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This book is in memory of Duygu Balçan, who has been a fantastic
scientist and friend. She was suddenly taken away from us and from
science, but she will always be with us in our dearest memories and
through her outstanding scientific contributions.
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Introduction

OUR INTENT IS TO INTRODUCE NON TECHNICAL READERS TO THE
PROCESS THAT, STARTING FROM REAL-WORLD DATA, MAKES IT
POSSIBLE TO DEVELOP SIMULATED SCENARIOS AND REAL-TIME
FORECASTS OF THE GLOBAL SPREADING OF INFECTIOUS DISEASES.

T

he first successful weather forecast

performed by a digital computer

can be traced back to 1950. Five years later, a joint project by the US Air
Force, Navy, and Weather Bureau began operational numerical weather

prediction in the United States. Nowadays, computer-generated weather

forecasts are at the fingertips of billions of individuals through government
or commercial services, accessible by any mobile platform on the Internet.
Weather forecasts can be very specific, focusing on local area models, or
global. They can span a few hours or several days. They are part of our daily
life and have helped popularize concepts like the “butterfly effect.”1
A non-expert reader might reasonably think that the use of computer
simulations for infectious disease outbreak forecast is as developed as the one
1 James Gleick, Chaos: Making a new science (Viking Press, 1987).

regarding weather forecast; unfortunately this is far from the case. Although
the birth of mathematical epidemiology dates back to the eighteenth century,
public health scientists and policy-makers started only in the last 20 years or
so to increasingly rely on simulated models to understand epidemiological
patterns and guide control measures in real time. It may come as a surprise,
but while the weather forecast research community has built thousands of
weather stations around the world, put satellites in orbit, and connected large
supercomputing infrastructures, the modeling of epidemic outbreaks has long
suffered from the lack of near-real-time, high-quality data on populations, human
and animal mobility/behavior patterns, and pathogens’ biology. For instance,
the 1985 pioneering work of Ravchev and Longini2 on a mathematical model
for the global spread of influenza had to wait on a shelf for almost 20 years
before a full-fledged implementation integrating the complete International
Airlines database3 saw the light. Similarly, the first cross-comparison of three
different data-driven, individual-based, stochastic models of pandemic flu
examining the consequences of intervention strategies in the United States
had to wait until 2008.4
In the last 10 years, we have seen dramatic advances in data collection
and availability in a number of areas, ranging from pathogen genetic sequences
to human mobility patterns and social media data. These advances, often
dubbed as the “big data” revolution, have finally lifted many of the limitations
affecting epidemic predictive modeling. The big data paradigm is generally
associated with “inductivist” approaches such as statistical modeling, phenomenological models, or machine learning-based methodologies. However,
data availability also allows the development of detailed mechanistic models
based on the construction of synthetic populations that statistically mimic
the real world. They explicitly account for the dynamics of epidemics by calculating the future state of the system from its initial state, through time- and
space-dependent equations, as well as the stochastic simulation of individual
disease transmission processes.
Mechanistic approaches are clearly data hungry, and the amount of data
integration depends on the scale of the model—global, regional, and local—as
well as the level of detail in the population description. The latter can go down
to the level of single households and specifically consider multiple transmission settings, such as schools or workplaces. It is worth stressing, however,
that mechanistic models contain assumptions and approximations too. The
theory and equations used to describe the system dynamics are often based
2 Leonid A. Rvachev and Ira M.Longini, Jr., “A mathematical model for the global spread of influenza, “ Mathematical
Biosciences, 75:3 22 (1985).
3 Lars Hufnagel et al., “Forecast and control of epidemics in a globalized world,” Proceedings of the National Academy of
Sciences of the United States of America 101, 15124–15129 (2004).
4 M. Elizabeth Halloran et al., “Modeling targeted layered containment of an influenza pandemic in the United States,”
PNAS 105, 4639–4644 (2008).
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on effective or coarse-grained integration of degrees of freedom that are
informed by the questions the model is set up to answer. No model fits all
diseases or spans all scales and geographical resolutions.
In this context, predictive epidemic modeling is emerging as an interdisciplinary field that promises to advance the capabilities of projecting the
course of an epidemic already underway or to anticipate the effectiveness of
possible interventions or clinical trials. Indeed, computational modeling has
been used to support responses to recent outbreaks such as the 2009 H1N1
pandemic, the 2014 West Africa Ebola outbreak, the Zika epidemic in the
Americas in 2016, and the highly pathogenic avian influenza A(H7N9) in 2014
and 2015. Although predictive epidemic modeling is not yet as developed as
weather forecasting, and many practical and foundational challenges still need
to be addressed, the promise of computer simulations to improve epidemic
preparedness and response is now recognized.5
The many types of descriptive and predictive models that were used during
recent, large‐scale outbreaks are often hidden behind the veil of technical
jargon, mathematical and statistical language, and computational implementation. In order to reach out beyond the circle of practitioners and convey the
transformative potential of computer simulations for public health preparedness
and response, this book aims to provide a visual journey through the data and
model integration process at the core of large-scale computational approaches.

THE PROMISE OF DATA-DRIVEN
MODELING APPROACHES
TO IMPROVE EPIDEMIC
PREPAREDNESS AND RESPONSE
IS NOW RECOGNIZED.

This overview is mostly done by using a storyboard that exemplifies data and
algorithms through concrete examples and illustrations. Our intent is to introduce non technical readers to the process that, starting from real-world data,
makes it possible to develop simulated scenarios and real-time forecasts of
the global spreading of infectious diseases.
In its first part, this book guides the reader in the construction of the modern
frameworks used to project and analyze the global spread of epidemics and
pandemics. The results of these modeling activities are intuitively communicated by powerful infographics; in particular, we present examples of results
obtained from numerical simulations concerning the international spreading of
potentially pandemic pathogens. The second part of this book is focused on a
set of pandemic charts that illustrate, through the infographic tools described
in the first part, the possible scenarios of future pandemics. This atlas is meant
to show commonalities and patterns in emerging health threats, as well as
explore the wide range of possible scenarios that can be used by policy-makers
to anticipate trends, evaluate risks, and eventually manage future events. In
a nutshell, the second part of this book is a visual catalog that captures the
possible evolution of future pandemics and introduces the reader to a vast
range of interventions characterizing the fight against infectious diseases.
5 National Science and Technology Council Report, “Towards Epidemic Prediction: Federal Efforts and Opportunities in
Outbreak Modeling” (2016).
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In order to exemplify numerical epidemic modeling, throughout the book
we used GLEAM, the global epidemic and mobility framework,6 developed
and supported by a team of researchers and institutions around the world. This
framework is by no means to be considered prototypical; however, it integrates
many of the data and concepts common to the many types of descriptive and
predictive models available to the scientific community. We feel this frame-

THE RIGOROUS ANALYSIS AND
DISCUSSION OF PANDEMIC RISK
IS NOW ONE OF THE RESEARCH
FRONTIERS OF COMPUTATIONAL
EPIDEMIC MODELING.

work conveys to a general audience the kind of work and results that can be
achieved in computer simulated epidemic models. We also refer to several
other models and approaches that attain the same level of complexity and
results that we present here; we apologize in advance to all the colleagues
that have done extraordinary work in this area if their contributions are not
referenced or explained in detail. Indeed, this book is not meant as a technical
review of the field, but rather as an introduction for non-practitioners to the
richness of this approach, showing the potential of looking to the future of
global epidemic modeling through data-driven numerical approaches.
It is also important to stress that the pandemic charts are not to be considered an exhaustive catalog of epidemic events: a full exploration of all the
possible scenarios, as well as the risks associated to pandemic events, is far
beyond the scope of this book and necessarily involves a large effort from
the entire scientific community.
The rigorous analysis and discussion of pandemic risk is now one of the
research frontiers of computational epidemic modeling, where a number of
major scientific challenges still need to be addressed in the coming years,
as acknowledged in the book’s final outlook chapter. Indeed, we hope that
this book will contribute to fueling the interest in solving these challenges
and advancing numerical epidemic modeling to the point of an operational
framework analogous to the one used for numerical weather forecasting.

6 The Global Epidemic and Mobility model, www.gleamviz.org
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