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BioExcel Centre of Excellence (est. 2015)

• Provide Life Science researchers with high-quality, user-friendly software
• Increase their expertise and skills
• Strengthen the community 3



Molecular Dynamics simulations:

GROMACS
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Molecular Dynamics simulations: use-cases
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Materials MDBiomolecular MD

Membrane protein: 105 particles

Cellulose + lignocellulose + water: 107 particles

DNA base-pair opening: 

104 particles

Contact line friction &

wetting dynamics

107 -109 particles

Nucleation in nano-crystals:

1010 -1012 particles
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⚫ Classical MD code

− supports all major force-fields

− broad algorithm support

⚫ Development:

Stockholm Sweden & partners worldwide

⚫ Large user base:

− One of the top HPC codes worldwide

deployed on most clusters

− 10k's academic & industry users

⚫ Open source: LGPLv2

⚫ Open development:

− code review & bug-tracker: https://gitlab.com/gromacs

arbitrary
units cells

parallel
constraints

virtual interaction sites

Eighth shell
domain

decomposition

Triclinic unit cell with
load balancing and

staggered cell boundaries

https://gitlab.com/gromacs
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⚫ Focus on high performance:

efficient algorithms & highly-tuned parallel 
code

⚫ Bottom-up performance-oriented design:

− absolute performance over “just scaling”

⚫ Focus on portability

− Linux distro integration and CI

− regular testing on all HPC arch

− SIMD portability library, GPU abstraction layer

− open standards-based languages/APIs

⚫ Modern development workflow

− mandatory open code review for >10 years

− tiered CI testing / verification



⚫ Multi-level hierarchical parallelization: target hardware levels individually

− Intra-node: 

⚫ OpenMP multi-threading

− static loop schedule, cache optimized work decomposition, sparse 

reduction

⚫ SIMD C++ library abstraction: 14 SIMD flavors supported

⚫ GPU abstraction layer: CUDA, OpenCL, SYCL backends

⚫ thread-MPI: pthreads-based MPI for ease of use

− Inter-node:

⚫ MPI:

− SPMD / MPMD

− Direct GPU communication (GPU-aware on all platforms)

− hierarchical ensemble parallelization

⚫ NVSHMEM – codesign work in progress

− multi-level load balancing:

⚫ dynamic load balancing

⚫ task balancing
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GROMACS parallelization schemes
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CPU

GPU

CPU

GPU
CPU

GPU

Bonded F PME
Integration,

Constraints

Pair

Search
Non-bonded F

Other
Forces

Reduce
Forces

CPU

CPU

GPU

Force offload parallelization GPU-resident parallelization

Homogeneous scheme

Szilárd Páll et al., J. Chem. Phys. 153, 134110 (2020) doi:10.1063/5.0018516 Learn more: http://bioexcel.eu/webinars

http://bioexcel.eu/webinars


Algorithm redesign for

modern architectures
Cluster pair-interaction algorithm for SIMD/SIMT

Accuracy-based automated list buffer improves 

SIMD algorithm parallel efficiency

Dual pair list with dynamic pruning

Páll, Szilárd, and Berk Hess, https://doi.org/10.1016/j.cpc.2013.06.003
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Long-term readiness efforts
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Direct GPU communication with proven strong scaling



Recent & ongoing codesign activities
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▪ NVIDIA collaboration:
▪ >10 years of collaboration
▪ Recent years: focus on codesign in anticipation of heterogeneous HPC in 

exascale
▪ Direct GPU communication algorithm / implementation redesign
▪ More efficient GPU scheduling: P2P multi-GPU, graph scheduling (ongoing)
▪ Energy efficiency (ongoing)
▪ Time-to-solution vs energy-to-solution
▪ Considering from low-level algorithmic tuning to node-level optimization

▪ Intel OneAPI CoE: development of SYCL port 
▪ as a new portability backend (replacing OpenCL)
▪ SYCL in production on Intel and AMD GPU systems (ORNL Frontier, LUMI)
▪ Collaboration on future programming models and standards: (hipSYCL, 

OneAPI/IntelLLVM)
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Evolution of GPU hardware & API support
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SYCL on AMD systems: strong scaling
GROMACS SYCL vs HIP fork scaling

on Cray EX235a (LUMI-G)

Strong scaling of domain decomposition on up to 512 LUMI-G nodes

–parallel efficiency with ACPP instant submission on par with HIP fork

–absolute performance only ~15-20% from HIP fork (mainly due to compute kernels)



Rasmus Kronberg, CSC: https://bioexcel.eu/efficient-molecular-dynamics-simulations-with-gromacs-on-lumi
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LUMI – Europe’s Fastest Supercomputer
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LUMI – Europe’s Fastest Supercomputer
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https://docs.lumi-supercomputer.eu/

GPU partition

(LUMI-G)

CPU partition

(Mahti)

8 x CCDs / CPU

2 CPUs / Node
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Rasmus Kronberg, CSC: https://bioexcel.eu/efficient-molecular-dynamics-simulations-with-gromacs-on-lumi
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GROMACS on LUMI

▪Most systems run well on a single GCD, performance typically 
better than on one 128 core CPU node

▪Large systems (several 100 000 – 1M atoms) are usually able to 
scale to multiple GPUs (mind the proper binding of CPUs and 
GPUs)

▪GPU utilization can be maximized for small systems (less than 
100 000 atoms) by running multiple independent trajectories per 
GCD (multidir feature)

▪100 microseconds per: either 1) 42 LUMI-G nodes (<2% of the 
total LUMI-G) or 2) 560 CPU-only nodes (40% of Mahti) 
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GROMACS developers team
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Free Energy Calculations:

GROMACS + PMX
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Alchemical free energy calculations

Bert de Groot et al.

Free Energy Calculation for Drug Screening

22



Amino acid mutations Nucleotide mutations Ligand binding

Alchemical transformations & 
Free Energy Calculations

23
Bert de Groot et al.



Absolute protein-ligand binding ∆G

Large scale absolute protein-ligand binding free energies

Chem. Sci, 2021

Absolute protein-ligand binding ∆G
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A large-scale protein-ligand relative binding free 
energy scan: 10.1039/C9SC03754C

This study showcases scaling achieved with the non-
equilibrium free energy calculation protocol using 
GROMACS+PMX.

482 relative binding free energy estimations in 11 
protein-ligand systems using 2 molecular mechanics 
force fields.

Similar case used for benchmarking

● Raven@MPCDF (512 nodes)
○ 1 node = Intel Xeon Cascade Lake-AP (96 cores)

● 480 nodes (~46k cores)

● ~3.4 million core hours in 3 days

On-demand rapid large-scale drug screening with PMX:

“Days, not months!” with HPC

25



High-throughput screening:
5k ∆∆G in a day 

Kutzner et al. JCIM 2022
26



PMX developers team
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Free energy calculations:

Membrane channels:

Collective dynamics/ aggregation:

Kai Tittmann

David Mobley

Hannah Baumann

Boehringer Ingelheim

Janssen pharmaceuticals

AstraZeneca

Thomas Baukrowitz

Adam Lange

Ulrich Zachariae

Kornelius Zeth

Claudia Steinem

Thomas Jansen

Markus Zweckstetter Axel Munk

Christian Griesinger

Markus Zweckstetter

Loren Andreas

Vytautas 

Gapsys

Chengong

Hui

Wojciech 

Kopec

Yuriy 

Khalak

Ruo-Xu

Gu

Martin Werner

Tom 

Lam

27

Bert De Groot



HADDOCK

for

Integrative Modelling
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Molecular Docking
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Data Integration during Sampling
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What is Integrative Modeling?



Incorporates ambiguous and low-

resolution data to aid the docking

Capable of docking up to 20 

molecules (2.4 version)

Symmetries can be leveraged

Allows for flexibility at the 

interface

Final  flexible refinement in 

explicit solvent 

Consistent performance over the 

years in CAPRI

HADDOCK:

An integrative modeling platform

http://www.bonvinlab.org/software
32



GPCRdock 2021
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Shape-restrained protocol put to the test in 
the blind GPRCdock experiment

https://gpcrdock2021.org

Manon
Réau

Siri
Van Keulen



Large-scale modelling
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HADDOCK server at a glance:

- >21,000 jobs executed 80% of which on EOSC 
HTC resources

- Number of users: >18,500 (from >110 different 
countries)

● Modular re-write in Python 3

● Testing & Continuous Integration enabled

● Free and Open Source (Apache 2)

● Supports basic docking and scoring scenarios

● Ready for custom workflows and integration of 

third-party software

Demonstration on MareNostrum BSC

● One bioinformatics workflow
● 50 nodes - 2400 cores
● Completed in ~16 hours,
● Generated ~175GB of data.



former (some) and current 

CSB group@UU

VICI
TOP-PUNT

WeNMR

West-Life

EGI-Engage

INDIGO-Datacloud

BioExcel CoE

EOSC-Hub

EGI-Ace

€€

Rodrigo Vlad Marco XiaotongCharlotte

Anna DaphnePadraic JoãoManon Siri

Brian PanosJorge Fancesco

bonvinlab.org/people

Victor

HADDOCK developer team / 
Alexandre Bonvin



Automation Workflows:

BioExcel Building Blocks (BioBB)
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http://mmb.irbbarcelona.org/BCE/

Sanja Zivanovic et al., J. Chem. Theory Comput. 2020, 16, 10, 6586–6597

http://mmb.irbbarcelona.org/BCE/


And many many more…
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BioExcel Building Blocks: BioBB
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https://mmb.irbbarcelona.org/biobb/

1) Building Blocks 2) Workflows 3) Workflow 

Managers

http://mmb.irbbarcelona.org/biobb/


BioBB Modules (17, Release 2023.2)
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biobb_common
Common auxiliar functions

biobb_io
Biological databases 

biobb_gromacs
Molecular Dynamics GROMACS biobb_analysis

MD trajectories analysis 

biobb_structure_utils
Modify or extract information 

from PDB

biobb_chemistry
Chemoinformatics functionalities

biobb_model
Molecular Modelling

And many others to come…

biobb_ml
Machine learning

biobb_amber
Molecular Dynamics AMBER

biobb_vs
Virtual Screening

biobb_pmx
Free energy calculations

Release 2023.2

biobb_dna
Nucleic Acids MD 

Trajectory analyses

biobb_cmip
Molecular Interaction 

Potentials

biobb_cp2k
Quantum Mechanics

biobb_flexdyn
NMA-based conformational 

ensemble generation

biobb_flexserv
Coarse-Grained conformational 

ensemble generation and flexibility 

analysis

biobb_godmd
Coarse-Grained 

conformational transitions
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Jorge Ejarque et al., 2022 IEEE 18th International Conference on e-Science 



WF scalability on Discoverer Supercomputer (Bulgaria)
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Strong scaling Weak scaling

Jorge Ejarque et al., 2022 IEEE 18th International Conference on e-Science 



Malleability
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Jorge Ejarque et al., 2022 IEEE 18th International Conference on e-Science 
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Demonstration 

Workflows

Collection



BioBB developers team

BioExcel Center of  Excellence, funded from the European Union’s Horizon 2020 Framework Programme for Research 

and Innovation under Specific Grant Agreements No. 675728, 823830, 101093290 (BioExcel-1, BioExcel-2 and BioExcel-3).

Genís Bayarri

Pau Andrio

Modesto Orozco

Josep Ll. Gelpí

Federica Battistini
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Adam Hospital



Solving Grand Challenges requires Global Community Efforts
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Infrastructure Tools & Data Expertise Community



BioExcel Services
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Support Forums: ask.bioexcel.eu Webinar series: bioexcel.eu/webinars

Training: bioexcel.eu/trainingDocumentation: docs.bioexcel.eu
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Social media

▪Newsletter > 2000 subscribers
▪Twitter @BioExcelCoE > 3000 followers
▪YouTube @BioExcelCoE 74 webinars some > 7000 views
▪LinkedIn > 1000 followers
▪Events > 300 
▪Trained researchers > 2000
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Contact
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http://bioexcel.eu
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