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Agent-based models (ABMs)

I can provide very detailed information

I interesting intervention strategies
contact tracing, individual isolation, . . .

I however:
I computational demanding
I usually limited geographical regions
I which boundary conditions?



Metapopulation models

I more coarse-grained

I less computational
expensive

I possible to simulate
pandemics
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Figure 3 | Illustration of the global threshold in reaction–diffusion processes. a, Schematic of the simplified modelling framework based on the
particle–network scheme. At the macroscopic level the system is composed of a heterogeneous network of subpopulations. The contagion process
in one subpopulation (marked in red) can spread to other subpopulations as particles diffuse across subpopulations. b, At the microscopic level,
each subpopulation contains a population of individuals. The dynamical process, for instance a contagion phenomena, is described by a simple
compartmentalization (compartments are indicated by different coloured dots). Within each subpopulation, individuals can mix homogeneously, or
according to a subnetwork, and can diffuse with rate d from one subpopulation to another, following the edges of the network. c, A critical value dc of the
diffusion strength for individuals or particles identifies a phase transition between a regime in which the contagion affects a large fraction of the system
and one in which only a small fraction is affected (see the discussion in the text). Panels a and b reproduced from ref. 118.

aimed at providing a more rigorous analytical basis for the results
obtained with the HMF and other approximate methods exploring
different spreading models53–58. Equally important is the research
activity concerned with developing dynamical ad hoc strategies for
network protection; targeted immunization strategies and targeted
prophylaxis that evolve with time might be particularly effective
in the control of epidemics on heterogeneous patterns, compared
with massive uniform vaccinations or stationary interventions59–62.
Following the results on epidemic processes, an avalanche of studies
addressed the study of the effect of the network’s structure on the
behaviour of the most widely used classes of dynamical processes.
For instance, in the area of synchronization it has been shown
that networks with heavy-tailed degree distributions, and therefore
a large number of hubs, are more difficult to synchronize than
homogeneous networks, a counterintuitive insight dubbed the
paradox of heterogeneity63–66. In the case of packet-traffic routing,
homogeneous networks have typically much larger congestion
thresholds than heterogeneous graphs67–69. Finally, a wealth of
surprising results, often overturning the commonwisdom obtained
by studies on regular networks, have been harvested on the voter
and the Axelrod models70–73, and many other models for the
emergence of cooperation38,74.

Reaction–diffusion processes and computational thinking
Although most approaches assume systems in which each node
of the network corresponds to a single individual, it is of crucial
importance for the study of many phenomena to provide a general
understanding of processes where the multiple occupancy of nodes
is a key feature. Examples of multiple occupancy are provided by
chemical reactions, in which different molecules or atoms diffuse
in space and may react whenever in close contact. Mechanistic
metapopulation epidemic models, where particles represent people
moving between different locations, and the routing of information

packets in technological networks provides relevant examples in the
case of socio-technical systems75–79. All those phenomena fall into
the category of reaction–diffusion processes, where each node i is
allowed to have any non-negative integer number of particles Ni
so that the total particle population of the system is N =

∑
Ni.

The particle–network framework extends the heterogeneous mean-
field approach to reaction–diffusion systems in networks with
arbitrary degree distribution (Box 2). Particles diffuse along the
edges connecting nodes, with a diffusion coefficient that depends on
the node degree and/or other nodes’ attributes. Within each node,
particles may react according to different schemes characterizing
the interaction dynamic of the system.

The consideration of complex networks in reaction–diffusion
systems has broadened our knowledge of non-equilibrium
reaction–diffusion systems in heterogeneous systems. For instance,
the Turing mechanism represents a classical model for the
formation of self-organized spatial structures in non-equilibrium
activator–inhibitor systems. By studying the Turingmechanism80 in
systems with heterogeneous connectivity patterns it has been found
that the relevant instabilities of the systems are localized in a set
of vertices with degree inversely proportional to the characteristic
scale of diffusion81. Interestingly, and contrary to other models and
systems where the hubs are the playmakers, the segregation process
takes place mainly in vertices of low degree.

Another interesting example is that of simple epidemic pro-
cesses, such as the SIR model in a metapopulation context79,82–90.
In this case, each node of the network is a subpopulation (ideally an
urban area) connected by a transportation system (the edges of the
network) that allows individuals to move from one subpopulation
to another (Fig. 3). If we assume a diffusion rate d for each individ-
ual and consider that the single-population reproductive number
of the SIR model is R0 > 1, we can easily identify two different
limits. If d = 0, any epidemic occurring in a given subpopulation
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aimed at providing a more rigorous analytical basis for the results
obtained with the HMF and other approximate methods exploring
different spreading models53–58. Equally important is the research
activity concerned with developing dynamical ad hoc strategies for
network protection; targeted immunization strategies and targeted
prophylaxis that evolve with time might be particularly effective
in the control of epidemics on heterogeneous patterns, compared
with massive uniform vaccinations or stationary interventions59–62.
Following the results on epidemic processes, an avalanche of studies
addressed the study of the effect of the network’s structure on the
behaviour of the most widely used classes of dynamical processes.
For instance, in the area of synchronization it has been shown
that networks with heavy-tailed degree distributions, and therefore
a large number of hubs, are more difficult to synchronize than
homogeneous networks, a counterintuitive insight dubbed the
paradox of heterogeneity63–66. In the case of packet-traffic routing,
homogeneous networks have typically much larger congestion
thresholds than heterogeneous graphs67–69. Finally, a wealth of
surprising results, often overturning the commonwisdom obtained
by studies on regular networks, have been harvested on the voter
and the Axelrod models70–73, and many other models for the
emergence of cooperation38,74.

Reaction–diffusion processes and computational thinking
Although most approaches assume systems in which each node
of the network corresponds to a single individual, it is of crucial
importance for the study of many phenomena to provide a general
understanding of processes where the multiple occupancy of nodes
is a key feature. Examples of multiple occupancy are provided by
chemical reactions, in which different molecules or atoms diffuse
in space and may react whenever in close contact. Mechanistic
metapopulation epidemic models, where particles represent people
moving between different locations, and the routing of information

packets in technological networks provides relevant examples in the
case of socio-technical systems75–79. All those phenomena fall into
the category of reaction–diffusion processes, where each node i is
allowed to have any non-negative integer number of particles Ni
so that the total particle population of the system is N =

∑
Ni.

The particle–network framework extends the heterogeneous mean-
field approach to reaction–diffusion systems in networks with
arbitrary degree distribution (Box 2). Particles diffuse along the
edges connecting nodes, with a diffusion coefficient that depends on
the node degree and/or other nodes’ attributes. Within each node,
particles may react according to different schemes characterizing
the interaction dynamic of the system.

The consideration of complex networks in reaction–diffusion
systems has broadened our knowledge of non-equilibrium
reaction–diffusion systems in heterogeneous systems. For instance,
the Turing mechanism represents a classical model for the
formation of self-organized spatial structures in non-equilibrium
activator–inhibitor systems. By studying the Turingmechanism80 in
systems with heterogeneous connectivity patterns it has been found
that the relevant instabilities of the systems are localized in a set
of vertices with degree inversely proportional to the characteristic
scale of diffusion81. Interestingly, and contrary to other models and
systems where the hubs are the playmakers, the segregation process
takes place mainly in vertices of low degree.

Another interesting example is that of simple epidemic pro-
cesses, such as the SIR model in a metapopulation context79,82–90.
In this case, each node of the network is a subpopulation (ideally an
urban area) connected by a transportation system (the edges of the
network) that allows individuals to move from one subpopulation
to another (Fig. 3). If we assume a diffusion rate d for each individ-
ual and consider that the single-population reproductive number
of the SIR model is R0 > 1, we can easily identify two different
limits. If d = 0, any epidemic occurring in a given subpopulation

36 NATURE PHYSICS | VOL 8 | JANUARY 2012 | www.nature.com/naturephysics

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



Global epidemic and mobility model

GLEAM: stochastic model based on real-world
data

I worldwide population:
over 250,000 cells

I 3,253 sub-populations

I flight network:
∼ 170,000 routes

I commuting patterns

www.gleamviz.org



GLEAM-ABM integration

I concurrent execution of the two codes

I synchronization during each time step

I alignment of the models

I definition of a communication protocol for
data-exchange



Future developments

I higher level and more rubust API

I network based communication (?)

I suppurt for multiple ABMs at the same time (!)


