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Multiple scales of modelling
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What happened in the past ~15 years? 
Applications Local representations and descriptors
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Feed-forward neural networks

Kernel machines (e.g. Gaussian process)

Empirical force fields
Analytical full PES fits

Function fitting (regression)

Symmetric polynomials

symmetric polynomials for  
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General carbon SOAP-GAP model (2020)

C-C dimer Graphite layers

Previous 
models

Target ○  
Model ✕

Sparse kernel model (SOAP kernel) 
~ 9000 basis functions

~ 6000 oracle evaluations (~400k 
scalars)

 > 106 speedup



Further properties

Surface energiesYoung’s modulus
amorphous carbon



Incident ion 
20-100 eV

Speedup wrt. explicit electronic simulation: ~ 105  
would have taken 30,000 years





Summary of silicon material properties
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Amorphous Si science

100K atoms, 200 ps compression

Pressure-induced crystallisation

New very-high-density-amorphous phase

12nm



Pair of papers in Chemical Reviews



Latest developments: Atomic Cluster Expansion
• Linear polynomial models


• Explicit high body order


• Generalisation of SOAP


• Smooth, extensive, transferable, fast


• Drautz (2019), Shapeev (2016, MTP)

Extrapolation Efficiency

dia
bcc



Current modelling challenges

• Solved short range potential fitting problem, energy depends on 
near environment only

• Long range interactions: flexible electrostatics and charge transfer 
Need to model full self-consistency of DFT


• Higher length scales: 
 
"Coarse grained" models can be made similarly 
(But accuracy vs cost tradeoff is different!) 

• Lower length scales: 
 
Full electronic wave functions have exploitable local structure, new 
representations can be used to escape exponential scaling



New workflows for atomistic modelling
1. “ML-enhanced ab initio MD”


- Major DFT codes will have ML “interpolators” built-in: 
VASP already does, Castep coming soon


- Allows extending time scales, complex chemistry, basically 
automatic


2. “General force field” for a given application

- Assemble a range of configurations. For materials:  

pressure, temperature, composition, phases, defects etc


- High throughput DFT, fit potential : iterative training


- LAMMPS/OpenMM/Gromacs etc. for large scale production runs 
how do we know simulation is correct? 



New kinds of modelling questions
• Forward problem: 

 
Given a database of small structures, how does 
the accuracy of fit (controlled with weights) 
determine the accuracy of material properties? 


• Inverse problem: 
 
Given a material property of interest, what fitting 
database is required (and what accuracy of fit) 
to obtain a good prediction?  


• These questions did not arise before because 
force fields were not systematic !



"First principles" force fields



“Semi-automated” potential fitting
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Random Structure Search workflow



Building a general database: phosphorus



Example tasks

Set of configurations

- atomic coordinates

- DFT data

- Arbitrary labels to help 

processing

Molecular 
Dynamics

Random Structure 
Search

Calculate DFT

(On remote HPC) 

Relax geometry
Generate normal 

modes

Select subset with 
CUR or FPS

Fit ML potential



Workflow implementation: requirements
• Use ASE as glue: all calculators ready


• Modular: some steps still manual


• Heterogeneous computing environment

- Laptop for development: frequently changing package stack


- Local cluster with moderate resources: full control of stack


- National HPC (large resource): no control over stack, only ssh

✗ Heavy-weight, no ASE ✗ requires dbase on HPC 


