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● CovidSim individual based model from Imperial College (Ferguson, 2020)
○ Models effect of Non Pharmaceutical Interventions.
○ Very influential model in the UK.

● On request of Royal Society’s RAMP team we estimated parametric uncertainty (Edeling et al., 2021).
● Computational cost of single sample: max 10 minutes wall time 

○ Using 1 node with 28 cores at PSNC Eagle supercomputer.

● 940 input parameters, of which we identified 60 as interesting to vary
● Grouped these into 1) intervention, 2) disease and 3) geographic inputs.
● 3 separate UQ campaigns: every input that was refined at least once goes in the final campaign.
● Final UQ campaign: 19 input parameters.

○ This is still a high-dimensional input space

N. Ferguson et. al (2020). Report 9: Impact of non-pharmaceutical interventions (NPIs) to reduce COVID19 mortality and healthcare demand.
Edeling et. al. (2021), The Impact of Uncertainty on Predictions of the CovidSim Epidemiological Code, Nat. Comput. Sci, 1, 128-135 doi: 10.1038/s43588-021-00028-9
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● One option efficiently sample high dimensional input spaces: dimension-adaptive sampling (Gerstner, 2003)
● Basic idea: 

○ Initialize: start with a single sample.
○ Look ahead: evaluate code in ‘candidate directions’
○ Rank order: compute an error metric for all directions
○ Adapt: only add direction with highest error to sampling plan. Go back to Look ahead.

4/34

1D quadrature rule of order 1: candidate sampling points along direction 1 4
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● 19 CovidSim parameters: chose uniform input distribution based on expert judgement & data.
● Refinement shows an effective dimension of only 7 (during the 1st 70 iterations):
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Edeling et. al. (2021), The Impact of Uncertainty on Predictions of the CovidSim Epidemiological Code, Nat. Comput. Sci, 1, 128-135 doi: 10.1038/s43588-021-00028-9



● Results: output distribution of cumulative death count:

● Models a particular intervention scenario. A single sample (yellow line) 
gives decision makers very incomplete information about this scenario.
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Edeling et. al. (2021), The Impact of Uncertainty on Predictions of the CovidSim Epidemiological Code, Nat. Comput. Sci, 1, 128-135 doi: 10.1038/s43588-021-00028-9



● Sobol sensitivity indices can be obtained in a post processing step. 
● First-order index over time: fraction of the cumulative death variance that the i-th input is 

responsible for:

7

Epidemiological modelling of the COVID-19 pandemic

Edeling et. al. (2021), The Impact of Uncertainty on Predictions of the CovidSim Epidemiological Code, Nat. Comput. Sci, 1, 128-135 doi: 10.1038/s43588-021-00028-9



Protein structure prediction
AlphaFold by Google’s DeepMind

How can we determine structure?

● Experimental methods: x-ray, NMR, cryo-EM
Expensive, time-consuming, methods may not applicable;

Experimental determination lags far behind sequence 
determination - 180 M (sequence in Universal Protein 
database) vs 170 K (protein structures in PDB)

● Computational predictions: ab initio, homology, 
threading, AI
A tough problem – number of possible configurations for a 
typical protein: 10300

Primary (Sequence)

Secondary

Tertiary

Interactions/assemblies
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Protein structure prediction
How AlphaFold work:

- Couch the protein folding problem in 
mathematical terms – a “spatial graph” 
showing the amino acids close in space

- Design the structure of the network to 
learn from training what amino acids lie 
near each other

Nature  |  Vol  588  |  10  December  2020  |  203

In some cases, AlphaFold’s structure predictions 
are indistinguishable from those determined 
using ‘gold standard’ experimental methods

9
E. Callaway (2020), It will change everything: AI makes gigantic leap in solving protein structures, Nature., 588, 203-204, doi:10.1038/d41586-020-03348-4

https://doi.org/10.1038/d41586-020-03348-4


● Model contains over ten million parameters 

● Fails to work for NMR based protein structure prediction

● Unlikely to work for RNA 3D structure prediction
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Protein structure prediction: Limitations

https://www.sciencemuseumgroup.org.uk/blog/coronavirus-can-ai-solve-future-pandemics/



Coupling the complementary molecular dynamics (MD) and 
machine learning (ML) methods 

● MD can be used to screen predictions 
from ML algorithms

● MD output can be fed back into ML 
algorithm to train and improve it further

● Quick predictions of potential binders
● Augmenting human intelligence with 

artificial intelligence
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Drug discovery: combining physics based models & 
machine learning

A Al Saadi et. al. (2020), IMPECCABLE: Integrated Modeling PipelinE for COVID Cure by Assessing Better LEads, Supercomputing 20,  arxiv: 10.1145/1122445.1122456



Drug discovery

Machine Learning algorithms
● Very fast in screening huge libraries of molecules
● Can explore the chemical space of relevance very widely
● Generative algorithm predicts useful molecules
● Heavily depending on training data

Molecular Dynamics simulations
● Accurate binding affinity estimation
● Less accurate methods for virtual screening
● More accurate methods for lead optimization
● Computationally expensive and hence limited exploration 

of chemical space

SARS-CoV-2 with 3 potential small-molecules 
which are approved for other targets.
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Drug discovery

IMPECCABLE: 
Integrated Modeling 
PipelinE for COVID 
Cure by Assessing 
Better LEads

13
A Al Saadi et. al. (2020), IMPECCABLE: Integrated Modeling PipelinE for COVID Cure by Assessing Better LEads, Supercomputing 20,  arxiv: 10.1145/1122445.1122456



Drug discovery

Using the coupled workflow to guide drug 
development.
Machine Learning to screen large datasets
● ZINC: 230 million purchasable compounds
● DrugBank: 13,551 drug entries
● PubChem: 103 million compounds
● Enamine: 188,734 building blocks

ESMACS to identify promising lead compounds

TIES to further optimise the lead compounds
Quick Turnaround is required, especially urgent to find effective 
drug treatment for covid-19
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Fusion energy
Develop models to study nuclear fusion that potentially provides a carbon free solution to the provision of base 
load electricity, without geo-political complications.

● Initial plasma experiments are scheduled to begin in 2025.
● Full-power fusion operation campaign is planned in 2035

Small-scale model of ITER Tokamak                 Aerial view of the ITER site in 2020 (Cadarache - southern France)

www.iter.org
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● Multi-physics workflow 
bridging: 
micro-turbulence (3D) to 
macro transport (1D) 
times + (2D) geometry.

● Extrinsic uncertainties in 
sources and internal 
uncertainties in the 
stochastic turbulence

● UQ needs in sources and 
turbulence, V&V on 
experimental data.

Models describing the fusion plasma vary in complexity.

Falchetto, G.L. et al.: The European Integrated Tokamak Modelling (ITM) effort: achievements and first physics results. Nucl. Fusion 54(4), 043018 (2014)
Luk, O.O. et al.: ComPat framework for multiscale simulations applied to fusion plasmas. Comput. Phys. Commun. 239, 126–133 (2019)

Fusion energy: Multiscale modeling 
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● Identify and implement the UQ Patterns.
● Apply non-intrusive method using Polynomial Chaos Expansion to the workflow.

○ Get Descriptive Statistics and Sensitivity Analysis.
● Perform Parallel execution of large number of samples within a single batch allocation using QCG-Pilot Job.
● Replace the expansive turbulence code by a surrogate using Gaussian Process Regression (GPR).

Lakhlili J. et al. Uncertainty Quantification for Multiscale Fusion Plasma Simulations with VECMA Toolkit.  ICCS 2020, vol 12143. Springer Cham.
Luk, O.O. et al.: Towards validated multiscale simulations for fusion. Phil. Trans. R. Soc. A.20200074 (2021). in press

Fusion energy: VVUQ and multiscale modeling
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Climate and weather prediction
Uncertainty exists in the same model

18P Bauer et. al.  (2015), The quiet revolution of numerical weather predictions, Nature, 525, 47-55



Climate and weather prediction
“For users to have confidence in 
forecasts within this deterministic limit, it 
is necessary to flag situations where 
this intermittent explosive growth is 
active, and to predict plausible 
alternative weather scenarios 
probabilistically – more generally to 
predict flow‐dependent uncertainty.

This means abandoning the 
deterministic paradigm that has guided 
the development of numerical weather 
prediction over many years.”
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Ensemble forecasts in the Lorenz attractor.

T. Palmer (2019), The ECMWF ensemble prediction system: Lookng back (more than) 25 years and projecting forward 25 years, Q J R Meteorol Soc, 145 (Suppl. 1), 
12-24 doi: 10.1002/qj.3383



Climate and weather prediction

Ensemble & probabilistic climate and weather 
predictions 

20



21

Multi-model global averages of surface warming for the SRES scenarios A2, A1B and B1

IPCC Special Report on Emissions Scenarios (SRES), 2007; see also “Climate Shock” by G Wagner and Martin Weitzman (Princeton, 2015)

Continued greenhouse 
gas emissions cause 
further warming in the 
global climate system. 

Predictions, with their 
uncertainties, are 
made in different 
SRES scenarios, 
associated with various 
GHG emissions.

Probability distributions 
are “fat-tailed”: this 
feature makes “rare 
events” far more 
common.

Climate change beyond the 21st century



The problems with big data

● Not all data sets are reliable: what’s usually missing is any insight into how data are distributed

● We need models and theoretical insights to help guide the collection, curation and interpretation of 
data.

● Extrapolation beyond the range of existing data. The overestimate of peak influenza levels by Google 
Flu Trends reminds us that past success in describing epidemics is no guarantee of reliability of future 
performance.

● Correlations observed in sets of data are not necessarily evidence of dependency.  

● Sensitivity of complex systems to tiny errors in data and the effects of chaos make predictions hard.  
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Application of big data and artificial intelligence

P. V. Coveney, E. R. Dougherty and R. R. Highfield (2016), Big Data Need Big Theory Too, Phil. Trans. R. Soc. A., 374, 20160153 doi:10.1098/rsta.2016.0153
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Application of big data and artificial intelligence

Combining Machine Learning with Predictive Mechanistic Modelling

These approaches are complementary in that the more expensive physical modelling approach can be used to 
generate additional targeted data for the machine learning approach to improve its predictive accuracy at the 
expense of up-front computational effort.

ML methods need “lots of data” and simulation serves to generate some of this, filling in gaps in the data bases 
available to us today.

We hope to develop an interactive process whereby sequence based ML predictions are used to determine 
which simulations to perform and in turn fed back to improve accuracy of the ML model(s). 

  

S. Succi & P. V. Coveney (2019), Big Data: the End of the Scientific Method?, Phil. Trans. R. Soc. A., 377, 20180145 doi:10.1098/rsta.2018.0145



Conclusions

● Simulation-based science currently is playing an important role in 
decision making in some areas such as aerospace engineering, 
weather forecasting and climate science.

● Its usefulness in other fields depends on:
○ More accurate models
○ Thorough quantification of uncertainty (UQ)
○ More powerful supercomputers
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