

P = 8, r = 2

P2 P6

round-
synchronous

source target



Spread-out algorithm

P0 P1 P2 P3 P4 P5

Post receive requests

using MPI_Irecv

P0 P1 P2 P3 P4 P5

Post send requests

using MPI_Isend

Spreadout-style Algorithm Implies Non-blocking 
Communication
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b = 8 = P

Non-blocking



Generalized All-To-All Design
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Bruck-style Algorithm

Spreadout-style Algorithm

Blocking

Non-blocking

Tunable Radix

Tunable batch-size

GATA



Generalized All-To-All Design
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Bruck-style Algorithm

Spreadout-style Algorithm

Blocking
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Tunable Radix

Tunable batch-size

GATA



Tunable Radix All-to-all
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Tunable Radix All-to-all
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Tunable Radix All-to-all
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Extreme Radix (r = P)
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r-representation

𝒘 = 𝒍𝒐𝒈𝒓(𝑷)  digits of r-

representation 

w = 2

(r – 1) unique values for each 

digit

r - 1 = 4

Each communication 

round i is identified by 

x ( 0 <= x < w ) and z 

(1 <= z < r) 

Tunable Radix All-to-all Definition
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r-representation

𝒘 = 𝒍𝒐𝒈𝒓(𝑷)  digits of r-

representation 
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(r – 1) unique values for each 

digit
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Each communication 
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Tunable Radix All-to-all Definition
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Tunable Radix All-to-all
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Tunable Radix All-to-all
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Tunable Batch-size b
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b = 3

Non-blocking Non-blocking Non-blocking

sync sync



Extreme Batch-size (b = 1)
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Blocking



Joint (r,b) Enables Dense 2D Tunable Space
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Joint (r,b) Enables Dense 2D Tunable Space
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(r,b) Design Space With 8 Processes
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Joint (r,b) Enables Dense 2D Tunable Space
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Boundary Cases
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Bruck Spread-outr = 2, b = 1 r = P, b = P − 1

Scattered r = P, tunable bK-Bruck Tunable r, b = 1

Pairwise r = P, b = 1



Evaluation: Tunable Radix Selection
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Polaris Supercomputer at 
Argonne National Laboratory
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Evaluation: Tunable Batch-size Selection
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Performance Comparison
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P = 4096
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P = 256 P = 1024

P = 8192P = 2048



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

Key Insight 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

Results Polaris, up to 8192 procs: up to 3.4× vs. strongest baseline, 10.6× vs. vendor 
MPI_Alltoall

Future Work Non-uniform MPI_Alltoallv; cost-model / ML-based (r, b) selection



Thank you!
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