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• 1920 Richardson integrate 
manually equations of the 
atmosphere 

• 1950 First numerical weather 
forecast (24h computation for a 
24h forecast)

• 1955 Numerical weather 
prediction models became 
operational by the USWB

• 2000 Government and  
Commercial entities routinely 
forecast up to three weeks

Numerical Weather models
• 1930 Reed-Frost define a 

simple chain binomial model 
that they integrate with a 
“sandbox’ computer

• 1952 First Reed-Frost 
numerical implementation

• 1980-2000 progress toward the 
definition of large-scale 
individual models

• 2005 Large scale agent-based 
models early approaches

• 2015 Operational tests 

Numerical Epidemic models



Within school contact 
patterns 
(@Sociopatterns)

Human interactions/ 
contact networks 

Multiscale analysis of 
networks, system level 
picture, interactions 
etc

The ‘omics’ 

Hubs, community, 
clustering, heavy 
tails, ...

Networks 
heterogeneity and 
complexity

SHIFTING GEAR: DATA AVAILABILITY



Nextstrain
(https://nextstrain.org/

Pathogen genome 
data

Multiscale integration 
of mobility networks

Mobility and 
epidemic spreding  

Sociodemographic 
characterizations of 
populations

Population data/
census 



Actionable modeling with  
“DATA” (big/small)

The focus is  on understanding these data sets in a scientific 
sense and more deeply the real world processes which 
produced the data (Theory) 

• Interpretability 
• Mechanistic approach/ML-AI

• Effective equations 
• Initial conditions/prediction 

limits



Forecast & more than forecast [ MIDAS collaboration paper: Lofgren et al. 
Mathematical models: A key tool for outbreak 
response; PNAS 111 (51): 18095 (2014) ] 

• Situational awareness


• Intervention planning 


• Projections 


• Epidemiological explanations


• Structured reasoning 


https://www.medrxiv.org/content/10.1101/2021.03.24.21254199v1

http://www.pnas.org/content/111/51/18095.short


Situational awareness

Approximate Bayesian Computation approach based on the evidence of International 
importations. Simulate the likelihood of observing the international importations as a 
function of the magnitude of the outbreak: Estimate of the epidemic in Wuhan



Mechanistic modeling approach

Chinazzi et al. 
‘The effect of travel 
restrictions on the 
spread of the 2019 
novel coronavirus 
(COVID-19) outbreak”

Science  24 Apr 2020:
Vol. 368, Issue 6489, 
pp. 395-400 





International spreading





Reaction-diffusion on a network

Not always more details better modeling/forecast. Context got the 
questions/scale needed.


Effective equations are not simple approximations (ex.: time-scale 
separation of fast-slow degrees of freedom through a B-O scheme).

k
DA



From graphs to infections





USA Europe



Nextstrain. (https://nextstrain.org/



Multiscale Modeling approach

• County resolution 

• Google mobility data 

• School closure data 

• Age structured model 

based on micro census 

data

• Initialized with global 

calibration 

• Explicit introduction of 

the B1.1.7 variant in the 

UK & dispersal 

modeling



B 1.1.7 modeling + vaccination 

Two strains + vaccine (1st 
and 2nd dose) modeling 

Explicit introduction of 
B1.1.7 from international 
travels  



Multilayer networks



FORECAST

• Current data on interventions, social behavior and have 
limited time horizons (2-4 weeks).



From Scenarios to forecasts

• Timeline of 
interventions by state. 

• Contact matrices for 
different interventions: 
school closure, smart 
working, lockdowns 
etc.  

• Prior of initial 
conditions from the 
global model 

• Prior for 
transmissibility and 
awareness at re-
opening



Importation probability
of one infected individual

0 100

Initial conditions, 
parameters uncertainties

Modeling 
assumptions Time

Uncertainty cone

Priors ABC-rejection algorithm



COMPUTATIONAL IMPLEMENTATION

Large-scale numerical 
simulations
• About 15 million runs (overall)
• More than 1M instances 

deployed

HPC
From raw data to actionable 
summary tables 
• Hundred of TB of data 

analyzed
• Each scenario up to more 

than 50 TB of raw data

HPDA

STILL A MAJOR HURDLE FOR REAL-TIME
GLOBAL MODELING



Operational Forecast



AI Augmentation process
•Machine learning augmented mechanistic 
simulations


•Mechanistic simulations as proxy for ML 
algorithms [C Poirier, D Liu, et al. Journal of medical Internet research 22 (8), e20285 (2020)]


•ML optimization of the Mechanistic model




• Network epidemiology is relevant beyond 
conceptual models or stylized models. 

•  Network epidemiology is important not despite the 
lack of data but precisely because of the 
abundance of data  

• Applied outbreak Science opens the path to new 
foundational science problems. 

War time - vs - Peace time 



“Models aren’t made to be unquestioned oracles. 
Instead of “follow the models” let’s "incorporate the 

models” in our decision making process. 


