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MATERIAL DESIGN AT EXASCALE

Coe for HPC applications in material
science

CO-DESIGN PARTNERS
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READINESS FOR EXASCALE

PORTABILITY

opentp AMDTY
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intel m,%A

OpenACC (SYCLW

Support for multiple programming
models and hardware vendors.

EFFICIENCY

Optimized hardware utilization for
performance and energy.

SCALING

Demonstrated ability to scale across
thousands of cores.



SEPARATION OF CONCERNS

The performance critical layers must be hidden from
the higher level functions

PROPERTY CALCULATOR & HAMILTONIAN BUILDER
architecture-agnostic, reusable among codes

DOMAIN-SPECIFIC/MATHEMATICAL LIBRARIES
code-agnostic, externalized, fine-tuned for hardware
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STRATEGIES FOR GPU PORTING

COMPLEMENTARY |

PW CODES LOCALISED BASIS

spread compute
intensive parts

. aligned _ modularized \

Sads offloaded data
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all the execution
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STRATEGIES FOR GPU PORTING

I COMPLEMENTARY |

PW CODES LOCALISED BASIS

localized compute code
intensive regions

iy E)J SIeSt% modularized

‘)rg code

offload leveraged by \

external libraries, e.g.
ELSI, ELPA, PEXSI, larized
& @ GPU



THE STATUS

QuANTUM :
ESPRESSO YAMBO SIESTA BigDFT m
DEUCALION |,
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Deployed

module available
s N scorece

Spack

Supported architectures

tested on similar architecture

LEONARDO

BENCHMARKING
ENVIRONMENT

Work in progress

conhgured and executed

MaX3 benchmarks Quantum ESPRESSO ~ Yambo  SIESTA  BigDFT  FLEUR
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n Centre of
materials  modelling, ~simulations,

tiers of the current and future High
. High Throughput Computing (HTC)




DIRECTIVE-BASED GPU OFFLOAD IN QE

Dav-dson--_----_ directives

Energy
Magnetism
USPP

PAW

Forces | CUDA
swess|

PORTABILITY

[PWsch I CP I
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- - - :ﬁizzgint Eigensolver Linear algebra | DevXlib ||FFT (FFTXlib)|
(LAXLib) (BLAS/LAPACK) -
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. Libraries CUF/OpenACC offload OpenMP offload **
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Phonon [
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Hardware an

specific (MAGMA*)

libraries
e  First porting with CUDAFortran L
e Transition to OpenACC for maintainability multiple back-ends

e New backend for AMD GPUs (OpenMP offload)
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MPI HIERARCHIES

Npw (G vectors) ei((G—}—k)-r)




MPI HIERARCHIES

PLANE WAVE DISTRIBUTION _------="="===--___
DISTRIBUTE MEMORY ~-COMMUNICATION INTENSIVE ™~~~
) Npw ci((G+k)-r)

" New (G vectors) w ( ) C
ik \I') = Z G, ik
K Cc \/g—z

/" DISTRIBUTE REPLICAS

k=1,.., Nk

b=1,.., N
BAND DISTRIBUT\ION\ POOL DIS'[RJB/UTION
DIST’RLBUTE COMPUTATION

DISTRIBUTE COMPUTATiQN
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SPECIALIZED BACKENDS - memory distribution

Crl3- 480 atoms, 3240 electrons, 2 nodes

5 Driver of FFT distribution optimized for GPUs
3001 . ..
1. non-blocking communications

2
o 2. batching for comm/compute overlap
i {a
2500. & 3. GPUdirect
< O
o S  — GPU execution outperform by ~7x.
- b5
S )
O 132
% 1001 LUMI-G 4 AMD MI250X 64x2 GB HBM
E
= LEO BOOSTER 4 Nvidia A100 64 GB HBM2

) , 12 LEO DCGP Sapphyre Rapids 112 cores

LEO-dcpg LUMI-G LUMI-G LUMI-G  LEO-booster

o BASIC-Fria BAVCHED B&;C;)ES B@;ngg F. Ruffino et al.. Procedia Computer Science. 240. 52-60



IMAGES AND POOLS - compute distribution
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IMAGES AND POOLS - compute distribution
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DEVXLIB IN YAMBO

D Sangalli et al 2019 J. Phys.: Condens. Matter 31 325902

linear algebra, FFTs on GPUs, specialized

10000 1 r10 backends, custom kernels. data mapping

8000 - - 80 devx.l.'ib

® devxlib alloc

e devxlib_free ® devxlib_memcpy_h2h
‘U‘ ® devxlib allocated e devxlib memcpy d2d
q) | 60 e devxlib _memcpy d2h
) 6000 i lodule devXlib e devxlib_memcpy h2d
S— ® devxlib memcpy d2d p
() use devxlib malloc ¢ devxlib_memcpy_dZh_p
= e devxlib_memcpy_h2d_p
- vxlib mem
.g 40 use de b— emcpy e devxlib_map
= 4000 - use devxlib Mapping — s o devxiib unmap
use devxlib buffers ® devxlib mapped

devxlib xDOT

L 20 use devxlib_linalg
use devxlib_auxfunc \ devxlib_xD!
2000 ) use devxlib_async

i 0 implicit none
ind module devXlib

devxlib

devxlib xG!

devxlib conjg
devxlib vec_upd_remap

devxlib mat_upd_dMd

devxlib_mem addscal

160 320 480 640 800 1024
# GPUs

e yambo offers fairly independent parallelization CUDAF OpenAC

layers
e porting to new programming model streamlined
by devxlib

OpenMP
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DIRECTIVE BASED PROGRAMMING MODEL IN YAMBO

» CPU(32)

iLil
nr
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1 programming models

0 g 10 e Testing async, device
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0 20 40 60 & 05 e Integration of new solvers
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OFFLOAD VIA ACCELERATED LIBRARIES

siesta

siesta

Scalability

0.00

Time per iteration /s

Karolina @ Karolina-GPU @ Discoverer @ MareNostrum5 @ MareNostrum 5 - GPU

2 4 6 8 10 12 14 16

Nodes

B MareNostrum 5 [l Karolina [ Discoverer [ LUMI-C
1250
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500

250

: 1l

Scalapack PEXSI (x100) ELPA-CPU ELPA-GPU

COVID Spike Protein - 8 nodes
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OFFLOAD VIA ACCELERATED LIBRARIES

MPI time MPS 8 nodes

e no support to awareness in ELPA yet (only

experimental)
e NCCL version involves only few collectives

e MPS quite effective to cover overhead of CPU £
staging E
'_
covid 8k - SZP
®ppn4 Wppn8 ppn 16 ppn 32 @ MPS gain
5000 n 6
N
4000 R
N o .
3000 T e

2000
1000 II
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nodes 17

N
MPS gain

walltime (s)
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NEW BACKENDS FOR COMMUNICATIONS

PLANE WAVE distribution, FFTXIib ( All-to-All)
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10 z
- 7772 hpcx default
2.51 gz 2:9
- A 4 @@ hpcx custom
— z2s
v g W) Zy= Z | — nccl custom
§ £ 2.0| 782 2 , 2.04
S~ e =
& g 1ERIER == <
5 6 s> 1.5 488 Z8E % » L.5€
S Z5 % g - =
2 Iy 785 7 8a—7 S
o Z3z g B
3 4 E 10/ fRE778E TRz . g |10
= - 78 7RE 7RE R 7 7
= hpcx-mpi/2.16 0.5 gs 708 708 71z 7 g 0.5
8% Z8E ZBE Z3E Z2B. ¢
G.O' - — % — & — i - A - 0.0
0 2 4 8 16 32 64
10° 10° 10° 10° 10° 10° 10° Nodes

size(bytes)
NCCL and HPCX-MPI with improved batching



mpi toal time (s)

COMMUNICATION REDESIGN

Band distribution (Allreduce,Allgatherv)

B BARRIER ® ALLGATHERV © ALLREDUCE ® BCAST @& WAITALL
® bands HPCX-MPI/2.19 = R&G HPCX-MPI/2.19

125 4 bands OpenMPl/4.1.4

100
100
O
50 L
2 50
T
25 2
25
0
24
0
GPUs 1 2 4

GPUs

Potential to reduce the impact of Waitall to scale beyond R&G over infiniband
But allgather are slow, also over NVLIink

W openmpi/4.1.4 ™ hpcx-mpi/2.19
200

150

100

50

allreduce allgatherv



COMMUNICATION REDESIGN

OpenMPI/5 vs HPCX-MPI
[ Applications ] [ Open MPI / MPICH ] [ MSHP%%'UPC/ ] Legion / Parsec
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FUTURE PERSPECTIVES

3000

IMPROVING SINGLE-HARDWARE USAGE

2500

%2000
e emulators for future architectures
e Improved acceleration for small metallic systems

500

https://doi.org/10.48550/arXiv.2505.20366Focus to learn more

“¢5AIDA

—— Allocated nodes

Available nodes
—— % of allocated nodes

TOWARDS EXTREME-SCALING O P N I
Time
e leveraging distributed libraries . i
e New workflows for exascale L — B
- improve interfaces and interoperability among codes o, e ]
- enable distribution of independent calculations §al e o
100~ ~
https://doi.org/10.1016/j.cpc.2024.109439. oo g o M e
CPU GPU optimized GPU CuSOLVERMp | ScalLAPACK |
#CPU 32 32 32 64 64 1 2 4 8 1 2 4 8 | Nodes | Tasks/Node | Linear Algebra | getrf/getrs | Linear Algebra | SU LA | SU func |
#GPU 0 0 0 0 0O 1 2 4 8 1 2 4 8  |e------ [----mmmmmee | [------mommn- R [------m-- [EEEEEEEE |
#task(np) 32 32 32 64 64 1 2 4 8 1 2 4 8 | 1| 4 | 118.16 | 73.58 | 14760.00 | 124.9x | 200.6x |
#pool(nk) 8 16 32 32 64 1 2 4 8 1 2 4 8 | 4 | 4 | 116.46 | 61.05 | 4080.00 | 35.0x | 66.9x |
time (s) 11400 10560 8040 5640 4500 107640 54780 27720 14100 16080 7860 4680 2153 | 16 | 4| 119.72 | 60.41 | 1063.00 | 8.9x | 17.6x |

time (m) 190 176 134 94 75 1794 913 462 235 268 131 78 36
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