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Quasi-continuum method:  molecular dynamics 
with coarse-graining for indentation studies. 
Ortiz, Phillips and Tadmor



Molecular Dynamics
2017: article in Drug Discovery Today

 “Molecular dynamics-driven drug discovery: 
  leaping forward with confidence”

“developing a market-approved drug costs a staggering $2.6 billion”

“Given that the dynamics of the covalent bonds involving hydrogen atoms are not 
crucial in biological problems, they are usually constrained using integration 
algorithms, such as SHAKE, RATTLE, … Hence, a time-step value in the range of 
1.5–2 fs is possible and has been shown to be suitable for MD simulations of many 
biological systems." 

Examples of some 2017 simulations out of around 20000 published 
Ligand binding in the HIV-integrase enzyme
Druggability of membrane bound Rab5
Fission fragment damage in nuclear fuel
Patchy particle systems
Nanoparticle cholestoral metabolism therapeutics
Multiscale protein dynamics in antigen presentation

Bottlebrush copolymers
Modification of membrane structure by lithium
Smectic C semiflexible polymers
Graphene reinforced polymer nanocomposites
Unsaturated Zwitterionic lipids
Identifying the warfarin binding site



HIV-1 Virus Capsid 
(protective shield around virus)

• Chaotic, nonlinear dynamics, ever expanding scale
• Key questions are of a probabilistic nature 

Molecular dynamics 64M atoms (including surroundings)
Described by a potential energy function U(x)



Turning it into maths

just integration…but with 180M variables!

observable function

Gibbs measure

Physicists tell us that what they need to do is calculate

Z
'(x)dµ(x)
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Sampling and MCMC
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Typical approach: using a Markov Chain with prescribed 
invariant measure
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Example method: Metropolis Monte Carlo



Example: Metropolis Monte Carlo
for the Uneven Double Well

too much 
measure  
in the right  
basin

“rare events” slow convergence

Gaussian prior:
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Brownian Dynamics
Wiener measure

Sampling using SDEs
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describes a particle diffusing in 
a potential U at fixed temperature

Ito-type Stochastic Differential Equation



Fokker-Planck Equation

@⇢

@t
= L †⇢

The stochastic paths of an Itō SDE sample the evolving 
distribution with probability density satisfying 

(L g)(x) = lim
�t!0

E[g(x(�t))|x(0) = x]� g(x)

�t

is the L2 adjoint ofL † L defined by



Brownian Dynamics

& geometric ergodicity under mild conditions on U

Ergodic limit

Just need a reliable way of computing numerical 
solutions of SDEs (on long intervals)!
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is a stationary densityso



SDE Numerics

What is a suitable definition for “error” for an SDE?

Examples: “weak”, “strong”, “ergodic” 

How to get high accuracy in SDE discretisation?

How does discretisation affect convergence to the
invariant distribution?



Euler-Maruyama Method

discrete Brownian path

[L. & Matthews, AMRX, 2013]
[L., Matthews & Stoltz, IMA J. Num. Anal., 2015]
[L., Matthews & Tretyakov, Proc Roy Soc A, 2014]

Leimkuhler-Matthews Method 

Numerical Method



small stepsize large stepsize

L-
M

E-
M

Uneven Double Well
bimodal distribution“ergodic error”



Charlie Matthews
(UoE PhD 2012-2016)

5 papers  
+ a book 
and over 300 citations

Invariant measures of numerical methods 
Sampling 
Applications



Charlie
Matthews

(PhD 2015, now @ Chicago)

Michael
Tretyakov

(Nottingham)

Matthias Sachs
(PhD 2017, now @ Duke)

Gabriel Stoltz
(ENPC Paris)

Xiaocheng Shang
(PhD 2015, now @ETH)

Vincent Danos
(ENS Paris)

Langevin (BAOAB)

Invariant measures

Overdamped Limit

Constrained LD

Adaptive Langevin

Langevin/AdL Ergodicity



the most recent citations for our 2016 geodesic integrators 
paper:

physical chemistry

biomolecules

data science

biomolecules

molecular software

data science

physics

stats & data science

stats & data science

Why are statisticians reading molecular dynamics papers?



Zofia Trstanova
(postdoc)

Anton Martinsson (PhD student)

Wind Turbines 
(with industry partner)



Financial giant Goldman Sachs announces that it 

plans to invest $150 billion in clean energy projects 

and technology like solar and wind farms, energy 

efficiency upgrades for buildings, and power grid 

infrastructure.

Problem: Goldman Sachs analysts’ lack of turbine knowledge  
Solution: Employ a specialist energy management firm

Problem: Each windfarm may have hundreds of turbines 
each turbine produces data at 10s to 10m intervals 
on dozens of properties      Large data problem [10K turbine years!]⇒

Hire engineers to stare at data
Get a team of mathematicians to develop a  
data-driven model to analyse the data. 
to analyse the data

Solution 1:

Solution 2:



Ideal power output to  
windspeed diagram

Example data set

Learn: to categorise conditions: “derating”, “icing”, … 

Goal: Automatic analysis of data streams for maintenance, 
performance analysis, planning
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<latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit>

Model

Models may be artificial or not, 
but the distinction is often artificial!

Ex: convolutional neural network



DATA

PARAMETERS

LIKELIHOOD
prior

Data Scientist Thomas Bayes, U of Edinburgh, Class of 1721

I’m not really me

minimise U(q) to determine ‘optimal’ parameters

<latexit sha1_base64="RzlBq3G0+drGaQRplY9ijNsmmQU=">AAACC3icbVC9TsMwGHT4LeUvwMhitUJqlypBSDBWsDAWibaRmihyXKe16iSu7SBVaXcWXoWFAYRYeQE23ganzQAtJ1k63X2fPt8FnFGpLOvbWFvf2NzaLu2Ud/f2Dw7No+OOTFKBSRsnLBFOgCRhNCZtRRUjDhcERQEj3WB0k/vdByIkTeJ7NeHEi9AgpiHFSGnJNysup7Xx1KlDl4uEqwTmgjMd5wL1rdq47ptVq2HNAVeJXZAqKNDyzS+3n+A0IrHCDEnZsy2uvAwJRTEjs7KbSsIRHqEB6Wkao4hIL5tnmcEzrfRhmAj9YgXn6u+NDEVSTqJAT0ZIDeWyl4v/eb1UhVdeRmOeKhLjxaEwZVBHzouBfSoIVmyiCcKC6r9CPEQCYaXrK+sS7OXIq6Rz3rCthn13UW1eF3WUwCmogBqwwSVoglvQAm2AwSN4Bq/gzXgyXox342MxumYUOyfgD4zPH56emXs=</latexit>

<latexit sha1_base64="qMJNy7D3NWZcz0IuUxl57XKWnIk=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIRdFMounElFewDmhgm00k7dDKJMxOxxK7d+CtuXCji1i9w5984abPQ1gMXDufcy733+DGjUlnWtzE3v7C4tFxYKa6urW9smlvbTRklApMGjlgk2j6ShFFOGooqRtqxICj0GWn5g/PMb90RIWnEr9UwJm6IepwGFCOlJc/cc2Jabj/cHsIqdOrUS2nVHt1cwky+96g2PLNkVawx4Cyxc1ICOeqe+eV0I5yEhCvMkJQd24qVmyKhKGZkVHQSSWKEB6hHOppyFBLppuNXRvBAK10YREIXV3Cs/p5IUSjlMPR1Z4hUX057mfif10lUcOqmlMeJIhxPFgUJgyqCWS6wSwXBig01QVhQfSvEfSQQVjq9og7Bnn55ljSPKrZVsa+OS7WzPI4C2AX7oAxscAJq4ALUQQNg8AiewSt4M56MF+Pd+Ji0zhn5zA74A+PzB7P9mP8=</latexit>

model

Bayes’ Theorem



Wind Turbine Benchmarking
With enough data, it is straightforward to replace the  
engineer with a  convolutional neural network for  
detecting a specific condition, e.g. icing

Problems:

1. Mixed data sets
2. Lack of transferability

3.  Multimodality

• Unsupervised learning 
to learn classes from data 
• Generalisation error 
• Generative networks

all require sampling!



Multimodality in NNs
With Zofia Trstanova and Frederik Heber (Turing)

9 parameter model, multimodal  
loss landscape with pretty 
severe trapping in upper well.

P(red)

isolated local min



Sampling Metastable Systems

1. EQN.  New types of diffusions that more efficiently 
explore the complex geometry; in particular “non-
reversible diffusions.” w. J. Weare & C. Matthews, 
Chicago. 

2. ISST. Use of temperature and other “collective 
variables” to enhance and guide sampling. w. A. 
Martinsson, J. Lu (Duke) & E. Vanden-Eijnden (NYU). 

3. DM. Data-analytic tools based on diffusion maps to 
perform unsupervised manifold learning from simulated 
data in order to enhance exploration. w. Z. Trstanova, T. 
Lelievre (Paris) and R. Banisch (Berlin)

Ways forward:









(building on work of Clementi, Kevrekides…)





Thermodynamic Analytics Toolkit
(TATi)

Frederik Heber (Rutherford-Turing Fellow) 
Benedict Leimkuhler  
Zofia Trstanova (EPSRC PDRA - Edinburgh)

Vision:

Exploration tool for loss landscape in ANNs
Sampling methods in TensorFlow

purposes 
Develop understanding of NN properties
Assist in analysis/redesign of NNs



The Edinburgh Environment
Maxwell Institute
Union of mathematicians at Edinburgh and Heriot-Watt 
Universities.   Currently unifying graduate programmes 
under the banner Maxwell Institute Graduate School.
International Centre for the Mathematical Sciences
Runs workshops, supports small group research and 
coordinates knowledge exchange and public events. 

Centres for Doctoral Training e.g. MIGSAA
Main mechanism for funding PhD students and  
coordinating training across the Maxwell Institute 
3 proposed in 2018:  MAC-MIGS (Modelling, analysis
and computation), GLAMS (Glasgow-Maxwell School
in algebraic methods), and Data Science & AI (a joint 
venture with Informatics)



Thomas 
Bayes
Centre



Why Edinburgh?
amazing skyline:

access to the  
highlands

folk music

fringe  
festival

still part of the EU

but….



Scottish Boletus Harvest (Porcini/Ceps)

The real reason…



Thank you for listening!


