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MOTIVATIONS AND CONTEXT




Rank

MOTIVATIONS

System

El Capitan - HPE Cray EX255a, AMD 4th Gen EPYC 24C
1.8GHz, AMD Instinct MI300A, Slingshot-11, TOSS, HPE
DOE/NNSA/LLNL

United States

Frontier - HPE Cray EX235a, AMD Optimized 3rd
Generation EPYC 64C 2GHz, AMD Instinct MI250X,
Slingshot-11, HPE Cray 0S, HPE

DOE/SC/0ak Ridge National Laboratory

United States

Aurora - HPE Cray EX - Intel Exascale Compute Blade,
Xeon CPU Max 9470 52C 2.4GHz, Intel Data Center GPU
Max, Slingshot-11, Intel

DOE/SC/Argonne National Laboratory

United States

JUPITER Booster - BullSequana XH3000, GH Superchip
72C 3GHz, NVIDIA GH200 Superchip, Quad-Rail NVIDIA
InfiniBand NDRZ00, RedHat Enterprise Linux, EVIDEN
EuroHPC/FZJ

Germany

[Top500]

Cores

11,039,616

2,066,176

9,264,128

4,801,344

Rmax
(PFlop/s)

1,742.00

1,353.00

1,012.00

793.40

Rpeak
[PFlop/s)

2,746.38

2,095.72

1,980.01

930.00

Power
(kW)

29,581

24,607

38,698

13,088

Projected Performance Development

10 EFlop/s
1 EFlop/s
100 PFlop/s
10 PFlop/s
1 PFlop/s

100 TFlop/s

Performance

10 TFlop/s
1 TFlop/s
100 GFlop/s
10 GFlop/s

1 GFlop/s

100 MFlop/s
1990 1995 2000 2005 2010 2015 2020 2025

Lists

® Sum A #1 = #500

Exascale era:

o Increasingly large number of cores
o More and more heterogeneous

o Less reliable (Mean Time Between Failures < 1h)
MPI+X vs. PGAS [UltraBO]
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MOTIVATIONS

Supercomputer Fugaku, A64FX 48C Sunway MPP, Su

[+] NVIDIA H20 [+] AMD Instinct MI300A [+] NVIDIA H100 SXM5

AMD 4th G NVIDIA HPE C

Si

HPE Cray EX

[+] NVIDIA Tesla V100 [+] NVIDIA GH200 Superchip [+] None

BullSequana XH HPE Cray EX25 r Supercomputer

HPE Cray EX I

[Top500] June 2021 [Top500] June 2025

Bull Sequa

[ minksy ||

- Increasing usage of accelerators

o Variety of GPU architectures: Nvidia and AMD
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CONTEXT

« Distributed GPU-accelerated tree search methods
(e.g., B&B) for COPs

e I/Uv |I§11 ....... - o Large and Irregular search trees
Qo ol o Dynamic Load Balancing
Snenifiaec o Efficient Data Structs

best
RRE T——

Branching Bounding Pruning

¥ IA @ O ST >

Selection: returns next node to process,
e.g. depth-first

o Low-level Portable Solutions

= -« Motivating example: Permutation Flowshop
VfraBol Scheduling Problem (PFSP)
o Search trees for hard instances contain up to
10" explored nodes
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BRANCH-AND-BOUND (B&B)

 Divide a Combinatorial Optimization Problem
(COP) into partial sub-problems [Gendron1994]
« Search space is a tree

« Four operators:

o Branching :
o Selection, e.g.:

Branching

ranchi
J3,{J1,J2}

Sele

ction
5
J1,{J2,43}
1

" Breadth-first search (FIFO) 2N\
» Depth-first search (LIFO) 0 o e
o Bounding
o Pruning Solution Optimal solution
(Bounding)
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PARALLEL B&B

Parallel Tree Exploration (PTE) Parallel Evaluation of Bounds (PEB)

e Done on CPU e Doneon GPU

* High degree of parallelism  Suited for higher evaluation costs
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CHAPEL LANGUAGE'

« PGAS - "Partitioned Global Address Space" Language [Chamberlain2018]
o Contrasts with MPI communications model

» Native vendor-neutral GPU support [Chapel2024]
o Nvidia Architectures (2022)
o AMD Architectures (2023)

* Native shared-memory multiprocessing directives

'"The Chapel Language: https://chapel-lang.org/.
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OBJECTIVES

« Low-level (C Language) GPU-portable parallel B&B:
o Generic processing of tree nodes [Gmys2017, Gmys2022]

o Dynamic load balancing (OpenMP, atomic spin-lock)
o CUDA / HIP for Nvidia / AMD architectures [Chakroun2013, Vu2016]
« Towards distributed generic GPU-accelerated parallel B&B:
o MPI+Xvs. PGAS (Chapel) at the intra-node level [Carneiro2021, Helbecque2024,
Helbecque2025]
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DESIGN AND IMPLEMENTATION




CPU TO SINGLE-GPU (PEB)

CPU

2. Selection DFS

1.Pool of Q
nodes

3. Bounding

h 4

4. Branching
and/or Pruning

END

CPU
Initial BFS up to
m nodes
GPU Device
h 4
Pool of Q Qzm
nodes Transfer a chunk of q (<=M) nodes Array of q
'y nodes
No
Branching Transfer ¥
<m?
E]_ and/or Pruning array Bounds Bound all nodes
Yes
v
3 || Write computed bounds
Final DFS in array Bounds
END

Push Front Deque Data Structure

ST IITIIIIT11.
e ~
\’ONode'COP‘

[Helbecque2025]

Pop Back

Pop Front Push Back

GPU Thread Indexing:

1. Compute amount of child
nodes per parent
2. Affect 1 child per thread

parent_1 parent_2

threads_index 0 0 0

] ppopn

thread_Id 0 1 2

[Chakroun2013]

4 5 6 7 8 9 10 11 12 13 14 15
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MULTI-GPU DESIGN (PTE + PEB)

Multi-GPU Design

Victim Pool No Work Victim Pool
Locked Unlocked
Initial BFS up to
D x m nodes in single
CPU core
!
| Initialize OpenMP |

!

Pool of Q; nodes per GPU |

Q;<‘VL\Q;ZD‘I

GPU-accelerated
bounding

o Fail
4

Yes _\/ \_/
@ End OpenMP

/ Random Victim Steal Half

- — Selection Strategy
Final DFS in single

CPU core

I

Sucess

Work stealing

END Intra-node Work Stealing Strategy
based on OpenMP and atomics
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EXPERIMENTAL SETTINGS AND
RESULTS




EXPERIMENTAL SETTINGS

* LUMI supercomputer (ranked 9th in the TOP500): AMD MI250x GPUs

e Grid'5000 testbed: Nvidia A100-SXM4-40GB GPUs

« Permutation Flowshop Scheduling Problem [Garey1976]
o Highlyirregular

o Bigsearch space: n!
e Taillard’'s 20 x 20 instances, i.e.,ta021 to ta030 [Taillard1993]

e , ta30, ta22, , ta23, ta28, , ta26, ta24,
« "Two-machine bound” B&B lower bound function (LB2)
[Lageweg197/8]

 Initial B&B upper bound = best optimal solution known
* Implementations tested:

makespan makespan

optimal

mekespen o Single-GPU (SG-B&B): CUDA, HIP, Chapel
o Multi-GPU (MG-B&B): CUDA, HIP, Chapel
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SG-B&B VS. CHAPEL SG-B&B

Nvidia A100 AMD MI250x

—— Enhanced
I Standard
B Chapel

Normalized execution time

0.0 - 0.0 -
29 30 22 27 23 28 25 26 24 21 29 30 22 27 23 28 25 26 24 21
Instance index Instance index

Lower execution times in comparison to Chapel baselines
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MG-B&B VS. CHAPEL MG-B&B NVIDIA

OpenMP+CUDA vs CHPL - Nvidia A100 Nvidia GPU Architecture
| |
81 —e— CUDA - ta029 B 2 GPUs 288
_____ - 3.0 2 4 GPUs 2.71
J1 @ CHPL - ta029 B 8 GPUS .
—=— CUDA - ta027 _
-4~ CHPL - ta027 g 25
61 —4— CUDA - ta025 E
o | ~® CHPL-ta025 c
351 8 2.0
. —&— CUDA - ta021 =
8 | A CHPL-ta021 g
o 41 ---- Linear speed-up B 5 15
[¥s} - A e ﬁ
"E
- ‘cZS 1.0
0.5 1
4 é 0.0 -

ta029 ta027 ta025 ta021
Instances Index

Number of GPUs

Good strong scalability for bigger instances when computing the relative speedup
in relation to CUDA / Chapel SG-B&B implementation
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MG-B&B VS. CHAPEL MG-B&B AMD

.
P
----
.
et

b

051

ta027
Number of GPUs Instances Index

OpenMP+HIP vs CHPL - AMD MI250x AMD GPU Architecture
| T
T —e— HIP - ta029 o = ZgPUs
P - L 3.0 B 4 GPUs
®- CHPL - ta029 . S s
1 —— HIP - ta027
-4 CHPL - ta027 g 2.5
T —0— HIP-ta025 £
4 CHPL - ta025 o]
1 —A— HIP - ta021 2
A+ CHPL-ta021 | e 9
1 =-=-- Linear speed-up — gt ';5 151
-------- N
o ®
e e g 1.0 1
’ =

ta025

Good strong scalability for bigger instances when computing the relative speedup

in relation to HIP / Chapel SG-B&B implementation

10/9/2025
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IN CONCLUSION...
* Single-GPU:
o Efficient performance and code portable GPU thread Indexing
= And for Chapel? 30% Speedup!

o More performant when compared to Chapel baselines
« Multi-GPU:
o Efficient implementation of the 'atomic' multi-pool approach

o Good strong scalability

= Preliminary Results for the inter-node settings

10/9/2025 19




FUTURE WORKS




FUTURE WORKS

* Improve intra-node implementation:
o Other performance / code portable GPU optimizations
o Memory contention strategies for generic pool-based B&B

o One-sided shared-memory MPI vs. OpenMP

* MPI layer for inter-node distributed implementation

o Distributed dynamic load balancing
* (More) Feedback on MPI+X vs. PGAS and solving hard pending benchmarks (i.e., PFSP)
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