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BioExcelCentre of Excellence (est. 2015)
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A Provide Life Science researchers with higfality, useifriendly software
A Increase their expertise and skills
A Strengthen the community 3




Molecular Dynamics simulations

GROMACS




Molecular Dynamics simulations: usecases

Biomolecular MD Materials MD
Cellulose + lignocellulose + water: 107 particles

Contact line friction &
wetting dynamics
107 -10° particles
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Nucleation in nano-crystals:
10%9-10'* particle;

o - -‘ng"
DNA base-pair opening:
10% particles




~ 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:

FAST. FLEXIBLE. FREE.

GROMACS

i

parallel
constraints

arbitrary
units cells

e

virtual interaction sites

Eighth shell Triclinic unit cell with
domain load balancing and
decomposition staggered cell boundaries

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



https://gitlab.com/gromacs

FAST. FLEXIBLE. FREE.

GROMACS

. Focus onhigh performance:

efficient algorithms & highly -tuned parallel
code

. Bottom -up performance -oriented design:
-absolute performance over
. Focus onportability

- Linux distro integration and CI

- regular testing on all HPC arch

- SIMD portability library, GPU abstraction layer
- open standards-based languages/APls

. Modern development workflow

- mandatory open code review for >10 years
- tiered Cl testing / verification

i
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parallel
constraints

0
e

virtual interaction sites

Eighth shell Triclinic unit cell with
domain load balancing and
decomposition staggered cell boundaries



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 (GPUaware on all platforms)

- hierarchical ensemble parallelization

NVSHMEM A codesign work in progress

- multi-level load balancing:

dynamic load balancing

tacl halancrinA



GROMACS parallelization schemes

Homogeneous scheme
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SzilardPallet al., J. Chem. Phys. 153, 134110 (2020) doi:10.1063/5.0018518-earn morehttp://bioexcel.eu/webinars
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Algorithm redesign for
modern architectures

Cluster pair -interaction algorithm for SIMD/SIMT
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Accuracy -based automated list buffer improves

SIMD algorithm parallel efficiency

Dual pair list with dynamic pruning

Pair-search step every 50-400 iterations

V DD/Pa|r V Dyn

Prune

MD iteration = step

l—[Bonded F]—[ Non-bonded F ]— PME F

Pall Szﬂard and Berk Hess, httpscbi.org10.1016/j.cpc.2013.06.003
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Longterm readiness efforts

Direct GPU communication with proven strong scaling

Domain decomposition strong scaling:
ethanol 0.72-46M atoms
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#nodes (4 GPUs/node)

Performance (ns/day)

Strong scaling with PME and cuFFTmp:
benchPEP-h 12M atoms
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Recent & ongoing codesign activities

ANVIDIA collaboration:

A >10 years of collaboration

A Recent years: focus on codesign in anticipation of heterogeneous HPC in
exascale

A Direct GPU communication algorithm / implementation redesign

A More efficient GPU scheduling: P2P mukGPU, graph scheduling (ongoing)
A Energy efficiency (ongoing)

A Time-to-solution vs energyto-solution

A Considering from lowlevel algorithmic tuning to node-level optimization

, intel)
Alntel OneAPICoE development of SYCL port oA = AMD:I

A as a new portability backend (replacing OpenCL) ';||'-|.|P arm?=
A SYCL in production on Intel and AMD GPU systems (ORNL Frontier, LUMI)

A Collaboration on future programming models and standardsh{pSYCL.
OneAPlIntelLLVM)

[ieP)

European Processor Initiative



Evolution of GPU hardware & APl support

<2 NVIDIA. <2 NVIDIA.
1% heterogeneous Force offload: CUDA: GPU- Direct GPU comm:
parallelization: PME, dual pair list resident mode, optimized P2P &
Force offload CUDA & OpenCL early support for CUDA-aware MPI;,
mode: Nonbonded v2016 direct-GPU comms PME decomposition
CUDA v4.6 (2013) v2020 with HeFFT backend
v2022

<ANVIDIA.

CUDA-graph
single/multi-GPU,
cuFFTmp support
v2023

SANVIDIA.

CUDA-graph opt
post-prune pair-list
sort in CUDA

Early work on GPU-
initiated comm.
v2024

@ O O oo o ¢ oo o oo

OpenCL portablity
backend

(AMD / NVIDIA)
NB force offload
v5.1 (2015)

STREAM

Lo Computing

OpenCL SYCL: early GPU-resident SYCL
improvements & support on Intel on Intel (dpc++) and
Intel support Better FEP AMD (hipSYCL);
Force offload: support & v2022
bondeds (CUDA) improvements in
v2019 CUDA

v2021

‘ in/t;D@g NVIDIA. ‘ in/t;D @a NVIDIA.

(intel

SYCL bonded offload
and PME
decomposition with
HeFFTe (Intel/AMD)
v2023

(intel

SYCL AMD
optimizations
runtime
improvements
v2024



SYCL on AMD systems: strong scaling

GROMACS SYCL vs HIP fork Scaling Thousands of atoms per GCD
on Cray EX235a (LUMI-G) 5750 2875 1437 718 359 179 89 44 22 1411
300 L ' ' : : : ' — T 06
= —<&¢— AdaptiveCpp 0.9.4 '
g 250 1 4~ AdaptiveCpp 23.10 ~ 0.7
g 200 4 =—®»— AdaptiveCpp 23.10 (instant) - 0.8
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Number of nodes
Strong scaling of domain decomposition on up to 512 LUMI-G nodes

cparallel efficiency with ACPP instant submission on par with HIP fork

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

Iteration rate (ms / step)
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FAST. FLEXIBLE. FREE.

GROMACS

bioeXcel

RasmuKkronberg CSChttps://bioexcel.eu/efficierHmoleculadynamicsimulationgvith-gromacsonlumi
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1 SYSTEM

375 Petaflop/s
SUSTAINED COMPUTING POWER

T SN
‘l l 100%
HYDROELECTRIC

=l ENERGY

COMPUTING POWER EQUALS

1.5 MILLION

MODERN LAPTOP’S

CAPACITY

1.5 million laptops

bioeXcel
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Core Complex Die (CCD)

8 CPU cores with two-way SNIT
* 32KiB of L1 cache

CPU partitior

(Mahti)

e 512KiB of L2 cache
Cores ina CCD share 32MiB of

L3 cache

2 CPUs / Node
bioeXcel

2

NUMA node

4 NUMA nodes
per socket, 2 CCDs
per NUMA node

PCle and Inﬁnityl
Fabric links

https://docs.lumsupercomputer.eu/

GPU partition
(LUMIG)




GROMACS 2023.1, ADH benchmark (96k atoms)

GROMACS 2023.1, STMV benchmark (1067k atoms)

, 5000
“ Mahti (CPU)

e LUMI-G (GPU)

Number of GCDs or CPU nodes

~l
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4750

4500
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Trajectories per GCD
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Aggregate performance over 8 GPUs (ns/day)

bioeXcel

RasmuKkronberg CSChttps://bioexcel.eu/efficierimoleculadynamicsimulationgvithgromacsonlumi
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AMost systems run well on a single GCD, performance typically
better than on one 128 core CPU node

ALarge systems (several 100 008 1M atoms) are usually able to
scale t)o multiple GPUs (mind the proper binding of CPUs and
GPUs

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

A100 microseconds per: either 1) 42 LUMG nodes (<2% of the
total LUMI-G) or 2) 560 CPtbnly nodes (40% ofMahti)

o eC al

' Rasmukronberg CSChttps://bioexcel.eu/efficienimoleculadynamicssimulationsith-gromacson-lumi
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Carsten Kutzner
Justin Lemkul
Roland Schulz
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Alexey Shvetsov
Eric Irrgang
Pascal Merz
Tatjana Shugaeva

Viveca Lindahl Sebastian Wingbermiuhle Farzaneh Jalalypour

And many, many others (old & new) — many of which did not even code!
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Free Energy Calculations:

GROMACS + PMX




Free Energy Calculation for Drug Screening

Bert de Groot et al.
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Alchemical transformations &
Free Energy Calculations

WT unfolded MUT unfolded Protem DNAYT Proteln DNAMUT Ligand T Ligand™UT
protein proteln
; E AG unfolde d
m tatio
¢AG¥§Ling

WT folded MUT folded
protein protein DNAWT DNAMUT Protein-Ligand"" Protein-Ligand™"

Amino acid mutations Nucleotide mutations Ligand binding

b|oe>'<ce[

Bert de Groot et al.
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Absolute proteinrrl | gand Dbi ndi

Large scale absolute protein-ligand binding free energies

Chem. Sci, 2021

b|oe\ceL 24




Ondemand rapid largescale drug screening with PMX:
0

oDays

A large-scale proteinligand relative binding free
energy scan: 10.1039/C9SC03754C

, not

This study showcases scaling achieved with the nen

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

O Raven@MPCDB12 nodeg
2 1node = Intel Xeon Cascade Lak® (96 cores)

480 nodes (~46k cores)
~3.4 million core houran 3 days

O« O«

Thrombin: 11 kgands PTP1b: 23 ligands P38: 34 ligands
16 pertwrbations 49 pertrbations 56 perturbations
FEP+ OPLS 3 GAFF CGenFF Consensus: GAFF+CGenFF
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PDE2: 21 ligand
34 pertuebations

JNKY: 21 ligands
31 perturbations

B perturbations

TYKZ 16 ligands
24 perturbations

&

MCL1: 42 ligands
71 perturbations

mont hs!
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Galectin: 8 hgands

cMet: 12 ligands
25 pertrbations

BACE: 80 Nigands
144 perturbations
(divided in 3 sets)

COK2: 16 ligands
25 perturbations
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High-throughput screening:
5k Y Gin a day
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|9
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Kutzner et al. JCIM 2022
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PMX developers team

Membrane channels:

Andrei
Mironenko
Wojciech gzzga
Kopec y
(F\;uo-Xu Tom
u Lam
Chengong
Hui

Thomas Baukrowitz
Adam Lange

Ulrich Zachariae
Kornelius Zeth
Claudia Steinem
Thomas Jansen
Markus Zweckstetter

Free

enerqy calculations:

Martin Vytautas Yuriy Matteo
Bl e Eiow Paleico Gyapsys Khalak Aldeghi
Kai Tittmann
Hannah Baumann é | .
Boehringer Ingelheim blO 'C@L I| |I Ingelheim
Janssen pharmaceuticals - e
AstraZeneca ? Forschungsgemeinschaft

Alexander von Humboldt DFG

Stiftung/Foundation

Collective dynamics/ agaregation:

r,

Martin Werner

Dirk
Matthes
Benjamin
Eltzner
Axel Munk

Christian Griesinger
Markus Zweckstetter
Loren Andreas

Alexander von Humboldt
Stiftung/Foundation
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HADDOCK

for

Integrative Modelling




Maléculat-Dockingcin g
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Interaction Energy

Datazintegration dunng! Samplingampling

Global Search Information-driven Search
I EEEERE R PN N VYL

Y

A 4

Conformational Landscape Conformational Landscape
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What isilntegrative:NModeling?2ieling?

NMR Titrations  Cross-linking RDC, PCS Bioinformatics
Z

EFRGSFSHL e
EFKGAFQHV  , RSN
e LFRLTWHHV SR
EFEPSYPHI e
—N \ l ol
H/D Exchange Mutagenesis
y el
Dé) |

INTEGRATIVE MODELING I

cryo-EM, SAXS

PRE, EPR, FRET

N



HADDOCK

Amintegrative: madelingplatfornm i atform

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

Cross-linking
) 8 -

H/D exchange

By o &J

NMR titrations
mutagenesis 1 g Ba @ J NMR crosssaturation
Vo p ) ' t) Y4
§ Bew ol

IIHB
HADDOCK

High Ambiguity Driven DOCKing

Other sources
e.g. SAXS, cryoEM
NMR amsotropy data

amsofropy

RDCs, para-restraints, diffusion

Bioinformatic predlctlons

EFRGSFSHL
EFKGAFQHV

¢‘_',' .".?'.
EFKVSWNEM AP B
) % of <

LERLTWHHV
IYANKWARV
EFEPSYPHI

Dominguez, Boelens & Bonvin. JACS 125, 173 (2003).

http:// www.bonvinlab.org/software



GPCRdock 2021

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

Manon
VanKeulen Réau

OPRK

o Target structure
-| ® Top-ranked models
4 Other models

0.1%

Utrlecht-Bonyin
— Uppsala-Carlsson
SIAT-Yuan/
Leiden-Jespers

/

/

*»
I q ’ I I ” | \
12 14 16 18 20 22 24 26 28 30

Ligand RMSD, A

https://gpcrdock2021.org 33




HADDOCK server at a glance:

One bioinformatics workflow . 80% of which on EOSC

50 nodes- 2400 cores HTC resources

Completed in ~16 hours, ] (from >110 different
Generated ~175GB of data.

O« O¢ 0O¢< O«

countries)
O Modularre-write in Python 3
O Testing &ontinuous Integratiorenabled
O Free and Open Sourg@pache 2)
O Supportdasic docking and scoring scenarios
bt e Rl B O Ready forcustom workflowsand integration, of

NodesOMd2d = NodesdIris30 ~ 1 Node s07risT1 Node 1192006 ~ Node 1151024 Node s15r1b22 = Node 151023 Node 8151020
Node s1Sr1b21 = Nodest I Wdes11NdZ3  — Node 2118 Node 52902048 Node s2b0) Node s112007 = Node s05r1b4S Node s05nbed

— Node s16r2bS8  — Nodes1ér2é2 ¥ — Node s 162060 — Node 116261 thlrd‘party Software




HADDOCK developer team /

Alexandre Bonvin

RiImeersEome) 2 Curzent
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