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Agent-based models are used to study complex phenomena in many fields of
science. While simulating agent-based models is often straightforward,
predicting their behaviour mathematically has remained a key challenge.
Recently developed mathematical methods allow the prediction of the
emerging spatial patterns for a general class of agent-based models, whereas
the prediction of spatio-temporal pattern has been thus far achieved only for
special cases. We present a general and mathematically rigorous methodology
that allows deriving the spatio-temporal correlation structure for a general class
of individual-based models. To do so, we define an auxiliary model, in which
each agent type of the primary model expands to three types, called the
original, the past and the new agents. In this way, the auxiliary model keeps
track of both the initial and current state of the primary model, and hence
the spatio-temporal correlations of the primary model can be derived from
the spatial correlations of the auxiliary model. We illustrate the agreement
between analytical predictions and agent-based simulations using two
example models from theoretical ecology. In particular, we show that the meth-
odology is able to correctly predict the dynamical behaviour of a host-parasite
model that shows spatially localized oscillations.

1. Introduction

In many fields of science, ranging from physics to biology to humanities, it is of
major interest to understand how the microscopic interactions among agents
lead to emerging patterns at the macroscopic level. Often the interactions are
spatially localized, meaning that an interaction between agents is more likely
to take place if they are located close to each other in space. Localized inter-
actions lead generally to emerging patterns where agents are non-randomly
distributed with respect to each other over space and time. Such emerging pat-
terns can be characterized with the help of spatial and spatio-temporal
correlation structures. Spatial correlation structures concern patterns that can
be observed at a single time, describing e.g. how much more or less likely it
is to observe an agent in a given location, given that another agent is observed
in a nearby location. Spatio-temporal correlation structures in turn concern
comparisons of spatial patterns observed at multiple times, describing e.g.
how much more or less likely it is to observe an agent in a given location at
a given time, given that another agent was observed in a nearby location
some time ago.

Agent-based models provide a generic tool for studying complex dynamical
phenomena in many fields of science [1-4]. They are typically straightforward
to simulate, and emerging properties of the dynamics, such as spatial or
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spatio-temporal correlations, are routinely measured from their
output. However, it has remained difficult to develop generic
tools that could be used to supplement simulation results
with analytical insights. Recently developed mathematical
methods are filling this gap, as they allow mathematically rig-
orous predictions of the emerging spatial patterns for a very
general class of agent-based models [5,6]. However, at the
moment, there are no general mathematical methods that
would allow one to predict the spatio-temporal correlation
structures generated by the dynamics of agent-based models.
This is a major caveat, because understanding the causes and
consequences of spatio-temporal correlation structures is
central to the study of many fields of research.

As one example of the relevance of spatio-temporal
correlation structures, a central topic in ecology is that of spatial
synchrony in spatial population dynamics, meaning that
spatially nearby populations tend to fluctuate over time in
synchrony with each other. Ecologists have long been interested
in the mechanisms behind such synchrony [7], including why
and how patterns of such synchrony vary over geographical
regions [8]. Theoretical works based on simulations [9] and
mathematical analyses [10,11] have shown that spatial syn-
chrony in population dynamics can be generated both by
dispersal and by environmental stochasticity, the relative roles
between these two depending on the strength of density
regulation [10]. Such theoretical insights may be compared to
empirical data, e.g. a case study on forest insect outbreaks
suggesting that spatially correlated environmental stochasticity
(the so-called Moran effect) is more important than dispersal
in generating spatial synchrony in population dynamics [12].
Spatio-temporal correlation structures can have major conse-
quences to large-scale dynamics, such as synchrony in
population dynamics increasing the risk of global extinction
[13]. As another example of the relevance of spatio-temporal
correlation structures, the prediction of an upcoming earth-
quake mainshock can be based on the distribution of smaller
events in the nearby area [14]. Based on the spatio-temporal
correlation structure of the Burridge-Knopoff model [15], pre-
ceding the mainshock, the frequency of smaller events is
gradually enhanced, whereas it is dramatically suppressed in
the close vicinity just before the upcoming mainshock.

Understanding the emergence of spatio-temporal corre-
lation structures can be especially important during transient
dynamics, as e.g. the fate of an evolving population can
depend critically on small chance events earlier in time. As
one example, empirically derived spatio-temporal correlation
functions describing plant community dynamics were used
to explore how interactions among and within species influ-
ence the pathways of primary successional dynamics [16].
As another example, spatio-temporal correlation structures
emerging from agent-based models were used to understand
within-host immune response during the early spread of flu
infection [17] as well as the early phase of viral propagation
of HIV [18]. As a third example, simulations of an agent-
based model were used to characterize the spatial synchrony
of an influenza epidemic spreading over the continental scale
of Australia [19].

Spatio-temporal correlation structures emerging from sto-
chastic and spatial models have thus far been derived mainly
from simulation approaches, whereas mathematical results
are available for special cases only. As one example of a
mathematical result, the exact two-point spatio-temporal cor-
relation function for the Takayusa model of mass aggregation

has been derived analytically [20]. The Takayusa lattice [ 2 |

model describes a system in which masses diffuse, coalesce
upon contact, and adsorb mass from outside, and it can be
considered as a simple toy model for earthquake dynamics
[20]. As another example of a mathematical result, [21]
derived the spatio-temporal correlation structure of a lat-
tice-based self-organized critical model of punctuated
equilibrium, with results mimicking patterns observed in
the fossil record and in earthquake data. As a third example
of a mathematical result, the spatial scale of population syn-
chrony was shown to depend additively on the spatial scales
of environmental stochasticity and dispersal [10]. This result
was not derived from an agent-based model but a stochastic
model of a spatially continuous population, and it relied on
the assumption of small noise, the consequences of which
assumption were examined later [22]. In all three cases, the
availability of mathematical results on spatio-temporal corre-
lation structures has allowed for more general insights than
would have been possible if relying on a simulation-based
approach only.

As discussed above, being able to predict spatio-temporal
correlation structures emerging from agent-based models
would be highly valuable, but thus far this has been possible
only for special cases. Here, we overcome this caveat by extend-
ing the recently developed approach for predicting spatial
patterns [5,6] to cover also the prediction of spatio-temporal pat-
terns. We note that the mathematically rigorous methods of [5,6]
were preceded by heuristic methods [23], in which methods
were used to derive not only spatial but also spatio-temporal
correlation structures, e.g. of a metapopulation model [24] and
of a host—parasite model [23]. However, in addition to these
results not being mathematically rigorous, they required tedious
model-specific derivations. Here we provide a step-change by
introducing a systematic and mathematically rigorous pro-
cedure for predicting the spatio-temporal correlation structure
of a very general class of agent-based models.

2. The mathematical framework of reactant—
catalyst—product models

We consider the modelling framework of spatio-temporal
point processes, also called Markov evolutions in the space of
locally finite configurations [5]. In particular, we consider the
general class of models suggested by [6] that can be generated
with the help of reactants (R), catalysts (C) and products (P),
called henceforth RCP models. Reactants are any agents that
disappear in a reaction, products are any agents that appear
in a reaction, whereas catalysts are any agents that remain
unchanged but they modify a rate of a reaction. RCP models
apply to a broad class of situations, such as models of popu-
lation ecology [5,6,25], metapopulation ecology [24,26],
community ecology [23,27,28], pathogenesis [29], evolutionary
ecology [6,30,31] and movement ecology [6,32].

The general theory and mathematical framework of RCP
models is discussed in detail in [5,6]. Briefly, the state of an
RCP model at any time ¢ is a point configuration v, in the
d-dimensional Euclidean space RY, where typically d =1,2,3.
We consider marked configurations, so that v, contains
not only information on the locations of the agents, but
also their types, so that the process can contain e.g.
multiple species. We assume that the number of individuals
within any finite region is finite, so that mathematically,
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we consider the space of locally finite configurations,
I'={y C R%|yN A| < o for any bounded A C R}, where,
if A is a discrete set of points, then |A| stands for the
number of points in A. A probability measure w, on I’
describes the state of the system at time t. Informally, the
measure u, describes how likely the system is to be in a
given configuration at time ¢, given that it starts from an
initial state described by the measure y, at time 0. The
evolution of the measure is defined with the help of observa-
bles F, i.e. functions on I" which typically take real values.
Given a configuration v, the observable F(y) is a numerical
quantity that characterizes some property of the confi-
guration, such as the number of agents in a particular
subdomain. A pairing between an observable F and a
measure u is defined as (F,u) := [.F(y)du(y), and this pair-
ing gives information about the state of the system, i.e. the
measure . The dynamics of the configuration over time is
described by a linear operator L acting on the observables,
which operator defines the set of model components, i.e.
the population events that can take place, as well as how
the rates at which the reactions take place depend on
the current configuration of the agents. The evolution of
states is then defined through the differential equation
(d/dt){F,u;) = (LF,u;). For a more detailed discussion of
the mathematical framework, see [5,6].

As an example used to derive our argument, we consider
the spatial and stochastic logistic model [5], henceforth, the
SSLM. This model includes three processes, which we call
density-independent death, density-dependent death and
reproduction. The rate at which density-independent death
takes place is a constant . In the terminology of RCP models,
the agent that dies is a reactant, as it disappears in the reaction.
The rate of density-dependent death for an agent located at x
is > e, x4 (x—y), where a”(-) is the competition kernel,
which defines how the rate by which an agent at y increases
the death rate of anotheragent located at x depends on the differ-
ence x —y of their spatial coordinates, typically (but not
necessarily) on the distance |x — y|. In the terminology of RCP
models, the agent at x is a reactant as it disappears during the
reaction, whereas the agent at y is a catalyst as it remains
unchanged during the reaction. Finally, the per-unit-area rate
of reproductionatlocationyis > ¢, a* (x —y), where the repro-
duction kernel a* (x — y) defines the per-unit-area rate by which
the mother at x produces offspring to the vicinity of y. In the ter-
minology of RCP models, the mother is a catalyst, as it remains
unchanged when the process takes places, whereas the offspring
is a product, as it appears in the reaction. While we have
described here the model verbally, we refer to [5,6] and the elec-
tronic supplementary material on how RCP models can be
defined mathematically in terms of time evolution of a prob-
ability distribution of point configurations.

The utility of the RCP framework is the availability of
mathematical tools that make it possible to predict many
properties of the dynamics generated by the models, even if
the models are spatial, stochastic and can include nonlinear
behaviour. Most importantly, it is possible to write down
an exact equation for the time evolution of spatial correlation
functions. The one-point correlation function k' (x) measures
expected agent density at location x, so that the expected
number of agents within an area A can be computed as

E(y, N A) = [ kP (x)dx. (2.1)
JA

The two-point correlation function k§2) (x1,%2) measures the n

expected product for the numbers of agents that are found
within the areas A; and A, by

E(ly, N Aqly, 0 Ap]) = [ [ K2 (a1 ,25)doxodixy
JA J Ay

+ J kP (x)dx. (2.2)
A1NAy

We note that the second term appears because if the areas
Ay and A, are not disjoint, as then the expectation
E(ly, N Aq]]y; N Ap|) counts also the pair of the agent and
itself, and that the density of such self-pairs is given by the
density kV(x) of the agents themselves. Similarly, we may
define three-point or four-point correlation functions, or
more generally the correlation functions of any order. Corre-
lation functions of all possible orders are collected into the
vector ki(m), where n € I, and I} is the set of all finite
subsets of R?.

The focus of the present paper is to develop methods for
predicting spatio-temporal correlation functions that emerge
from the dynamics of any RCP model. While the method-
ology extends to an arbitrary number of time points, we
restrict the treatment here to two time points, denoted by t
and t+ At, where At > 0. With the spatio-temporal corre-
lation function k; z;(x1,x2), we wish to ‘look’ at the system at
location x; at time f, and at location x, at time t + Atf, thus
having a time lag At between the two observations. The
spatio-temporal correlation function relates to the expected
product between the number of agents that are in the area
Ay at time t, and the number of agents that are in the area
A, at time t + At

E("yt N A1 ||Vt+m N Az‘) = J J kt,At(Jq,Xz)dedX]
A JA,y

+ J ki ar(0)dx. (2.3)
ANA

We note that as with equation (2.3), we have included
here the term k;(x) that arises due to a possibility of a
self-pair, if an agent that was present at location x at time ¢
is still there at time ¢ + Af.

Earlier work [6] shows that for any RCP model, the vector
of correlation functions of all orders follows a differential
equation that can be written as

d
at ki(m) = (LAkt)(TI), (2.4)

where the linear operator L2 can be derived for any RCP
model using the systematic and mathematically rigorous pro-
cedure of [6]. For example, the dynamical equation of the
one-point correlation function in the SSLM is given by

d

dtkg“(x) = —mk® (x)

- J a (x — yk? (x,y)dy+J at(x — kP (y)dy.
Rd

Rd

(2.5)
The general expression for the operator L* describes the
dynamics simultaneously for all orders of correlation func-

tions and is given for the SSLM in [5].
While the mathematical methods for deriving the dyna-
mical equations of spatial correlation functions are well
developed for RCP models [6], a corresponding theory for
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Figure 1. An illustration of the relationship between an primary model and the corresponding auxiliary model. The primary model is shown in (g,¢e), and it consists
of a single entity type, shown by the filled circles. The auxiliary model is shown in (b,d,f), and it consists of three entity types: original agents (empty circles), past
agents (circles with minus sign) that were present initially but that are not present currently, and new agents (circles with plus sign) that were not present initially
but are present currently. For any time lag At, the initial configuration of the primary model (a) can be reconstructed from the auxiliary model as the union of the
original and past agents, whereas the current configuration of the primary model (e.g. (e)) can be reconstructed from the auxiliary model (e.g. panel (f)) as the

union of the original and new agents.

spatio-temporal correlation functions has been lacking. Thus,
the open question that we solve here is how to obtain an
expression for the spatio-temporal correlation functions
ki ar(x1,x).

3. The auxiliary model: original, new and past
agents

The main idea behind our solution of how to obtain spatio-
temporal correlation functions is illustrated in figure 1.
Panels a,c and e illustrate the dynamics of a particular para-
meterization of the SSLM on R?, the locations of the agents
shown for a small subset of the simulation domain. The snap-
shots shown in 4, ¢ and e illustrate the dynamics at time
points t=0,t=0.1 and t=3.0, respectively. To address
spatio-temporal correlations, we consider an auxiliary
model, the dynamics of which are illustrated in b, d and f of
figure 1. In the auxiliary process, the time ¢ of the primary
model is kept fixed, here t=0. The dynamic time variable

of the auxiliary model is At, which is the time since the auxili-
ary process was initiated. The auxiliary model involves three
kinds of agents. The first set of agents, called the original
agents (or the O agents), are those that were present initially
(at time f when At = 0) and that are still present at the current
time At. The new agents (or the + agents) are those agents that
were not present initially but are present at the current time
(when At > 0). The past agents (or the-agents) are those
that were present initially but that are not present anymore
(at At > 0). We denote by %, the set of original agents, by
¥}; the set of new agents and by v;, the set of past agents.
Initially (at At = 0), the auxiliary model consists solely of the
original agents, whose distribution is thus identical to the dis-
tribution of the agents of the primary model (figure 1a,b) so
that ngzo =7, whereas v}, and vy, are empty. At a later
time, the state of the auxiliary model will involve a mixture
of the original, new and past agents (figure 1d). After a long
enough time, the state of the auxiliary model will consist
solely of the new and past agents (figure 1f), assuming that
the dynamics of the system are such that all agents have a
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positive death rate (or more generally, may act as reactants), as
is the case with SSLM.

The utility of the auxiliary model is that it allows one
to re-construct both the initial (At = 0) and current (At > 0)
configuration of the primary model. Namely, the initial con-
figuration of the primary model is the union of the original
and the past agents (y, = 5, U v;,), whereas the current con-
figuration of the primary model is the union of original and
the new agents (y,,5, = 7%, U v4). The spatial correlation
function of the auxiliary model thus includes the necessary
information for constructing the spatio-temporal correlation
function of the primary model. Namely, denoting the spatial
correlation function of between agent types A € {O,+ ,—}
and B € {O, +,—} in the auxiliary model by kftB (x,y), we can
compute the spatio-temporal correlation function of the
primary model as

ke ar(ey) = KSP Gey) + kQF (o) + kP (y)
+ ko),
ki ar(x) = kf,(x) (3.1)

If the primary model belongs to the class of RCP models,
the auxiliary model will also do so (though see electronic
supplementary material for a more technical discussion),
and hence it is possible to use earlier established methods
to describe the time evolution of its spatial correlation func-
tions (equation (2.4)), and hence by equation (3.1) the
spatio-temporal correlations of the primary model.

We next develop the above idea in more detail by defin-
ing the auxiliary model corresponding to the SSLM. Let us
first consider the process of density-dependent death. If an
original agent dies, it becomes a past agent, which will
remain in the system indefinitely. If a new agent dies, it
will disappear from the system. Thus, the density-indepen-
dent death induces two reactions for the auxiliary model:
change of type from original to past agents and disappear-
ance of new agents, both taking place with rate m.
Similarly, density-dependent death induces the two reactions,
in one of which original agents change their type to become
past agents, and in the other one of which new agents disap-
pear. Both of these reactions take place with rate
Zyéyg’,uﬂ, a~(x —y), where the sum goes over the union of
original and new agents as these are the agents that are actu-
ally present in terms of the primary model. Finally,
reproduction produces new agents in the auxiliary model at
location y with the per-unit-area rate ZXEVQIUYL at(x—y).
Again, the sum goes over the union of original and new
agents, as these are the agents that are actually present and
thus produce offspring. The full mathematical definition of
this auxiliary model is given in the electronic supplementary
material.

4. Solving spatial and spatio-temporal

correlations with a perturbation expansion

While equation (2.4) is exact, it is typically not closed in the
sense that the dynamics of the lower order correlation functions
depend on higher order correlation functions [5,6], e.g. the
dynamics of the first-order correlation function depending on
the second-order correlation function in equation (2.5). This
means that equation (2.4) cannot be solved analytically or
numerically except for some trivial cases, such as the SSLM

without density-dependent death. To resolve this issue, [5,6] “

developed a perturbative approach by which equation (2.4)
can be solved approximately, the accuracy of the approximation
increasing with increasing length scales of the spatial kernels
involved. To do so, all spatial kernels, such as the competition
kernel 4~ and reproduction kernel a *, are scaled as

a5 (x) := elalex). (4.1)

This scaling preserves the integral of the kernel but makes
the spatial interactions increasingly long ranged when ¢ — 0.
We denote correlation functions of the scaled process by k..
The utility of the perturbation expansion is that it results in a
mathematically rigorous approximation of correlation func-
tions. Namely, it can be shown [5,6] that for the first-order
correlation, i.e. for population density, it holds that

ke () = qi(ex) + &'py(ex) + 0(e”). (4.2)

Here g;(x) is the mean-field term, p;(x) is the first-order
correction to it, and o(?) denotes a term that, when divided
by &%, vanishes when & — 0. For higher orders of the correla-
tion function, the perturbation expansion is most naturally
written in terms of the cumulants instead of the correla-
tion functions. The second-order cumulant is defined by
u(x,y) = k(x,;y) — k()k(y), and a general expression for the
cumulant of order 7 is given in [5]. It can be shown [5,6] that
the second-order cumulant follows the perturbation expansion

1 (y) = elgilex,ey) + o), (4.3)

where g;(x,y) is the leading term of the second-order cumulant.

The key utility of the perturbation expansion is that it pro-
duces a closed set of equations that can be solved explicitly.
Namely, for the general class of RCP models, the perturbation
expansion results in the set of equations [6]:

d
"= Hy(ge), (4.4)
d
agt = H,(q1,81), (4.5)
d
FTL H, (1,810, (4.6)

meaning that one can first solve (analytically or numerically)
q: from equation (4.4), then g; from equation (4.5), and finally
pr from equation (4.6).

It is worth noting that equations (4.5) and (4.6) are linear
in g and p;, respectively, and hence are always solvable ana-
lytically, in terms of g;. On the other hand, these equations
are non-homogeneous, in particular, zero-functions do not
solve them. This means that even if the initial distribution
of agents is spatially completely random (follows the Poisson
distribution), the dynamics will not follow the mean-field
model over time but spatial correlation will evolve. Note
also that, in the case of agents of different types, all equations
(4.4)-(4.6) are vector equations. The reference [6] provides a
full mathematical explanation of the equations (4.4)—(4.6), as
well as computer code that allows one to automatically
generate them for any specific RCP model.

To simplify the notation, we consider in the examples
below the case where the initial condition is spatially homo-
geneous. In this case, the first-order correlation function is
independent of spatial location, and we may thus write
qi(x) =q; and p(x) = p;. Further, second-order correlation
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functions and cumulants depend only on the distance between
the two points, and thus we may write g;(x,y) = g:(x — v).

While the perturbation expansion for spatial correlations
(equations (4.4)—(4.6)) was published earlier [5,6], we now
turn to the new result, which is the perturbation expansion
for spatio-temporal correlations. To do so, we first extend
the definition of the two-point spatial cumulant into the
two-point spatio-temporal cumulant as

u ar(y) = ke ar(,y) — ki(Okear(y)- (4.7)

In the space-homogeneous case, we can write
ugar(ey) = ugar(x —y). Applying equation (3.1), we may
write the spatio-temporal cumulant of the primary model
in terms of spatial cumulants of the auxiliary model,

1 ar(0) = P () + Ul () + 1y () + 1y, (). (4.8)
Applying next the perturbation expansion, we may write

Ut pr(x) = £7g1 ar(eX) + 0(e), (4.9)

where g; o¢(x) is the leading term of the second-order spatio-
temporal cumulant. By applying the perturbation expansion
for spatial correlation functions to the auxiliary model (for
details, see electronic supplementary material), we obtain
that, similarly to equation (4.8)

8ar() = ¢80 (W) + 887 (0 + ¢’ W + g5 (0. (4.10)

Since the leading terms of the second-order spatial cumu-
lants for the auxiliary model can be solved from equation
(4.5), one can solve g;:(x) by summing these up according
to equation (4.10). In the space-homogeneous case, one can,
however, solve g a:(x) also more directly. Namely, if defining
hiar( = 8, 0 (O + q%,, where g denotes the Fourier transform
of the function g, then h; »; satisfies a linear equation

d

TV ht,At = Hh,At(CitJrAt,ht,At),

A (4.11)

where gy, A is the solution to equation (4.4) at time t 4 At. In
contrast with equation (4.5) and (4.6), equation (4.11) is
homogeneous, ie. the zero-function formally solves it,
making it efficient for mathematical analyses. We note that
at time lag At =0 the spatio-temporal cumulant coincides
with the spatial cumulant, and hence g;o(x) = g/(x) and
q%,_o = qt, which provide the initial condition for equation
(4.10): ho(d = g,(& + qr. The equations for 4%,,g:-a¢ and hyas
form a closed system, and hence it is possible to solve g a¢(x)
at least numerically. In the electronic supplementary material,
we derive equation (4.11) for all the processes needed to con-
struct the two example models of this paper. We hypothesize
that equation (4.11) holds more generally for any RCP model
and expect to prove this in a forthcoming paper.

5. Spatio-temporal correlations in the spatial and
stochastic logistic model

We next solve the spatio-temporal correlation structure of the
SSLM. We first recall from earlier work [5] that in the transla-
tionally invariant case, the mean-field equation of the SSLM
is given by the deterministic and non-spatial logistic model,

H,(qy) = (A" —m)q — A q7, (5.1)
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two-point cumulant

0.010
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0.000 -

0 2 4 6 8 10
spatial lag Ax

Figure 2. Spatio-temporal correlations in the spatial and stochastic logistic
model. Continuous lines are based on analytical calculations and dots are
based on simulations. Model parameters were set to AT =2, A~ =1,
and m=1. Both the reproduction kernel a* as well as the competition
kernel @~ were assumed to have a Gaussian shape exp(—|x|*/2) and
length scale £ = 1/2 . The initial condition was Poisson (complete spatial
randomness) with intensity 1. Simulations were conducted with the simulator
of [6] in a 800-by-800 unit square with periodic boundary conditions, with
the Gaussian kernels truncated with truncation radius 12. Spatio-temporal
cumulants were calculated from the time-period between 10 and 30 time
units in order to ignore the initial transient. The dots show the averages
over three simulation replicates.

where At = [, a"(x)dx and A~ = [p,a~(¥)dx. The equations
(4.4)-(4.5) and equation (4.10) allow one to consider how
the leading terms of population densities, spatial correlation
functions and spatio-temporal correlation functions evolve
during transient dynamics (for details, see electronic sup-
plementary material). At the stationary regime, i.e. the limit
of t — oo, we recall from [5] that the leading term of the
population density converges (assuming a positive initial
population density) to

AT —m

Qe =—J= (5.2)
and that the fixed point to equation (4.5) is given by
- i@ —g.a(
8.0 =g. g4 © (5.3)

At —a (@ +q.a (d

As detailed in the electronic supplementary material, for
the SSLM the limit of equation (4.10) as t — oo is described by

Zeont®d = @ + 3, (D) exp (—[AT —a" (&) + q.a (H]AH
—g.exp{—ATAt. (5.4)

Hence, under assumptions on the reproduction and compe-
tition kernels described in the electronic supplementary
material, in the SSLM the spatio-temporal correlations decay
exponentially with increasing time lag Atf, with the rate of
decay depending on the frequency parameter ¢ in the Fourier
space. Moreover, we verify in the electronic supplementary
material that with increasing time lag (At — o), the cumulant
vanishes also in the real-space (g;a¢(x) — 0), confirming the
intuitively obvious expectation that point configurations
become statistically independent of each other if the time
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Figure 3. Spatio-temporal dynamics of the host—parasite model. These show mean-field dynamics (a), a snapshot of simulations (b), and the second-order spatio-
temporal cumulant between parasites and hosts as resolved by the mathematical method (c), by simulations (d) and the difference between these two (e). Model
parameters were set to AT = 1,A~ = 0.1, B="Tand m=1. Al kemels a*, a~ and b were assumed to have a Gaussian shape exp(—|)(|2 /2) and length scale
€ = 1/2 . The mean-field dynamics (a) was solved using deSolve package in R with initial density of hosts set to 1 and that of parasites set to 0.3. Simulations
were conducted with the simulator of [6] in a 800-by-800 unit square with periodic boundary conditions, with the Gaussian kernels truncated with truncation radius
6. The snapshot (b) is a zoom into a 30-by-30 unit area recorded 70 time units after model initialization. The spatio-temporal cumulant (d) was calculated from the
time-period between 20 and 70 time units in order to ignore the initial transient using the data from a single simulation. Note the different scale of the z-axis in

(e) as compared to (¢d).

between recording them becomes very long. We also note that
this property holds in the SSLM not only at the stationary state
(t — o), but more generally also for any fixed f (see the elec-
tronic supplementary material). To obtain the spatio-temporal
correlations in the real-space, the inverse Fourier transform of
g4, can be computed numerically. Figure 2 illustrates the
match between such a numerically derived solution (the lines)
and simulation-based results (the dots) is accurate not only
for the two-point spatial cumulant (lines with At = 0), but
also for spatio-temporal cumulants (lines with At > 0).

6. Spatio-temporal correlations in a
host—parasite model

To illustrate how the methodology described above

applies to the general class of RCP models, we next derive

the spatio-temporal correlations for a host-parasite model,
called henceforth the HP model. The HP model differs from
the SSLM in two qualitative aspects. First, while the SSLM
concerns only one type of agents, the HP model involves
two types of agents, namely the hosts and the parasites.
Second, while the dynamical behaviour of the SSLM is
very simple, the HP model shows much richer dynamics,
with damping oscillations in the mean-field dynamics and
locally synchronized oscillations in the full stochastic and
spatial model.

We denote the host and parasite configurations by ¥ and
y’, respectively. The model can be defined verbally as follows:
hosts produce other hosts with kernel 2™ and have density-
dependent mortality with kernel a~. Parasitized hosts turn
uninfected hosts into parasitized hosts with kernel b, and
parasitized hosts have density-independent mortality with
rate m. The full mathematical description of the model is
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Figure 4. Comparison between mathematical predictions (lines) and simulation-based approximations (dots) of spatial (a) and spatio-temporal (b) correlations in
the HP model. The model parameters, simulation strategy and computation of spatio-temporal cumulants are identical to those in figure 3. The two-point cumulants
are shown for host—host (HH), parasite—parasite (PP), host—parasite (HP) and parasite—host (PH).

given in the electronic supplementary material, and its mean-
field approximation is given by

d :
g =4 AT - ATql — By)

4 (6.1)
31 = a7 Bai’ —m)

Here A", A~ and B denote the integrals of the kernels a”,
a~ and b, respectively. We note that this HP model can be
equally well interpreted as a predator—prey model.

Figure 3 illustrates the damping oscillations generated by
the parameterization we have chosen for the mean-field
model, as well as a spatial patterning of the distribution of
hosts and parasites as recorded from the stationary state of
the agent-based simulation.

We computed the leading term of the spatio-temporal
cumulant of the HP model by applying the methodology
described above, i.e. by first constructing the auxiliary ver-
sion of the HP model, and then applying the perturbation
expansion approach to it (see electronic supplementary
material for details). Figure 3 ¢, d and e show a strikingly
good match between the analytically derived (figure 3c)
and simulation-based (figure 3d) spatio-temporal cumulant
between parasites (recorded at time t) and hosts (recorded
at time t 4 At). Note that this two-point cumulant is negative
for short time lags, meaning that areas with a high density of
parasites will in the near future have a low density of hosts,
as expected from the fact that parasites consume hosts.
With increasing time lag At, the spatio-temporal cumulant
shows damping oscillations that alternate between positive
and negative values. With increasing spatial lag Ax, the
spatio-temporal cumulant expectedly decreases to zero,
meaning that the dynamics in locations far away from each
other are statistically independent of each other. Figure 4
further shows the two-point cumulant as a function of the
time lag At for all four pairs between the two types of
agents. We observe that all four two-point cumulants oscil-
late over time, and that the rate of damping in the
oscillations is faster for short spatial distances than for large
spatial distances. Most importantly, figure 4 illustrates that

the mathematical theory (lines) is a very accurate approxi-
mation of the simulated behaviour of the agent-based
model (dots). Further illustrations, including a movie that
visualizes the time evolution of the point configurations,
are given in electronic supplementary material.

7. Discussion

In this work, we have presented a general methodology for
deriving the spatio-temporal correlation structure for the
class of RCP models. The main idea behind our method is to
define an auxiliary process which, even if being a ‘memoryless’
Markov process, keeps track not only on the distribution of the
present agents, but also the distribution of the agents at an ear-
lier time. With the help of this property, the spatio-temporal
correlations of the original process correspond to the spatial
correlations of the auxiliary process, and thus the previously
derived toolbox for assessing spatial correlations [5,6] applies
also for spatio-temporal correlations. To our knowledge, the
method developed here is the first one that can be used to
mathematical study the spatio-temporal correlations in spatial
Markov processes with local interactions.

In both of the example models we considered, we found
the function Hga; of equation (4.11) to be related in a
simple way to the function Hy of equation (4.5) (see electronic
supplementary material for details). While we are not able to
prove that such a simple relationship between Hy and Hg a¢
holds in the general case, we conjecture that this is the case.
If the conjecture holds, it would make it even more straight-
forward to derive spatio-temporal correlations, as one could
directly write down the dynamical equation for the spatio-
temporal cumulants without the need to first construct the
auxiliary model. We thus hope that future work will resolve
whether the conjecture holds for all RCP models or some
special subset of them.

In both of the example models we considered, we found
that the linear equation (4.11) for the auxiliary function
Puar = o + 4%, is homogeneous, making it especially con-
venient for further analysis. Supported by the fact that this
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property holds for all of the reactions included in the example
models, we conjecture that the same property holds for all
RCP models, or at least some large subset of them. We thus
hope that future work will find out general form for equation
(4.11) in terms of reaction rates of RCP models, as that would
enable the straightforward incorporation of spatio-temporal
correlation structures into the toolbox of [6].

While the methods presented here apply to the large class
of RCP models as such, not all agent-based models can be
formulated as RCP models. Namely, many agent-based simu-
lation models that are primarily aimed at simulation tools can
be difficult to even define mathematically, and they can com-
bine deterministic and stochastic rules to incorporate e.g.
environmental heterogeneity in space and time and processes
related to the ageing or learning of the agents. Such models
are clearly not possible to implement within the relatively
simplistic framework of RCP models, as these models are
restricted to continuous space, continuous time, point-like

References

1. Grimm V, Railsback SF. 2005 Individual-based

modeling and ecology. Princeton, NJ: Princeton

University Press. 1.
2. Filatova T, Verburg PH, Parker DC, Stannard CA.

2013 Spatial agent-based models for socio-

ecological systems: challenges and prospects.

Environ. Model. Softw. 45, 1-7. (doi:10.1016/j. 2016.01.012)

versus dispersal and density regulation. Am. Nat.
154, 271-281. (doi:10.1086/303240)

Engen S, Saether BE. 2016 Spatial synchrony in 20. Rajesh R, Majumdar SN. 2000 Exact calculation of
population dynamics: the effects of demographic

stochasticity and density requlation with a spatial
scale. Math. Biosci. 274, 17-24. (d0i:10.1016/j.mbs.

agents and solely stochastic processes. Yet, the fundamental [ 9 |

idea shown in figure 1 that forms the basis of this work
extends much beyond RCP models.

Ethis. This article does not present research with ethical
considerations.

Data accessibility. This article has no data.

Authors” contributions. O.O. conceived the original idea and wrote the
main text of the paper. P.S. performed the simulations and prepared
the figures and videos. D.F. performed the mathematical analyses
and wrote the electronic supplementary material. All authors contrib-
uted to discussions and edited the paper.

Competing interests. We declare we have no competing interests.

Funding. O.O. and P.S. were supported by funding from the Academy
of Finland (grant no. 309581 to O.0.), the Jane and Aatos Erkko Foun-
dation and the Research Council of Norway (CoE grant no. 223257).

Acknowledgements. We thank two anonymous reviewers for helpful
comments on the manuscript.

Simul. Model. Practice Theory 87, 412-431. (doi:10.
1016/j.simpat.2018.07.005)

the spatiotemporal correlations in the Takayasu
model and in the q model of force fluctuations in
bead packs. Phys. Rev. E 62, 3186—3196. (doi:10.
1103/PhysRevE.62.3186)

envsoft.2013.03.017) 12. Peltonen M, Liebhold AM, Bjornstad ON, Williams 21, Boettcher S, Paczuski M. 1996 Exact results for

3. Bonabeau E. 2002 Agent-based modeling: methods
and techniques for simulating human systems. Proc.
Natl Acad. Sci. USA 99, 7280-7287. (doi:10.1073/
pnas.082080899)

DW. 2002 Spatial synchrony in forest insect
outbreaks: roles of regional stochasticity and
dispersal. Ecology 83, 3120-3129. (doi:10.1890/
0012-9658(2002)083[3120:SSIFI0]2.0.0;2) 76.348)

spatiotemporal correlations in a self-organized
critical model of punctuated equilibrium. Phys.
Rev. Lett. 76, 348-351. (doi:10.1103/PhysRevLett.

4. Grimm V et al. 2005 Pattern-oriented modeling of ~ 13. Heino M, Kaitala V, Ranta E, Lindstrom J. 1997 22. Engen S. 2017 Spatial synchrony and harvesting in

agent-based complex systems: lessons from ecology.
Science 310, 987-991. (doi:10.1126/science.
1116681)

Synchronous dynamics and rates of extinction
in spatially structured populations. Proc. R. Soc. B
264, 481-486. (doi:10.1098/rspb.1997.0069)

fluctuating populations: relaxing the small noise
assumption. Theor. Popul. Biol. 116, 18—26. (doi:10.
1016/j.tph.2017.06.002)

5. Ovaskainen O et al. 2014 A general mathematical 14. Adeli H, Panakkat A. 2009 A probabilistic neural 23.  Ovaskainen 0, Cornell SJ. 2006 Space and

framework for the analysis of spatiotemporal point
processes. Theoretical Ecol. 7, 101-113. (doi:10.

1007/512080-013-0202-8) 2009.05.003)

network for earthquake magnitude prediction.
Neural Netw. 22, 1018—1024. (doi:10.1016/j.neunet.

stochasticity in population dynamics. Proc. Natl
Acad. Sci. USA 103, 12 781-12 786. (doi:10.1073/
pnas.0603994103)

6. Cornell S, Suprunenko Y, Finkelshtein D, Somervuo ~ 15. Mori T, Kawamura H. 2005 Simulation 24, Ovaskainen 0, Cornell SJ. 2006 Asymptotically exact

P, Ovaskainen 0. 2019 A unified framework for
analysis of individual-based models in ecology and

beyond. Nat. Commun. 10, 4716. (doi:10.1038/ Lett. 94, 058501.

study of spatiotemporal correlations of earthquakes
as a stick-slip frictional instability. Phys. Rev.

analysis of stochastic metapopulation dynamics with
explicit spatial structure. Theor. Popul. Biol. 69,
13-33. (doi:10.1016/j.tpb.2005.05.005)

$41467-019-12172-y) 16. Felinks B, Wiegand T. 2008 Exploring 25. North A, Ovaskainen 0. 2007 Interactions between

7. Bjornstad ON, Ims RA, Lambin X. 1999 Spatial
population dynamics: analyzing patterns and
processes of population synchrony. Trends Ecol.

spatiotemporal patterns in early stages of primary
succession on former lignite mining sites. J. Veg. Sci.
19, 267-276. (doi:10.3170/2008-8-18369)

dispersal, competition, and landscape
heterogeneity. Oikos 116, 1106-1119. (doi:10.1111/
j.0030-1299.2007.15366.%)

Evol. 14, 427-432. (doi:10.1016/50169- 17. Whitman J, Dhanji A, Hayot F, Sealfon SC, 26. Cornell SJ, Ovaskainen 0. 2008 Exact asymptotic

5347(99)01677-8)
8. Walter JA et al. 2017 The geography of spatial
synchrony. Ecol. Lett. 20, 801-814. (doi:10.1111/

ele.12782) 2019.110026)

9. Liu ZG, Gao M, Zhang FP, Li ZZ. 2009 Synchrony 18. Strain MC, Richman DD, Wong JK, Levine H. 2002
Spatiotemporal dynamics of HIV propagation.
J. Theor. Biol. 218, 85-96. (doi:10.1006/jtbi.

of spatial populations induced by colored
environmental noise and dispersal. Biosystems

98, 115-121. (doi:10.1016/j.biosystems. 2002.3055)

2009.08.001) 19. Cliff OM et al. 2018 Investigating spatiotemporal

10. Lande R, Engen S, Saether BE. 1999 Spatial scale of
population synchrony: environmental correlation

Jayaprakash C. 2020 Spatio-temporal dynamics of
host-virus competition: a model study of influenza
A. J. Theor. Biol. 484, 110026. (doi:10.1016/j.jtbi.

dynamics and synchrony of influenza epidemics in
Australia: an agent-based modelling approach.

analysis for metapopulation dynamics on correlated
dynamic landscapes. Theor. Popul. Biol. 74,
209-225. (doi:10.1016/j.tpb.2008.07.003)

27. Rybicki J, Abrego N, Ovaskainen 0. 2020 Habitat
fragmentation and species diversity in competitive
communities. Ecol. Lett. 23, 506-517. (doi:10.1111/
ele.13450)

28.  Ovaskainen 0, Rybicki J, Abrego N. 2019 What can
observational data reveal about metacommunity
processes? Ecography 42, 1877-1886. (doi:10.1111/
€c0g.04444)

§5900207 :LL 2wpau) 20§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos


http://dx.doi.org/10.1016/j.envsoft.2013.03.017
http://dx.doi.org/10.1016/j.envsoft.2013.03.017
http://dx.doi.org/10.1073/pnas.082080899
http://dx.doi.org/10.1073/pnas.082080899
http://dx.doi.org/10.1126/science.1116681
http://dx.doi.org/10.1126/science.1116681
http://dx.doi.org/10.1007/s12080-013-0202-8
http://dx.doi.org/10.1007/s12080-013-0202-8
http://dx.doi.org/10.1038/s41467-019-12172-y
http://dx.doi.org/10.1038/s41467-019-12172-y
http://dx.doi.org/10.1016/S0169-5347(99)01677-8
http://dx.doi.org/10.1016/S0169-5347(99)01677-8
http://dx.doi.org/10.1111/ele.12782
http://dx.doi.org/10.1111/ele.12782
http://dx.doi.org/10.1016/j.biosystems.2009.08.001
http://dx.doi.org/10.1016/j.biosystems.2009.08.001
http://dx.doi.org/10.1086/303240
http://dx.doi.org/10.1016/j.mbs.2016.01.012
http://dx.doi.org/10.1016/j.mbs.2016.01.012
http://dx.doi.org/10.1890/0012-9658(2002)083[3120:SSIFIO]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[3120:SSIFIO]2.0.CO;2
http://dx.doi.org/10.1098/rspb.1997.0069
http://dx.doi.org/10.1016/j.neunet.2009.05.003
http://dx.doi.org/10.1016/j.neunet.2009.05.003
http://dx.doi.org/10.3170/2008-8-18369
http://dx.doi.org/10.1016/j.jtbi.2019.110026
http://dx.doi.org/10.1016/j.jtbi.2019.110026
http://dx.doi.org/10.1006/jtbi.2002.3055
http://dx.doi.org/10.1006/jtbi.2002.3055
http://dx.doi.org/10.1016/j.simpat.2018.07.005
http://dx.doi.org/10.1016/j.simpat.2018.07.005
http://dx.doi.org/10.1103/PhysRevE.62.3186
http://dx.doi.org/10.1103/PhysRevE.62.3186
http://dx.doi.org/10.1103/PhysRevLett.76.348
http://dx.doi.org/10.1103/PhysRevLett.76.348
http://dx.doi.org/10.1016/j.tpb.2017.06.002
http://dx.doi.org/10.1016/j.tpb.2017.06.002
http://dx.doi.org/10.1073/pnas.0603994103
http://dx.doi.org/10.1073/pnas.0603994103
http://dx.doi.org/10.1016/j.tpb.2005.05.005
http://dx.doi.org/10.1111/j.0030-1299.2007.15366.x
http://dx.doi.org/10.1111/j.0030-1299.2007.15366.x
http://dx.doi.org/10.1016/j.tpb.2008.07.003
http://dx.doi.org/10.1111/ele.13450
http://dx.doi.org/10.1111/ele.13450
http://dx.doi.org/10.1111/ecog.04444
http://dx.doi.org/10.1111/ecog.04444

29.

30.

Rybicki J, Kisdi E, Anttila JV. 2018 Model of bacterial
toxin-dependent pathogenesis explains infective
dose. Proc. Natl Acad. Sci. USA 115, 10 690—10 695.
(doi:10.1073/pnas.1721061115)

North A, Pennanen J, Ovaskainen 0, Laine AL. 2011
Local adaptation in a changing world: the roles of

31

gene-flow, mutation, and sexual reproduction.

Evolution 65, 79-89. (doi:10.1111/j.1558-5646.

2010.01107.x)

North A, Comnell S, Ovaskainen 0. 2011
Evolutionary responses of dispersal distance to
landscape structure and habitat loss. Evolution

32.

65, 1739-1751. (doi:10.1111/j.1558-5646.2011.
01254.x)

Gurarie E, Ovaskainen 0. 2013 Towards a general
formalization of encounter rates in ecology.
Theoretical Ecol. 6, 189-202. (doi:10.1007/512080-
012-0170-4)

§5900207 :LL 2wpau) 20§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos


http://dx.doi.org/10.1073/pnas.1721061115
http://dx.doi.org/10.1111/j.1558-5646.2010.01107.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01107.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01254.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01254.x
http://dx.doi.org/10.1007/s12080-012-0170-4
http://dx.doi.org/10.1007/s12080-012-0170-4

	A general mathematical method for predicting spatio-temporal correlations emerging from agent-based models
	Introduction
	The mathematical framework of reactant–catalyst–product models
	The auxiliary model: original, new and past agents
	Solving spatial and spatio-temporal correlations with a perturbation expansion
	Spatio-temporal correlations in the spatial and stochastic logistic model
	Spatio-temporal correlations in a host–parasite model
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


