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Molecular Dynamics, Ab-initio Molecular Dynamics, and 
Machine Learning    
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• Ab-initio Molecular Dynamics (AIMD) is MD with forces derived on the fly
from the quantum mechanical ground-state of the electrons.

• AIMD is more accurate than MD with empirical force fields (FF), it can
describe chemical bond breaking/forming, but it is also much more costly.

• By learning the potential energy surface (PES) from quantum mechanics,
Machine Learning (ML) methods make possible simulations of AIMD quality
at FF cost.

• One such method, the deep potential (DP) method, uses deep neural
networks to model the PES and other ground state properties accessible to
AIMD. It was developed in the Ph D thesis of Linfeng Zhang, directed by
Weinan E (Math Dept) and myself. Several other people contributed to the
effort.



From AIMD to DPMD: overcoming size and time bottlenecks
with Deep Neural Network (DNN) representations
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𝒇 is a symmetry preserving continuous and differentiable 
function of the atomic coordinates in environments with variable 
numbers of atoms.

Potential energy, polarization, and polarizability surfaces 

Distinctive features:
• Flexibility of DNN
• Learning on the fly (DP-GEN)
• Computational efficiency and HPC performance

The DP representation uses 2 DNN: (1) the embedding network needed to construct the feature matrix, which is a general 
descriptor of the environment, and (2) the actual fitting network for the physical property of interest  

L. Zhang et al, Phys Rev Lett 120, 143001 (2018); L. Zhang et al., in Advances in Neural Information Processing Systems 31, 4441 (2018)



A DP model for water based on SCAN-DFT

L. Zhang, H. Wang, R.C., W.E, Phys Rev Lett 126, 236001 (2021)

Ice VII → Ice VII’’
a weakly 1st order 
transition

< 35,000 DFT minimizations to construct the PES, i.e. 0.05 % 
of the total configurations visited with DP-GEN
Free energy error is approx. 1 meV/mol 



2020 Gordon Bell Prize of the ACM
at the SC20 Conference

Performance of Deep Potential 
Molecular Dynamics (DPMD) on 
Summit against other MD 
methods with ab-initio (DFT) 
accuracy



A further optimization: compressed DPMD

Strong scaling on Summit using new (compressed) and old (non-compressed) DPMD code. Continuous and dashed 
lines represent the actual and ideal scaling, respectively. Left: 3 million atoms system (~900,000 water molecules and 
~300,000 TiO2 atoms). Right: 68 million atoms (~20.6 million water molecules and ~6 million TiO2 atoms).



Acidic and basic electrolytic solutions in contact with TiO2

From M. Calegari Andrade et al., (2021)



Homogeneous ice nucleation with the seeding technique 
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Homogeneous nucleation limit:
40-41 K (predicted from simulation)
38 K (experiment)

From P. Piaggi et al., (2021)



Conclusions and Outlook

• Long term goals in the two studies that were mentioned: (a) model 
charge distribution in electrolyte in contact with reactive interface 
under applied bias; (b) model heterogeneous nucleation (e.g. ice 
nucleation in the atmosphere) 
• New algorithmic implementation/optimization will be necessary
• Properties that were previously out of reach become accessible to first-

principles calculations, providing a new test ground for quantum 
mechanical approximations (e.g. DFT)        
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Temperature induced molecular to ionic transition at high 
pressure

Melting of ice VII is a 2 step process

Strong covalent fluctuations 
persist in spite of ice rule 
breaking
Ionic defect (hydronium –
hydroxide like) population is 
approx. 11 % in the fluid at 
1450 K


