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Materials design towards the exascale: 

Codes, Workflows, and data
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Exascale workflows

Tools & Examples

Data infrastructure



today: HPC at the exascale

Leonardo: Intel + NVIDIA 
A100 =>  241 PFlops

LUMI: CRAY + AMD Mi250

=>  380 PFlops

MareNostrum V: Intel + 
NVIDIA H100 => 180 PFlops 

the exascale challenge

in high performance computing

1018 Flops/s

1018 Bytes

abrupt technology changes

action is needed for full 
exploitation

heterogeneous machines 
(multiple HW and SW stacks)

El Capitan (@LLNL): 
AMD EPYC+ AMD Mi300   
=>  1742 PFlops

US DOE

Jupiter: NVIDIA GH200

 > 1 ExaFlops

ALPS (@CSCS): 
NVIDIA GH200 

=>  435 PFlops

Switzerland



Electronic Structure Methods

highly accurate (predictive)

computationally demanding

Higher accuracy

Improved modelling 
(complexity)

High throughput 
screening

ab initio materials modelling

quantum mechanics based 

atomistic modelling of materials


+

interfacing with multiscale approaches

the exascale opportunity:

Electronic Structure Methods

highly accurate (predictive)

computationally demanding

a case for HPC



Electronic Structure Methods

highly accurate (predictive)

computationally demanding

Higher accuracy

Improved modelling 
(complexity)

High throughput 
screening

ab initio materials modelling

quantum mechanics based 

atomistic modelling of materials


+

interfacing with multiscale approaches

the exascale opportunity:

Electronic Structure Methods

highly accurate (predictive)

computationally demanding

a case for HPC

Machine Learning &

Artificial Intelligence



exascale opportunity: complexity

GrCoFeIr,


U(Fe)=2, U(Co)=4,


cell: 10x10

-12

-8

-4

FeGr

ΓK K Γ

E 
(e

V
)

 0

Co Ir

ΓK KK ΓΓ K

ARPES

-12

-8

-4

 0

Graphene / Transition Metal / Ir (111)

clear experimental evidence for moire’ pattern 
(lattice mismatch) and Gr corrugation

10x10 Graphene, 9x9 Iridium => 605 atoms / unit cell

Precise treatment of the structure is important for 
modelling

Avvisati et al, J Phys. Chem. C 121, 1639 (2017)


Avvisati et al, Nano Lett. 18, 2268 (2018)

Calloni et al, J. Chem. Phys. 153, 214703 (2020)

Cardoso et al, Phys. Rev. Mat. 5, 014405 (2021)

Pacile’ et al, Appl. Phys. Lett. 118, 121602 (2021)



exascale opportunity: high throughput screening

G. Prandini, G.M. Rignanese, 
N. Marzari, npj Comput. 
Materials 5, 129 (2019)  



Adv methods in electronic structure
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GDMFT
loc (!)

applications ranging from materials modelling, to quantum 
chemistry and drug design 

compatible with high performance computing and high-
throughput screening

Density functional theory (DFT):

multiple hierarchies can be climbed

wavefunction-based methods

many-body perturbation theory and spectral methods

time-dependent and non-equilibrium methods

ensembles

beyond DFT:



Materials Design at the Exascale


European centre of Excellence in HPC 
applications

funded for 3 phases (2015-2026)

16 EU partners, head-quartered at CNR 
(Modena, IT)

focused on open source, community codes 
from the electronic structure domain



Most examples in this talk

Materials Design at the Exascale


European centre of Excellence in HPC 
applications

funded for 3 phases (2015-2026)

16 EU partners, head-quartered at CNR 
(Modena, IT)

focused on open source, community codes 
from the electronic structure domain



parallel optimization and 
performance portability are key to 
keep exploiting HPC resources


All MaX flagship codes released for 
production with GPU support 


large effort on education and training:  
hands-on schools and hackathons

http://www.max-centre.eu/

widely used open source, 
community codes in electronic 
structure

hardware-software codesign vehicles

energy-efficiency of codes

SELECTED ACTIVITIES



MaX flagship codes: 

electronic structure methods

implement diverse computational approaches

open source community codes

large in terms of user base (~ 5000 citations/year)



MaX flagship codes: 

electronic structure methods

implement diverse computational approaches

open source community codes

large in terms of user base (~ 5000 citations/year)



A partnership with the required skills

MAX coordination and management: Cnr – Modena, Italy

LIGHTHOUSE 
CODES

HPC EXPERTS
& DATA CENTRES

TECHNOLOGY & 
CO-DESIGN PARTNERS

www.max-centre.eu info@max-centre.eu @max_center2 /company/max-centre

DOMAIN EXPERTS
& CODE DEVELOPERS



MaX work-plan

Revolves around:

Codes (Lighthouse applications)


Exascale workflows, Data, &        
Scientific grand challenges


Technical challenges and 
deployment


Co-design and technology 
exploitation


Training



MaX work-plan

Revolves around:

Codes (Lighthouse applications)


Exascale workflows, Data, &        
Scientific grand challenges


Technical challenges and 
deployment


Co-design and technology 
exploitation


Training



     Codes

large scale MPI parallelism 
(order of 10000 tasks)


combined with GPU awareness

(T1.1) Single-node optimisation

make sure MaX codes can exploit accelerated 
nodes featuring multiple GPU brands

GOAL: turn MaX flagship codes 
into exascale-enabled applications


(T1.2) Multi-node parallel efficiency

make the codes scalable in the presence of GPUs

(T1.3) Scientific software engineering

support long-term maintainability and community 
contributions

(T1.4) New Scientific features



Jupiter (@FZJ-JSC): > 1 ExaFlops

~ 6000 nodes with 4 Nvidia GH200/node

~ 24,000 GPUs in total

GOAL: turn MaX flagship codes 
into exascale-enabled applications


large scale MPI parallelism 
(order of 10,000 tasks)


combined with GPU awareness

     Codes



Jupiter (@FZJ-JSC): > 1 ExaFlops

~ 6000 nodes with 4 Nvidia GH200/node

~ 24,000 GPUs in total

GOAL: turn MaX flagship codes 
into exascale-enabled applications


large scale MPI parallelism 
(order of 10,000 tasks)


combined with GPU awareness

Juwels-Booster: 

4 Nvidia A100 / node

runs: up to 360 J-B nodes about 40% 
of the whole machine (960 nodes)

MaX-2

     Codes



Jupiter (@FZJ-JSC): > 1 ExaFlops

~ 6000 nodes with 4 Nvidia GH200/node

~ 24,000 GPUs in total

runs: up to 3000 nodes about 
87% of the whole machine (3456 
nodes)

Leonardo @ CINECA: 

4 Nvidia A100 next / node

GOAL: turn MaX flagship codes 
into exascale-enabled applications


large scale MPI parallelism 
(order of 10,000 tasks)


combined with GPU awareness

MaX-3

     Codes



Yambo

Contributors: AF, N. Spallanzani, D. Sangalli, A. Marini, D. Varsano


Support from vendors: Nvidia, AMD, Intel

                HPC Centres: Cineca, IT4I



Ab initio many-body perturbation theory   (MBPT)

https://github.com/yambo-code 


https://www.yambo-code.eu

A. Marini, C. Hogan, M. Gruning, D. Varsano, Comp.Phys.Comm. 180, 1392 (2009)

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

Implements many-body methods (post-DFT) for finite and extended systems

eg: quasiparticle energies (GW), optical absorption, spectroscopies

plane wave basis set and pseudo-potentials

Natively interfaced to Quantum ESPRESSO (MaX) and Abinit

Varykhalov et al, PRX 2, 041017 (2012)

BSE

https://github.com/yambo-code


Ab initio many-body perturbation theory   (MBPT)

<latexit sha1_base64="xt1QZ1F4d8uPDj40rHZENr7o38Q="></latexit>
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G(x,x0,!) =
X

nk

 nk(x) ⇤
nk(x

0)

! � ✏nk ± i0+

DFT simulation as input

interfaced to QE (MaX), Abinit


the DFT Green’s function used to 
compute MBPT quantities

microscopic 
screening
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A. Marini, C. Hogan, M. Gruning, D. Varsano, Comp. Phys. Comm. 180, 1392 (2009)

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



Photovoltaics, photocatalysis

Interfaces

Varsano, Molinari et al, 
Nature Nanotech 2020

Optical properties of materials Ultrafast spectroscopies

Pogna, Sangalli, Marini, Prezzi et al, 
ACS Nano 2016

Cardoso, Ferretti, Prezzi et al, 
Nano Lett 2018

Palummo, Varsano et al, 
Adv. En. Mater. 2020

Ab initio many-body perturbation theory   (MBPT)

Cannuccia, Marini, 
Eur. Phys. J. B 2012

Electron-phonon coupling



Excited states and Theoretical spectroscopy

A. Guandalini, D.A. Leon, P. D’Amico, C. Cardoso, AF, 
M. Rontani, D. Varsano, PRB 109, 075120 (2024)

A. Guandalini,  R. Senga,  Y. Lin,  K. Suenaga, AF, D. Varsano, A. Recchia,  
P. Barone, F. Mauri, T. Pichler, C. Kramberger, NanoLett 23, 11835 (2023)

ARPES and EELS of free standing Graphene



Excited states and Theoretical spectroscopy

A. Guandalini, D.A. Leon, P. D’Amico, C. Cardoso, AF, 
M. Rontani, D. Varsano, PRB 109, 075120 (2024)

ARPES and EELS of free standing Graphene

A. Guandalini,  R. Senga,  Y. Lin,  K. Suenaga, AF, D. Varsano, A. Recchia,  
P. Barone, F. Mauri, T. Pichler, C. Kramberger, NanoLett 23, 11835 (2023)



performance portability
https://github.com/yambo-code 


https://www.yambo-code.eu

https://github.com/yambo-code


DeviceXlib

deviceXlib is a library that wraps device-oriented 
routines and utilities, such as device data allocation, 
initialization, host-device data transfers, linear algebra…


deviceXlib supports CUDA-Fortran, OpenACC and 
OpenMP-GPU programming models.


Includes support for CUDA, ROCm/HIP, OneAPI 
environments.


deviceXlib wraps a subset of functions from NVIDIA 
cuBLAS, INTEL oneMKL BLAS, and AMD rocBLAS 
libraries.


http://gitlab.com/max-centre/components/devicexlib/ 

http://gitlab.com/max-centre/components/devicexlib/


Performance portability
Released for production on NVIDIA GPUs 
using CUDA-Fortran    (ref production-version)


Implementation of OpenACC (NVIDIA) and 
OpenMP-GPU (AMD and INTEL) refined and 
optimized


Done by exploiting DeviceXlib 0.9.0


Yambo supports multiple GPU backends

Source base significantly streamlined


Yambo running on

NVIDIA-GPUs  (eg Leonardo,MN-V)

AMD-GPUs      (eg LUMI)

ARM-chips       (eg Deucalion, Fugaku)




Yambo @ Leonardo

runs: up to 3000 nodes 
about 87% of the whole 
machine (3456 nodes)

Leonardo @ CINECA: 

4 Nvidia A100 next / node

GOAL: turn MaX flagship codes 
into exascale-enabled applications


large scale MPI parallelism 
(order of 10,000 tasks)


combined with GPU awareness



Yambo @ LUMI
Featuring AMD MI250

Comparison with Nvidia A100

Initial support of Cray v15 extended 
to Cray v17



Yambo @ MareNostrum-V

MPS off MPS on

Data: courtesy of J. Gutierrez and R. Grima (BSC)Featuring Nvidia H100

Use of Nvidia MPS tested

Test relevant also for porting on Jupiter



Yambo @ ARM-based chips
Runs on Deucalion featuring Fujitsu A64FX

Similar runs also on Fugaku

Comparison with x86 chips (Leonardo DCGP, LUMI-C, 
Deucalion-x86) (Courtesy of Costanza Borghesi and 

Nicola Spallanzani)



Algorithmic and parallel optimisation
https://github.com/yambo-code 


https://www.yambo-code.eu

https://github.com/yambo-code


Optimisation: Response function and MPA

http://gitlab.com/max-centre/components/mini-apps 

The Yambo mini-app 
has been used  to run 
extended profiling on 
different architectures 
(both CPU and GPU)


Bottlenecks identified 
and optimisation 
strategies proposed


multiple solutions 
implemented and 
validated in the mini-
app


Eventually, the most 
efficient solution was 
ported to Yambo

http://gitlab.com/max-centre/components/mini-apps


Optimisation: Response function and MPA

The Yambo mini-app 
has been used  to run 
extended profiling on 
different architectures 
(both CPU and GPU)


Bottlenecks identified 
and optimisation 
strategies proposed


multiple solutions 
implemented and 
validated in the mini-
app


Eventually, the most 
efficient solution was 
ported to Yambo

Contributions from a large number of MaX partners: CNR, 
EVIDEN, SIPEARL, IT4I, CINECA


Overall: massive gain on CPU (50%), smaller though 
sensible gain on GPUs (20%)

Xo algorithm refactored, additional parallelism in MPA

Allowed also to expose additional CGEMM calls on GPUs, 
suitable for precision emulation on AI-oriented cards

Performance progress on Xo driver and MPA self-energy



Optimisation: Response function and MPA

A64FX (Fugaku)

The Yambo mini-app 
has been used  to run 
extended profiling on 
different architectures 
(both CPU and GPU)


Bottlenecks identified 
and optimisation 
strategies proposed


multiple solutions 
implemented and 
validated in the mini-
app


Eventually, the most 
efficient solution was 
ported to Yambo

Contributions from a large number of MaX partners: CNR, 
EVIDEN, SIPEARL, IT4I, CINECA


Overall: massive gain on CPU (50%), smaller though 
sensible gain on GPUs (20%)

Xo algorithm refactored, additional parallelism in MPA

Allowed also to expose additional CGEMM calls on GPUs, 
suitable for precision emulation on AI-oriented cards



Linear algebra
Parallel efficiency

Assessment of parallel performance and 
bottleneck identification    


Linear algebra bottlenecks addressed


GPU acceleration via MAGMA (serial) and ELPA 
(parallel) support implemented, for both hermitian and 
non-hermitian diagonalizations


GPU acceleration via SLEPc enabled

Advanced diagonalisation algorithms (Krylov-Schur 
based) enabled via SLEPc


Nvidia cuSOLVERMp interfaced and validated  
(thanks to CINECA)


Support of ChASE library under testing                     
(in collaboration with E. Di Napoli, X. Wu, C. Richefort, 
Juelich)


Overall: Restructuring of the main interface layer to LA 
libs ongoing

Dense & iterative solvers

GW runs: dominated by load imbalance and 
linear algebra kernels (dense linear systems)


BSE runs: important role of linear algebra 
solvers (diagonalization)




Yambo-cuSOLVERMp interface

Nvidia cuSOLVERMp interfaced and validated  

   (Courtesy of S. Orlandini and M. Montagna — CINECA)



Maintenance, releases, deployment
https://github.com/yambo-code 


https://www.yambo-code.euSoftware releases:
Yambo 5.4         (beta)

Yambo 5.3.0      (current stable)

Yambo 5.2.1 - 5.2.4


https://github.com/yambo-code/yambo/tags 

https://github.com/yambo-code
https://github.com/yambo-code/yambo/tags


Maintenance, sustainability, deployment
Based on the principles of HW/SW “separation of 
concerns”, modularity, data encapsulation


Aims at enabling maintainability in the long term

While keeping the scientific community engaged


New main restructuring under design and testing 
(Yambo 6.0)

Automatic build system updated (Cray LUMI env; 
AMD and INTEL GPU env, ARM)

3 different programming models for GPUs 
supported (CUDA-F, OpenACC, OpenMP-GPU) 
within a single source

Source code streamlined, with improved readability 
(=> communities)

support of Spack and EasyBuild recipes further 
developed

Mini-app for relevant kernel dominating 
performance (Xo) extracted and used for blue 
printing

Software releases:

MaX-3 achievements  (@RP2)

Yambo 5.4         (beta)

Yambo 5.3.0      (current stable)

Yambo 5.2.1 - 5.2.4


https://github.com/yambo-code/yambo/tags 

https://github.com/yambo-code/yambo/tags


Benchmarking and profiling

Using the JUBE benchmarking environment, to


create benchmark sets

run benchmarks on different computer systems

evaluate and display the results

benchmarks are collected in a dedicated repo


work done in collaboration with CINECA

https://gitlab.com/max-centre/JUBE4MaX  

jube run benchmark-yambo.xml —tag leonardo yambo grco

jube run workflow-yambo.xml —tag leonardo yambo grco

https://gitlab.com/max-centre/JUBE4MaX


Metrics

Multiple Metrics



Yambo deployment on EuroHPC machines



Yambo deployment on EuroHPC machines



\

new features and algorithms
https://github.com/yambo-code 


https://www.yambo-code.eu

https://github.com/yambo-code


Adv methods in electronic structure
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applications ranging from materials modelling, to quantum 
chemistry and drug design 

compatible with high performance computing and high-
throughput screening

Density functional theory (DFT):

multiple hierarchies can be climbed

wavefunction-based methods

many-body perturbation theory and spectral methods

time-dependent and non-equilibrium methods

ensembles

beyond DFT:



New Features

Reconstruction of the ionic potential defined by 
Quantum ESPRESSO, as required by WP2 workflows

Also, enables the possibility to compute GW on top of 
DFT+U


El-Ph module revamped: Interface with the LetzElPhC 
code => exciton-phonon coupling

Coupled electron-ion dynamics

GW self-consistency

Electrostatic-embedding of GW and BSE

Convergence accelerators for materials in 
reduced dimensionalityimplemented the procedure to perform quasi-particle  

self-consistent GW (qsGW), as from [1]. In 
collaboration with C. Morice (Uni Paris Saclay)


Aimed at reducing the initial state dependence of GW


Development completed; preliminary testing passed; 
undergoing validation

[1]  T. Kotani, M. van Schilfgaarde, S.V. Faleev, PRB 76, 165106 (2007)

implemented the possibility to compute GW 
corrections in the presence of an electrostatic 
embedding, using a PCM (polarisable continuum model) 
approach


developed completed; undergoing sanity and 
verification testing

The RIM-W approach (stochastic accelerator for 2D 
materials) has been ended to deal with metals

Made compatible with MPA full-frequency GW 


Implemented, demonstrated, and published [2]

[2] G. Sesti et al, arXiv 2508:06930 (2025) 

https://arxiv.org/abs/2508.06930


Performance portability: Yambo



Workflows and data



     Exascale Workflows and Data

Direct acyclic graph (DAG)

Encodes complex 
dependencies


using first principles electronic structure methods


materials properties are usually not obtained as single 
calculations, 


but rather as chains of interdependent calculations


=> workflows   (encoded as DAG)



     Exascale Workflows and Data
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a real-life AiiDA graph encoding a materials 
science workflow via a DAG


taking workflows to exascale machines:

=> exascale workflow


In an exascale workflow each node will be a 
large scale calculation


MaX will use AiiDA as an orchestrator combined 
what the HyperQueue metacheduler


exascale workflows encode complex logic and 
improve resilience and parallelism


and preserve full provenance and 
reproducibility 



     Exascale Workflows and Data

connectivity of very large data sets managed by 
AiiDA


Within MaX, selected scientific grand 
challenges are addressed, including:


Electronic and heat conductivity from first 
principles

Design and control of nanoscale magnetism

Manipulation and control of coherent quantum 
states

complex photocatalytic reactions and 
photovoltaic reactions

biological and bio-mimetic materials



Scientific showcases



     High Throughput explorations

Courtesy of N. Marzari (EPFL, U. Bremen)


Li-ion conductors




     High Throughput explorations

Courtesy of N. Marzari (EPFL, U. Bremen)


Li-ion conductors




     With full workflow provenance

Courtesy of N. Marzari (EPFL, U. Bremen)


Li-ion conductors




automated workflows for MBPT

Algorithms for automatic convergence of 
many-body perturbation theory methods


efficient sampling in multi-dimensional 
parameter space


combines yambo workflows with the AiiDA 
automation engine
 Miki Bonacci


now: PSI Zurich, CH

npj Comput Materials 9, 74 (2023)  





MaterialsCloud as a data infrastructure

https://www.materialscloud.org 

Nicola Marzari 
EPFL, U.Bremen

Giovanni Pizzi 
PSI

https://www.materialscloud.org


https://www.materialscloud.org

https://www.materialscloud.org


https://www.materialscloud.org


Supported by:

https://www.materialscloud.org


Materials Cloud Archive https://archive.materialscloud.org
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