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Abstract: This literature review is dedicated to the subject of agent-based modelling for the system of
international migration, and of the modelling of policies that are known to aid in its management.
The reason for the selection of agent-based modelling as a framework for studying international
migration is that the system of international migration presents the characteristics of a complex
system: notably, its property of emergence, which therefore imposes the usage of a methodology for
its modelling that is capable of reflecting its emergent traits. The policies that we study are those that
intervene in the country of origin of emigrants and that are aimed at decreasing the aggregate volume
of emigrants from that country. The reason for this choice is that policies in the countries of origin
have become particularly attractive today, especially in European countries, under the assumption
that it should be possible to prevent the migrants from reaching the point of destination of their
journey if some kind of action is undertaken before the migrants arrive. We start by discussing the
theoretical constraints that suggest how this approach may only partially be valid. Then, to assist the
development of future agent-based models that study migration, we identify via topic mining the
ten topics that are most commonly discussed in the literature on the application to the international
migration of agent-based models; this lets us highlight the characteristics of an agent-based model
that should be included when the research task relates to the usage of ABM to study international
migration and its associated policies. Finally, we indicate why the existing literature on the modelling
of international migration is missing a key aspect that is required to correctly model policies: the
integration between agent-based approaches and systems dynamics.

Keywords: agent-based modelling; international migration; migration policies; system dynamics

1. Introduction

This paper analyses the usage of agent-based modelling in migration studies and,
in particular, its application for studying migration policies in the country of origin of
migrants. The objective of this study is the identification of the “known-knowns” in the
literature on migration, concerning the types of policies that can be applied to manage
emigration, as they can be studied through agent-based models. We also want to find the
limitations and knowledge gaps that are present in the literature, in order to improve the
capacity of models to represent the real-world phenomenon, which would, in turn, assist
in the management thereof.

It is arguable that politics, and in particular European politics, has a strong desire to
manage immigration to Europe in such a manner as to reduce it (Carling 2011). Legislative
mechanisms for immigration control are in place (Brochmann and Hammar 2020), and their
stated objective consists of the creation of instruments by means of which immigration can
be limited. Whether the underlying phenomenon can be controlled through instruments,
and in particular legal instruments, remains however the subject of controversy. A common
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illusion in the sector of political science, and in particular in the branch of the discipline
that studies norms and regulations and their impact on society, is the idea that, through
laws, it is possible to control social systems. This may be incorrect (Hejl 1990), and, if it is
incorrect, then all legal constructions that depend upon it are also incorrect. Let us replace
for a second the object, which is supposed to be regulated by law, and shift it from a social
to a physical object, to clarify why this is the case. Immigration is often described as a flow
of persons across a political border (Nica 2015), with the alternative term of streams also
found in the literature (Capps et al. 2012). Let us suppose that the phenomenon that a
particular law is supposed to regulate is not a flow of immigrants, but rather the flow of
water proceeding down a river (see Figure 1).
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The reason why the first approach, based on law, does not work is that the river does 
not function in such a manner that human laws can influence it. A person or politician 
who believed otherwise would be deluded and is bound to be eventually disappointed 
upon finding out that their policies are not followed by the moving particles. The reason 
why the second approach, the one based on engineering, may work is that the latter is 

Figure 1. Particles of water, a river, flowing through a political border.

Let us now consider the situation in which we, as the political decision-makers of the
country into which the river flows, decide to control the flow of water in the sense of its
reduction. The only instrument that we have available for our purpose is the law because
this is the toolset that our office provides. We could, in this case, attempt to adopt a law
that makes it illegal for the particles of water to cross through the arbitrary border that
we claim to correspond to our territorial area of competence, and we would be surprised
when we find out that the water does not comply to our instructions. Instead, we could
also attempt to control the flow by adopting a law that favours the development of, say, a
dam, which would let us reshape the river and modify its course (see Figure 2).
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Figure 2. How to modify a flow of water.

The reason why the first approach, based on law, does not work is that the river does
not function in such a manner that human laws can influence it. A person or politician
who believed otherwise would be deluded and is bound to be eventually disappointed
upon finding out that their policies are not followed by the moving particles. The reason
why the second approach, the one based on engineering, may work is that the latter is
based upon the scientific understanding of what a flow of water is, and the technical way to
intervene in it; moreover, and more importantly, it is based upon the rules that its behaviour
follows, independently from the human intervention. A river such as the one we described,
regardless of whether any specific human observer would see it, would behave according
to the same immutable rules.
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Now, as we shift from the consideration that water flows through political borders,
to the consideration that humans also ‘flow’, we might be tempted to claim that humans
are special systems and that they do not behave like the water particles in a river. Namely,
we might be tempted to say that the law of the State can regulate them and can influence
their behaviour; this may or may not be true: of course, we may find out that, in some
particular cases, the words of a legislator as they are embedded in a policy are being
followed by the humans that flow, but there is no reason to think that this has to be the case.
An engineering- or physics-based approach to the study of migration, aimed at learning
its rules and at developing technology around it, might function where the policy-based
approach might fail.

Notice that this is generally not how we look at international migration: instead, we
consider the interaction between migration drivers and policy in some pair of countries, as
a non-linear process that is mediated by the migration flows that take place between those
two countries (Czaika et al. 2021). We do not assume that migration happens autonomously,
and void of any attempt on the part of some humans to regulate it, mainly because we
observe that governments, indeed, meddle with it significantly. The effects of governments’
intervention on migration, then, differ significantly from the intended ones, and may
even end up causing the opposite of the intended effects, such as by increasing irregular
migration while intending to decrease it (Czaika and Hobolth 2016).

Notice also that building dams for managing migration flows is, in practice, very
common: for example, we can observe that there is an actual fence (a dam sui generis) that
separates India from Bangladesh (McDuie-Ra 2014), which leads to a variety of human
right violations. Another fence also exists between Israel and Palestine, and one could
argue that the political identity of the Palestinians is indeed a derivation of the physical
artefact (the fence) located along the border (Mana et al. 2015); this suggests that, hidden in
the idea that migration can be managed, lies the consideration that migration must follow
some kind of physical constraints of the environment, and that by intervening on those
physical constraints it is possible to shape migration accordingly.

This is not an argument in favour of the securitisation of political borders, as one may
incorrectly think by extending the analogy between rivers and dams, on one hand, and
migration streams and walls on the other. Instead, this is an argument in favour of the
application of a reductionist approach, first, and a systems approach, second, to model
migration and understand the way in which it functions. Not the normative approach
(Ghosh 2000), then, but an approach that might be based upon systems thinking.

This is also an argument in favour of discarding the idea that policies can necessarily
regulate the behaviour of a social system, and in favour of considering them instead as
something that operates in the system. Their outcome, within this context, needs to be
assessed functionally, regardless of the intended or stated objectives that a policy holds. We
will learn that, if we distance ourselves from the idea that migration policies can in principle
manage migration, we may find out that policymakers, instead, are conducting for us, the
scientists, a very important task: they are testing the validity of hypotheses concerning the
rules that describe the behaviour of migration systems.

This paper is structured as follows. First, we study the alternative approaches that
can be applied in social sciences for modelling migration systems. We will argue, in
particular, that the approaches that originate from the sector of complexity theory and
artificial intelligence are particularly prone to be further developed by the literature on the
subject. Then, we discuss in more detail the theoretical problems that are related to the idea
that the public management of political systems is possible. Finally, which comprises the
core of this review, we identify the main themes that are discussed today in the literature
on migration studies at its intersection with agent-based modelling and argue that the
interaction between systems approaches and agent-based approaches to study international
migration remains limited.
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2. Theoretical Foundations
2.1. Reductionism and Emergence in Migration Systems

The study of migration through a reductionist approach has a long history (Ravenstein
1889), and indeed it produced an important research trail which was, however, eventually
marginalised due to its highly descriptive, not explicatory, power (Davis 1988). More
generally, though, the reductionist approach to the study of migration came out of fashion
with the increased role that complexity theory has played in the discipline of migration
studies. While generally less descriptive as an approach than reductionism, the application
of complexity theory to international migration (Tranos et al. 2015) allows scholars to
study the emergent properties of that system, which by definition would be missing in any
reductionist approach. The application of complexity theory to international migration
has been done, from the perspective of modelling, according to two branches: agent-based
modelling and systems dynamics (Parunak et al. 1998).

Systems dynamics is based upon the modelling of a system under ordinary differential
equations, or difference equations for time-discrete systems, which describe the topology of
a system and, notably, its configuration space. In the sector of migration, systems dynamics
are suitable, for example, for the study of the Ravenstenian laws and their applications to
some particular societies (Benassi et al. 2019). An interesting and unexplored application of
systems dynamics to migration consists in the application of the so-called principle of least
action in classical mechanics, which has been hypothesised to explain Ravenstein’s laws
as the paths of least action in the configuration space of a system of migration (Zelinsky
1971). In general, the approach to systems dynamics is based upon the idea that migration
as a whole is a phenomenon that depends only on the demographic, social, and economic
parameters of any given system that is being studied. The implication for this is that it does
not account for the individual agency of the migrants themselves, which are presumed to
behave according to characteristics of the system and not of themselves.

Agent-based modelling, instead, is based upon the idea of representing an individual
(or groups of individuals) with software agents acting in a defined environment. Each
agent can act autonomously and interacts with other agents and the environment alike;
it draws heavily upon the research in artificial intelligence and its translation into social
sciences conducted by Axelrod (2006). Agent-based modelling is founded upon the idea
that individuals think, or at least that they make decisions, and studies the resulting
aggregate behaviour of the population as an emergent property of the individual agents’
decisions. Further, agent-based models do not require the hypothesis that the system
eventually reaches equilibrium, however this is defined; instead, they can help answer
questions related to how the system reacts to changing situations (Macal and North 2005).

The policies for managing migration are necessarily based upon an idea or a set of
assumptions regarding how migration works; in other words, on a certain theoretical
understanding of it (Castles 2010). Because the systems dynamics approach accounts for
primarily macro descriptions of the systems of migration, it opens the door for managing
it by employing macro policies such as development (Skeldon 2010), or criminalisation
(Dowling and Inda 2013); this, however, closes the door to the methods for behavioural
modifications that arise out of the studies in cognitive sciences and psychology, and notably
the usage of media (Musarò 2019) or the cognitive behavioural approaches (Armitage and
Conner 2000). The latter have a limited application in the sector of migration as of today
and are used primarily for the treatment of mental health conditions by immigrants (Ooi
2013). In general, the systems approach misses out on all the dimensions of migration that
are internal to the migrant, and therefore the policies that are developed on top of it also
fail to address them.

On the other hand, one can assume that the migrants are thinking agents, whose
behaviour is a reflection of some kind of cognitive processes that take place in their brains.
Contemporary sociological models are, in fact, oriented in this direction (Burns et al.
2018); this is the underlying epistemological assumption of the application of agent-based
modelling to migration, as discussed above; if one does that, then it opens the possibility to
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manage the observable behavioural phenomenon, the emigration of an individual, utilizing
the techniques that can affect that individual’s cognition. We can see how this opens
the possibility to formulate a more refined, intellectual rather than physical, method for
managing migration, that aims at influencing the decision to emigrate rather than the
emigration itself.

2.2. Why Using Agent-Based Modelling to Study International Migration

The methodology of agent-based modelling originates from the studies conducted in
the sector of artificial intelligence (Russel and Norvig 2020), and from its implementation in
the sector of social and political science (Riolo et al. 2001). The methodology presumes the
existence of an intelligent agent, in this case, a human being, who operates in an external
environment from which it is epistemologically but not functionally separated, and in
which it takes decisions that affect the agent’s state and behaviour. The behaviour of the
agent can normally be grouped into one of two possible classes: proactive behaviour, also
known as goal-directed behaviour; and reactive behaviour, also called perceptive behaviour.
The lack of full information comprising the status of the system in which the agents are
embedded takes the name of bounded rationality, which is the standard hypothesis for
agent-based models and accounts for the necessity of humans to conduct decisions despite
limited thinking capacities, and of an approximate knowledge of reality (Yan et al. 2018).

In the context of migration, the environment is loosely defined as the social (Van
Hear 2010) and ecological system (Hermans-Neumann et al. 2017) in which the human is
embedded. Within that environment, the human agent makes decisions in general; for the
purpose of studying migration, though, the decision to migrate is the one that is relevant
(Haug 2008); this decision is made according to a variety of observations that the human
performs, and which constitute the external input to the decision-making process for that
human (Panda and Mishra 2018); it also takes place according to specific decision-making
mechanisms that occur inside the psyche of the individual, and which affect the outcome
of the decision itself (Heekeren et al. 2004). The output of the decision-making process is
the decision itself, which is an observable behaviour that is represented by the physical
displacement of the individual from their community of origin. The migration researchers
do not, however, directly observe the single decisions to emigrate, or not emigrate, by each
individual in a given society that is being studied; instead, they observe the aggregate
stream of emigration for that society in a given time frame and use it to conduct predictions
(Fertig and Schmidt 2001); this aggregate stream depends on the individual decisions
to emigrate, and is therefore linearly dependent on it; any given number of individual
decision-making processes can, however, constitute the aggregate, observable number that
constitutes the actual emigration stream. In fact, in a population with n individual and
k observed emigrants, the possible combinations of decisions to emigrate that result in

the observed value of k is the binomial coefficient
(

n
k

)
= n!

k!(n−k)! , which means that a

significant number of possible distributions of individual decisions may correspond to any
given observed aggregate number of emigrants. The human agents who emigrate are not,
however, undifferentiated individuals; instead, each of them acts according to their own
rules, which may or may not be shared in common with other agents. The usage of the
aggregate value of immigrants to describe the characteristics of the system of international
migration, without accounting for the individuality of the migrant, greatly oversimplifies
the description of a phenomenon. The modifiable areal unit problem also tells us that,
whenever we aggregate data that is spatially distributed along modifiable borders, such
as political borders, it can be aprioristically predicted that the aggregated data will not be
representative of the underlying, or ground distributions (Wong 2004).

Instead, we can use agent-based models to map the possible configurations of the
internal components of the system of international migration which, when we measure
the aggregate level of migrants that move, results in the observed distribution of persons.
The more the aggregate number of migrants is the consequence of emergent dynamics, the
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more this type of approach matters: if the system of international migration could be purely
described through systems dynamics or ordinary differential equations, then the agent-
based models would not be needed. In conducting this literature review, we argue that this
is not the case. Because migration systems are characterised by emergence, and because
the individual migrant has at least some level of agency, it is then required to merge the
modelling approaches based upon systems dynamics and ordinary differential equations
with those based upon the idea of an agent; this is particularly important, especially, if we
aim to regulate or manage the system of international migration.

2.3. The Public Management of Social Systems

The public management of social systems can be conducted under the assumption that,
if a particular phenomenon was sufficiently well understood, it would then be possible
to control it and cause it to appear, disappear, or change, according to one’s own volition
(normally the politicians, legislators, or policymakers); this type of approach is based
upon the idea that a public administration can, by means of the policies that it adopts,
affect the social system in a deterministic manner; this idea is false, and indeed it can be
argued that all policies that are aimed at some particular scope will end up causing such
involuntary consequences that the decision to adopt those policies, in the first place, will
become questionable.

Instead, what can be done is to study whether the social phenomenon of interest, in
this case, international migration, is conducive to the emergence of characteristics of the
system of interest, in this case, the system of international migration, or not. If it is not, it is
then important to determine whether a certain phenomenon is contributing to a decrease in
complexity of the system to which it belongs; that is, if it increases the system’s entropy. If it
does, it then becomes reasonable to attempt to control that single variable that corresponds
to an entropy-increasing phenomenon, in order to decrease that variable by increasing the
system’s entropy. Let us look at an example, that lets us clarify this concept further.

One of the theoretical and policy approaches to the study of migration is called securi-
tisation (Lazaridis and Wadia 2015). Securitisation considers migration as a phenomenon
that should be treated within the security policies of a state because it is believed to impact
the national, social, and economic security of the country that receives incoming migrants;
in other words, it frames migration as part of the risk (or risky) strategy of a state (Boswell
2007). The idea is that, by using measures such as the adoption of criminal laws against
migrants (Gerard and Pickering 2013), one can effectively control the volume of incoming
immigrants and the impact that they have on a metric of our choice for measuring security
or stability. Further, under securitisation, it becomes appropriate to deploy military assets
at the land (Galemba 2018) or maritime (Léonard and Kaunert 2020) border of a country,
to prevent immigrants from physically crossing it. In doing so, the expectation is that the
security of the host country is higher than the one that would have existed, or that would
have been measured if the immigrants were let through the border. In other words, the
securitisation approach toward migration is based upon the assumption that a certain set
of consequences derive from the arrival of migrants into a host country, and that these
consequences are primarily or generally negative (Jaskulowski 2019); however, whether or
not this is true is a matter of science, not of politics, and if the underlying assumption were
false then this would also prove the theoretical impossibility to achieve the desired result
through the selected policy. Now, let us assume for a moment that there may be a mistake
in the application of, say, the securitisation approach to policymaking. That is to say, let us
assume that no matter how high a wall we build, human migrants will always find a way
to get through or around it. Regardless of whether or not the policy that we adopt attains
its expected goals, are there any predictable consequences that operate in the universe,
regardless of the effects that the policy has on the system that it attempts to manage? For
example, a policy of securitisation may cause an actual wall to appear somewhere, where
previously there were none; it may also cause the expenditure of energy, necessary to mix
the cement that is required to build a wall.
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Now, the answer to this last question does not depend upon the stated political
objective that the policy is attempting to achieve; it is, therefore, important to notice that
whatever the objectives that are stated in association with a given policy, this has no impact
at all upon the real-world effects that that policy produces; this consideration may lead us to
formulate an interesting thought: maybe, when policies do function correctly, it is because
they are representing in human language the real-world phenomenon that would take place
regardless of them; this is an important alternative explanation as to what policies do in
relation to social systems: when they work, they may not be causing the phenomenon that
they describe; but rather, they might be correctly describing a phenomenon that takes place
regardless and despite them. The failure of the policies for the management of migration
is established in the literature (De Haas 2007); although it has also been argued that the
failure of migration policies concerns their lack of effectiveness concerning their declared
intentions, and it is unknown whether the concrete implementation of policies is what
determines their efficacy (Czaika and De Haas 2013). We will get back to the distinction
between declared intentions and actual implementation of a policy in a moment. Let us
now, instead, consider the case in which the legislator attempts to regulate the behaviour of
a falling apple (see Figure 3).
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Let us now assume that the legislator is unfamiliar with the rules that describe the
behaviour of a falling apple; this may happen, for example, because Newtonian gravity
has not yet been formulated into words (or maths). The legislator produces laws since
that is part of their job description; and some of these laws may dictate the behaviour that
a falling apple is expected to keep in compliance with the legal system. The legislator
has two mutually exclusive options, in our scenario: it could mandate that all apples that
leave the tree should move downward, or it could also mandate that all apples leaving
the tree should move upward instead. We can call these two possible policies the “law of
downward motion” and the “law of upward motion”, respectively. Notice how the options
available to the legislator are independent of the physical behaviour of the apple and are
normally the result of political processes that are inaccessible and unknown to the plants
themselves. Upon adopting one of the two laws, the legislator then proceeds to check
whether the law is being respected, by observing whether the apples that fall from the try
comply or not with the legal prescriptions related to their expected movement. Of course,
the legislator who adopts a law of downward motion will observe that the falling apple,
indeed, respects the law, while the legislator who adopts a law of upward motion will be
perplexed and disappointed. Table 1 sums up the two possible cases that may emerge, as
the legislator attempts to regulate the behaviour of the moving fruit.
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Table 1. The relationship between policies, expectations, and their observed results.

Policy adopted Law of downward motion Law of upward motion
Observed behaviour The apple falls downward The apple falls downward
Efficacy of the policy Efficient Inefficient

Notice how the observed behaviour of the system which is being managed does not
change in the two cases; this does not surprise us, because we do not have any theoretical
expectations concerning the capacity of the legislator to affect the behaviour of the system
by means of policy. The legislator, however, may believe that by using policy it is indeed
possible to affect the trajectory of the apple: this is the case, for example, if legislators
have been appointed because the population demanded them to regulate the falling apple
(Dennison and Geddes 2019), regardless of whether or not the system can be regulated in
principle. Now we get to the interesting part: we know that, in adopting either policy, the
legislator has no capacity whatsoever to affect the behaviour of the system; however, as
the legislator tries various policies and observes whether the intended effects are being
achieved, the legislator is effectively testing hypotheses concerning the behaviour of the
system which he is incorrectly trying to regulate. If the legislator adopts the law of down-
ward motion, he observes that this law is efficient because the law embeds a description in
the natural language of the physical rules according to which the system functions, inde-
pendently and regardless of the legislator and their policies. If the legislator chooses instead
the law of upward motion, he notices that their legal provisions are systematically violated;
they would claim that the behaviour of the downward-accelerating apple is criminal, but
what they would be concretely doing is assessing the empirical falsity of the physical law
which has been embedded in the language of the policy.

If we renounce the idea that policy has the capacity to affect migration, we gain instead
the possibility to treat the policies that are classified as “effective” by policymakers as
containing some measure of validity in describing the autonomous, independent behaviour
of the system of migration. Further, and more interestingly, we also gain the possibility to
treat policies that are ineffective as falsified hypotheses concerning the possible laws that
describe the autonomous, independent behaviour of the same system.

This is a possibility that we do not explore sufficiently when we study the computa-
tional modelling of social systems. Policies, and in particular those that can be classified
as either effective or ineffective, comprise a precious corpus of knowledge concerning the
shape and type of the functions that describe or do not describe if ineffective, any particular
human system. For example, if we accept that policies aimed at establishing social con-
nections between a community of origin and a host community are capable of generating
migration (Parven 2019a), then this means that whatever laws describe migration need to
operate on a social network (Pitoski et al. 2021a, 2021b). If we accept that economic reasons
explain part, but not all of the emigrations to certain countries (Parven 2019b), then this
means that there is a function that is at least bivariate, and which maps the wage differential
plus some other variable to the set of destination countries by the migrants. If we accept that
the promotion of diversity is a method for managing immigration (Doytcheva 2021), then
this means that a policy can be considered effective if it increases the information entropy
that is measured on the distribution of the population after its adoption; this argument
becomes particularly important because there are datasets that classify migration policies
and includes some measures of their effectiveness, such as the IMPIC for immigration
(Helbling et al. 2017), and the MIPEX for integration (Solano and Huddleston 2020). We do
not do this in this article, but we want to point out the possibility to exploit failed policies
for the management of migration in place of the empirical testing of hypotheses concerning
the rules that the system of international migration follows.
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3. Methods
3.1. Formalisation of the Research Questions and Hypotheses

For this literature review, we formulated three research questions that integrate one
another, and that shed light on the relationship between systems dynamics, agent-based
modelling, and policy formulation in the specific context of migration.

The first research question concerns the application of agent-based modelling in
particular. We can assume that the decision-making process of the individual can be
modelled as a finite-state machine (Saini et al. 2011), that takes as an input the social
and ecological factors perceived by the human, and then processes them to reach the
behavioural output for that human (see Figure 4).
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The question then becomes, what finite-state machine predicts the aggregate level of
emigration that is measured in one society?

As discussed above in the introduction, the implication for public policy formulation
is that it might be possible to affect the aggregate level of emigration, by intervening in
the social and ecological factors that are identified as having the highest weight in the
formulation of the output of the finite state machine.

The second component of the research question corresponds to the interaction between
the agent-based approaches to study migration, which is embedded in the finite-state
machine discussed above, and systems dynamics. The foundational approach to the
study of international migration, since time immemorial (Greenwood 2019), comprises
the application of laws that describe the system of international migration; these laws
are very prone to be modelled under a systems dynamics approach, but for some reason,
the discipline of migration studies has not investigated this possibility thoroughly. One
of these reasons may be the identification of empirical constraints that falsify the laws
of Ravenstein (Malmberg 1997) since these comprise the theoretical foundations of the
discipline of migration studies and also possess a quasi-mathematical format.

The third component of the research question comprises the joint application of agent-
based and system dynamics modelling to the formulation of policies toward migration. If
it turns out that agent-based modelling is an appropriate methodology to study migration,
and if it turns out that system dynamics is appropriate, too; further, if we decide that inte-
gration between agent-based modelling and system dynamics is possible, we then deduce
that we can use their hybridization to formulate policies that affect migration dynamics.

3.2. Inclusion and Exclusion Criteria

The data source for this article consists of the articles that answer to the query “agent-
based AND modelling AND migration” in the scientific database Scopus by the publisher
Elsevier; this query resulted in 369 documents. To avoid the trap of overreliance on
one single data source, we also queried the scientific database Directory of Open Access
Journals, by sending GET requests to its API. For the latter, the search query we used is
“agent-based migration”, which resulted in a total of 319 articles. The code that we used to
query the DOAJ and prepare a dataset out of the returned objects can be found in our online
repository.1 Both searches were conducted on 28 June 2022, and the dataset corresponds
to all of the entries recorded up to that point in time. The searches were conducted over
the field “Abstract, title, and keywords” (for Scopus) and over “all fields” (for DOAJ).
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Alternative scientific databases, and in particular Web of Science, were not selected because
the authors do not hold a paid subscription with Clarivate Analytics, while both Scopus
and DOAJ can be queried free of charge.

We then computed an overlapping index for multi-database searches, calculated as the
Szymkiewicz–Simpson coefficient (Vijaymeena and Kavitha 2016), which corresponds to:

overlap(Scopus, DOAJ) =
(Scopus∩DOAJ)

min(|Scopus|, |DOAJ|)

It is important here to note that we are not conducting a systematic literature review,
but rather topic modelling; for this reason, it is appropriate to use overlapping metrics
that are commonly used in the literature on topic mining and consider less appropriate
those that derive from the literature on systematic reviews, such as those contained in
(Bramer et al. 2017).

In the expression above, the names of the two databases, in this case, refer to the set of
elements retrieved from them and, for the min function in the denominator, to the size of
the retrieved sets. The resulting overlapping coefficient is 0.0470 out of a maximum of 1
and a minimum of 0, which indicates that each database greatly adds to the other one in
terms of coverage. The two datasets were then merged, and the duplicate elements were
removed. The merged dataset, at this stage, comprised 671 elements.

The inspection of the merged datasets showed that a significant portion of the re-
trieved documents related not to human migration, but rather to the migration of animals,
biological organisms, and diseases, or to theoretical networks and computer science. There
is no value for this literature review that derives from the inclusion of articles from branches
of science other than social science; thus, all articles were subsequently labelled, manually,
according to whether they belonged to social sciences or not. The labelling was conducted
by us on based of the content of the title and the abstract of each article: we judge that no
expert knowledge is required to conduct this task, besides an undergraduate degree in
social sciences. The 671 references were therefore subdivided according to the following
classes, as presented in Table 2.

Table 2. Social sciences versus non-social sciences in our dataset.

Class Number of Papers

Social Sciences 205
Not Social Sciences 466

Total 671

In case of doubt concerning its class affiliation, a paper was associated with the
category of social sciences. The question we had in mind when assigning labels, and whose
answer constitutes the class affiliation of each article, was “Does this particular article
mention humans, individuals, human populations, or economic systems?”. Edge cases, in
which the article mentioned “humans” but in which humans were mentioned exclusively as
biological organisms, were labelled as “Non-Social Sciences”; some papers on the migration
of human cells fell for example under this case. Epidemiological models, however, which
included the diffusion of diseases in a human population, were included in the category
“Social Sciences” at this step.

It should be noted that some papers proposed agent-based models that fell into the
category of theoretical computer science because of their high level of abstraction, and
would thus apply in principle to agents other than humans; these were considered “non-
social sciences”. Some others, instead, presented an analogous level of abstraction but were
described by the authors as relevant for social simulations, and were therefore inserted
into the category of social sciences. The 205 references in the cluster of social sciences
were then further subdivided into two binary subcategories, according to whether they
related to international migration. A paper was considered to correspond to international
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migration if, in either the title or the abstract, there was an explicit mention of at least two
states, or a continent, or one state versus the rest of the world, such that the affiliation
with the sub-class of “international migration” could be decided undoubtedly. If it was
not possible to decide whether an article related to international migration or not, by
reason for example the lack of identification of the type of migration that was discussed
therein (e.g., rural-urban as opposed to international), then the article was classified as
“non-international migration”. If a paper referred to migration between very large regions,
such as between continents or across an ocean, it was assumed that the migration described
therein referred to “international migration” as opposed to “non-international migration”,
even where explicit mentions of nation-states were not found; this type of classification
allowed us to develop the following distribution of papers (Table 3).

Table 3. Distribution of articles according to their supra and subclasses.

Supra-Class Number of Papers

Non-Social Sciences 466
Social Sciences 205

Sub-Class

Non-International Migration 142
International Migration 63

The text of all articles 63 included in the category “international migration” was then
downloaded and inserted into the dataset that entered the analytical pipeline. At this stage,
all texts were inspected manually, and some had to be excluded or adapted, as indicated in
Table 4 below.

Table 4. Exclusion and adaptation post-download.

Article Excluded or Adapted? Reason

(Oleynik et al. 2021) Excluded Language: Russian, not English

(Jahani et al. 2021) Adapted Inaccessible due to paywall. Abstract
used in lieu of the full text

(Makarov et al. 2018a) Excluded Language: Russian, not English

(Liu et al. 2017) Adapted Inaccessible due to paywall. Abstract
used in lieu of the full text

(Skinner et al. 2018) Adapted Inaccessible due to paywall. Abstract
used in lieu of the full text

(Makarov et al. 2017a) Excluded Language: Russian, not English

(Makarov et al. 2017b) Excluded Language: Russian, not English

(Ruiz et al. 2014) Adapted Inaccessible due to paywall. Abstract
used in lieu of the full text

(Barbosa Filho et al. 2013) Adapted Inaccessible due to paywall. Abstract
used in lieu of the full text

(Soto 2007) Excluded Language: Spanish, not English

(Makarov et al. 2016) Excluded Language: Russian, not English

Notice that the comparatively large number of publications that were excluded because
of the language is due to the fact that the initial screening had been conducted on the basis
of the abstract alone, and that the scientific databases that we used had indexed the English
version of the abstract which was eventually retrieved by us. Texts that were “adapted”, as
indicated in Table 4 above, have had their abstract used in lieu of the full text; these texts
thus contributed to topic identification; but since the full text itself was not accessible, we
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have not included them in the subsequent (human) analysis. Reasonable efforts at finding
online some accessible versions of the five “adapted” papers were attempted but failed.
With only one exception, all of the adapted papers belong to a topic that will be considered
“residual” in the later sections of this analysis, so their impact on the topic formulation or
the conclusions of this review can be considered limited.

The figure below represents the flowchart of the procedure that we followed, in order
to generate from the original search queries a final dataset that we then subjected to text
processing (Figure 5).
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3.3. Topic Mining

The quantitative methodology that we used for the analysis of the texts in the sample
takes the name of topic extraction or topic mining (Liu et al. 2003). The task that we attend
is solved by constructing an ontology that is representative of the topic contained in a text
corpus, and the features contained therein; this methodology is consistent with the one
employed in the literature by others (Abirami et al. 2018), and is based upon the application
of a matrix decomposition technique. In our case, we have first preprocessed the text corpus
by stemming, lemmatising, and removing the stop words, and then we have converted each
document into a vector by aggregating according to the bag-of-words approach. For the
purpose of extracting lemmas, we have assigned the first token encountered by our parser
as the lemma for all words whose stemma corresponded to that of this first token. The
matrix decomposition technique that we used, instead, is the Latent Dirichlet Allocation
(LDA), which is a standard methodology for topic mining (Campbell et al. 2015). LDA
has found previous usage in text analysis for social and political sciences (Sakamoto and
Takikawa 2017), and is appropriate for research tasks such as ours. The features identified
by LDA as comprising an individual topic were used to populate an undirected graph. The
vertices of the graph comprised a sequence of numbers that identified the topics into which
the documents were decomposed, and a set of vertices corresponding to the word features
extracted by LDA. We then connected via edges all features with their corresponding topics.
In doing so, the connection between topics emerged and became visible in the form of a path
that connected vertices representing topics. Topics that, instead, were disconnected, were
characterised by the absence of a path that connected them. In other words, a connected
graph would indicate topics with at least some degree of overlapping, while a disconnected
graph would indicate topics with no overlapping. Finally, the topics were labelled by the
researchers, according to human knowledge, in order to provide a descriptive name to
which they could be referred subsequently.

4. Results

The choice as to what number of topics to extract via LDA is largely arbitrary, though
it is customary to select 10 (Abirami et al. 2018). For this reason, we extracted the ten most
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important topics present in the corpus, and we represent below the graph that corresponds
to them (Figure 6).

Soc. Sci. 2022, 11, x FOR PEER REVIEW 13 of 32 
 

 

overlapping. Finally, the topics were labelled by the researchers, according to human 
knowledge, in order to provide a descriptive name to which they could be referred sub-
sequently. 

4. Results 
The choice as to what number of topics to extract via LDA is largely arbitrary, though 

it is customary to select 10 (Abirami et al. 2018). For this reason, we extracted the ten most 
important topics present in the corpus, and we represent below the graph that corre-
sponds to them (Figure 6). 

 
Figure 6. The topic decomposition of the set of articles that we analysed. 

The graph is fully connected, and this indicates that all topics relate to some of the 
others. The most central keywords in the graph are agents, data, migration, simulation, mod-
elling, and population, and this is consistent with the expectations that we have, since these 
are the keywords that we have selected for querying the databases. 

The table below reports the list of keywords associated with each topic and retrieved 
from the list of most significant keywords associated with each topic in the LDA model 
(Table 5). The label for each topic was assigned manually by us. The keywords correspond 
to the best predictors for each topic, sorted from the one with the most influence. We de-
cided to cut the list of predictors to the tenth greatest, as this allows the list of keywords 
to remain intelligible to the human researcher. 

  

Figure 6. The topic decomposition of the set of articles that we analysed.

The graph is fully connected, and this indicates that all topics relate to some of the
others. The most central keywords in the graph are agents, data, migration, simulation,
modelling, and population, and this is consistent with the expectations that we have, since
these are the keywords that we have selected for querying the databases.

The table below reports the list of keywords associated with each topic and retrieved
from the list of most significant keywords associated with each topic in the LDA model
(Table 5). The label for each topic was assigned manually by us. The keywords correspond
to the best predictors for each topic, sorted from the one with the most influence. We
decided to cut the list of predictors to the tenth greatest, as this allows the list of keywords
to remain intelligible to the human researcher.

Notice that the keywords that we used to select the articles in the first place, such
as “modelling” or “migration”, figure in most topics and are therefore deemed to not be
informative (indeed, it would be surprising if these keywords were not present in the
topic decomposition).

This set of topics, extracted according to the methodology we have described, repre-
sents the set of topics that are discussed today in the scientific literature on the usage of
agent-based models for migration studies. The table below shows the topic most closely
associated with each of the articles that have been reviewed in this study (Table 6).
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Table 5. Topics extracted from the corpus of articles.

Topic Label Keywords

0 From individual behaviour to group
dynamics

new, migration, cities, groups, agents,
modelling, residents, social, planned, urban

1 Data-driven policies for migration
migration, agents, unauthorized, migrants,

scientist, modelling, policies, channels,
location, restricted

2 Migration and the environment
agents, modelling, population, dispersion,

resources, data, pastoralist, variable, hominin,
environments

3 Geographical economy and migration arctic, migratory, process, problem, robustness,
modelling, types, economic, dynamics, zone

4 Health, genetics, and households
modelling, population, data, households,

simulation, useful, times, individual,
areas, asian

5 Conflicts and refugees
modelling, refugees, agents, simulation,

conflict, parameter, movements, country, data,
displacement

6 Income and refugees modelling, migration, simulation, population,
useful, agents, times, country, refugees, income

7 Ethnic violence modelling, agents, violence, useful, simulation,
ethnic, process, number, message, computer

8 Economic migration from Hispanic
countries

migrants, migration, country, return,
distribution, home, useful, modelling,

border, number

9 Computational and simulation aspects modelling, agents, migration, useful, social,
data, migrants, abm, simulation, study

Table 6. Strongest associations between topic and articles in the LDA model.

Topic Articles

0 (M’hamdi et al. 2019; Alghais et al. 2018; Collins and Frydenlund 2016; Alghais and
Pullar 2018)

1 (Simon et al. 2018; Vaccario et al. 2021)

2 (Bijak et al. 2020; Nelson et al. 2020; Norman et al. 2018; Frydenlund et al. 2017;
Hölzchen et al. 2016; Wren et al. 2014)

3 (Shultz and Costopoulos 2019)

4 (Jahani et al. 2021; Vallée et al. 2016; Vogel et al. 2015; Gaube and Remesch 2013;
Truscott and Ferguson 2012; Kishore et al. 2021)

5 (Suleimenova et al. 2021; Searle and van Vuuren 2021; Hébert et al. 2018; Groen 2016)

6

(Gürsoy and Badur 2021; Termos et al. 2021; Meyer and Vasey 2020; Bystrov et al.
2019; Reinhardt et al. 2018; Picascia et al. 2018; Klabunde et al. 2017; Picascia and

Yorke-Smith 2016; Lin et al. 2016; Warner and Afifi 2014; Heiland 2003;
Padmanabha et al. 2015)

7 (Makarov et al. 2018b; Groen 2018; Bakhtizin et al. 2017; Klügl and Bazzan 2012;
Weidmann and Salehyan 2013)

8 (Klabunde 2014; Hüttinger 2020)

9

(McAlpine et al. 2021; Dyble 2021; Huang and Unwin 2020; Al-Khulaidy and Swartz
2020; Harris et al. 2018; Liu et al. 2017; Skinner et al. 2018; Blandin et al. 2017; Ruiz
et al. 2014; Sokolowski and Banks 2014; Nemiche et al. 2013; Barbosa Filho et al. 2013;

Kniveton et al. 2011; Smith et al. 2011; Sokolowski and Banks 2010)

The articles in italic, above, correspond to those that were “adapted” and thus excluded
at this step from further analysis.

The figure below (Figure 7) indicates the distribution of articles per topic.
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It can be noted that the relative majority of the articles fall into the last topic; indeed, it
appears that the distribution follows an exponential law (Figure 8), with almost half of the
articles concentrated on the two most populous topics.

Soc. Sci. 2022, 11, x FOR PEER REVIEW 15 of 32 
 

 

8 (Klabunde 2014; Hüttinger 2020) 

9 

(McAlpine et al. 2021; Dyble 2021; Huang and Unwin 2020; Al-Khulaidy and 
Swartz 2020; Harris et al. 2018; Liu et al. 2017; Skinner et al. 2018; Blandin et al. 
2017; Ruiz et al. 2014; Sokolowski and Banks 2014; Nemiche et al. 2013; Barbosa 
Filho et al. 2013; Kniveton et al. 2011; Smith et al. 2011; Sokolowski and Banks 

2010) 

The articles in italic, above, correspond to those that were “adapted” and thus ex-
cluded at this step from further analysis. 

The figure below (Figure 7) indicates the distribution of articles per topic. 

 
Figure 7. Distribution of articles per topic extracted via LDA. 

It can be noted that the relative majority of the articles fall into the last topic; indeed, 
it appears that the distribution follows an exponential law (Figure 8), with almost half of 
the articles concentrated on the two most populous topics. 

 
Figure 8. Distribution of articles per topic extracted via LDA. Figure 8. Distribution of articles per topic extracted via LDA.

5. Discussion

We can now analyse the topics and the contribution that each specific article brings to
the scientific knowledge associated with it.

The first topic relates to the problem of identifying the correspondence between
individual rules of behaviour for single agents, on one hand, and the characteristics of the
society to which those agents are below, on the other; this topic comprises four articles.

The article by M’hamdi et al. (2019) studies the problem of dual or parallel evolution in
artificial societies, with the intent of modelling the separate evolutionary dynamic and the
eventual convergence of Eastern and Western countries. The underlying, basic argument of
this article is that, even though some features of separated societies, such as the tendency
towards individualism or collectivism, may evolve independently, these features may
be modified via a process of migration. When this happens, two autonomous lines of
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evolution may eventually converge into a similar social system. The agent, in their model,
migrates according to a decision function that considers both the availability of resources
(and thus, economy) and the level of repression that they suffer (and thus, politics); their
study concludes that, if a society is experiencing a crisis, the emigration of some of its
components may help it survive and continue evolving, whereas in absence of emigration
that society is more likely to perish.

The topic also includes two sufficiently similar articles written by Alghais and Pullar
(2018) and Alghais et al. (2018). The articles both came out in the same period and relate to
the same subject, the process of urban development in Kuwait and the usage of agent-based
models to simulate it. The background of the research consists of the observation that
urban areas in Kuwait are experiencing significant pressure, as international migration
of labourers from overseas leads to a decreased availability of houses for the resident
population; this, in turn, also affects the already congested infrastructure for transport. The
authors opted to use ABM for the purpose of predicting future scenarios of the evolution of
Kuwait’s urban areas, and for that purpose, they developed a representation of the country
where the district is the elementary unit of analysis. The district is then characterized by
a population, corresponding to the time series of the demographic data that had been
observed in the previous decades. The population evolves according to a projection in the
future of the trend observable in the demographic time series: as the population increases,
this then applies pressure on the limited housing in the country. The government can then
react to housing shortages in consortium with real estate developers, and subsequently
shape the expansion of the urban areas by moving part of the population, primarily the
immigrants, towards those newly-developed areas.

In the second article by Alghais et al. (2018), the authors claim to be describing internal
migration between residential areas in Kuwait; however, since the population that they con-
sider is differentiated between Kuwaiti and non-Kuwaiti, with the latter comprising foreign
nationals that immigrate into the country, it is, therefore, reasonable to consider this article
as related to international migration. In particular, the authors ask themselves the question
of what role urban planning by the government has in generating segregation between
Kuwaitis and foreign nationals. The idea of studying ethnic segregation via agent-based
models as an emergent phenomenon is not new, and it is indeed one of the cornerstones of
the field (Schelling 1971); in the particular implementation by Alghais et al. (2018), how-
ever, this carries the added value that it becomes possible to estimate the impact of some
government policies on housing. The specific policy that they consider is the creation of
dedicated “global cities” where foreigners have the right to reside in the same areas as the
local population.

The last article on this topic is Collins and Frydenlund (2016), which focuses on the
problem of group formation in a population of refugees that leave a country due to violence.
The basic argument that they make is that, if it makes sense to consider the kinematic
of a fleeing crowd as qualitatively different from the kinematic of a river, it is therefore
not sufficient to model the crowd’s motion via partial differential equations as one would
model the flowing water. In this regard, the authors conceptualise a crowd as a group
that comprises subgroups (the various subsets of persons in the powerset of individuals),
with the subgroups then influencing the crowd in the same manner in which the crowd
influences each subgroup. As the agents move, they join or drop off groups of moving
individuals according to certain rules: in doing this, the individuals and the group both
change velocity, and the distance between individual persons is modified. The contribution
of this paper to the literature on ABM and international migration consists of a theoretical
framework that allows the integration of differential equations that model the behaviour
of an independent particle (the individual), with the rules that model the behaviour of
groups thereof.

The second topic comprises two articles, more closely related to the modelling of mi-
gration policies via agent-based models. The first article, by Simon et al. (2018), addresses
the question of changes in the behaviour of a migrant as a response to changes in the immi-



Soc. Sci. 2022, 11, 356 17 of 32

gration policies that affect them personally. Specifically, the authors study the transition of
a migrant from a legal pathway to the country of destination, to the preference for irregular
migration in response to a tightening of the immigration policies. The model that they
propose has few assumptions on the capacity of a migrant to understand the state of the
political environment around them, which avoids the pitfall of having “omniscient agents”
that hold global (not local) information available in the simulation. The use case that they
consider for model calibration consists of the various classes of voluntary migration from
Jamaica, primarily comprising students and labourers. Their main finding consists in the
consideration that migration behaviour, and in particular the choice by an individual to
not migrate as opposed to migrating, is largely insensitive to policies: only in cases where
enforcement is very strong, does the decision to migrate change into non-migration. In
all other cases, where enforcement of restrictions is lax, the migratory behaviour itself is
unaffected, but the migrants end up classified by the legal system of the hosting country as
“irregular” rather than “regular”.

The second article on this topic focuses on the effect that a special type of migra-
tion policy, the policy for academic hiring of scientists, has on the mobility of the latter
(Vaccario et al. 2021); this study includes a significantly large number of observations, ex-
tracted from the affiliation of scientists over several decades of their career. In use as a
fitness function for an individual scientist the number of publications, and in measuring
the academic importance of a city as a function of the publications produced by its univer-
sities, the authors conclude that certain preferential trajectories exist in the career path of
a moving scientist; these, in turn, are affected not only by academic and scientific factors,
but also by some measure of the selectiveness of the city where the scientist may relocate.
The latter is calculated as a function of the individual scientist’s publication record, and
the publication record of the universities located in the city of potential migration; this,
interestingly, suggests that measures that promote the publication activity of universities
could impact the number of highly skilled immigrants that enter a country, and the authors
find empirically that there are possible tradeoffs between the distance of relocation of a
moving agent and this measure of selectiveness.

These articles have in common two aspects: one, that they both focus on the rela-
tionship between policies and migratory behaviour; and the second, that they are both
data-driven in the sense that their parametric configuration was calibrated against a real-
world use case.

The third topic includes six articles that mainly relate to each other by their shared
theme: the relationship between the moving human and the environment around them. In
these articles, the environment can assume the identity of an ecological environment, in
its more natural sense of the term, but also of a social environment, where other people
constitute the environment for some given individual.

The first article by Bijak et al. (2020) is a review of the methodologies for developing
agent-based models. More specifically, the authors address the various steps involved in
the development of an agent-based model that simulates migration: from the selection of
data and the identification of decision functions to the selection of programming languages
and the development and evaluation of the models, the authors formulate an iterative
process for development that respects the computational limits available to the modellers
while at the same time progressively increasing in realism. Particularly important is the
consideration that the transition from discrete-time evolution to continuous time provides
a better way to model stochastic events, and thus results in better correspondence between
statistical models of population behaviour and agent-based models that describe that
population’s movement.

The second article, by Nelson et al. (2020), discusses the nomadic behaviour of
shepherds in Somalia, and the way in which the civil war and the ecological environment
interact with them. The authors integrate geospatial data into an agent-based model, and
simulate the process by which a nomadic pastor may decide to move between areas to feed
their livestock. If unable to do so, and in particular in case of death of the livestock due
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to undernutrition, the nomadic pastor may transition to the status of internally displaced
person, which is eventually picked up in the corresponding statistics. The authors’ model
finds a strong relationship between the access to vegetation by pastors and their permanence
in that role; however, it remains unclear about the nature of the existing relationship
between conflicts and the generation of internally displaced persons: this article reinforces
the idea of an existing connection between economic hardships (and not necessarily the
conflict alone) and the generation of internally displaced persons, which has also been
noted in other countries (Yigzaw and Abitew 2019).

The third article by Norman et al. (2018) describes the process of colonisation of
Australia by the earlier modern humans, which was undertaken some 65,000 years ago.
The purpose of the article is to help identify possible trajectories along which migration
might have been undertaken, along a network of landmarks that were characterised by a
reciprocal line of sight. The underlying idea is that, for migration to take place in absence
of navigation tools, each additional step in the trajectory must have happened between
landmarks that were visually connected: this, in turn, imposes constraints on the possible
trajectories that a moving human might have followed while transitioning through the
Pleistocene continent of Sahul. The approach followed in this model may matter to study
modern international migration, insofar as its assumption for migration trajectories to
satisfy local visual connectivity remains valid for a population of refugees moving largely
on foot and over small water bodies, such as the Rohingya “boat people” (Roy Chowdhury
and Abid 2022).

The fourth article, by Frydenlund et al. (2017), discusses the problem of the formation
of political identity among refugees that reside in camps for prolonged periods. The idea
behind the paper is that, as a refugee remains in a camp for longer periods, they may be less
linked to the national identity that they held in the country of origin and may either acquire
a local identity based on the territory where the camp is situated, or a global identity based
upon the interaction with international governmental organisations or aid workers. The
model proposed in the paper is theoretical in nature and does not represent any particular
refugee camp; in it, the refugees are modelled as agents that interact with NGO and IGO
workers, as well as with the local population. As the interaction continues and as they
move inside a camp, the political identity of refugee changes in one direction or another,
towards a global or local identity. The “environment” that is considered in this model
comprises mostly of other people, and thus assumes the characteristics of a “social” rather
than “ecological” environment.

The fifth article (Hölzchen et al. 2016) evaluates a long-held hypothesis in a certain
model for anthropological migration: the idea that some ancestors of the Homo sapiens had
emigrated from Africa prior to them, as opposed to the Sapiens being the first hominin that
left the continent. The model attempts to explain migration as an adaptive response to
environmental challenges such as the lack of resources, and also considers the impact that
the perceptual range of an agent has on the decisions by that agent to emigrate or not. In this
sense, it calls back to the same idea that was mentioned earlier: that the visual connection
between the current position of an agent and the future destination is a constraint for
any valid migration trajectory, in absence of navigation tools (Norman et al. 2018). The
usefulness of this article for studying modern migration consists of the consideration that
the cognitive functions of the migrating agent may be a relevant factor in determining
that agent’s decisions to migrate: whereas the authors use the extreme cases of different
brain sizes between H. erectus and H. sapiens, which are not valid for research that relates
to modern international migration, it is however commonly accepted that the level of
education matters in determining migration decisions (Knapp et al. 2013), so this could be
included in a modern version of an ABM for international migration.

The last article for this topic, too, relates to the role that cognition, and in particular,
the capacity to predict the future, has on the migratory behaviour of hominins (Wren et al.
2014). The authors consider two factors: the spatial heterogeneity of the environment,
as measured according to the non-homogeneity of the distribution of resources; and the
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capacity to foresight, which is a preference for trajectories that maximise the long-term
benefit for the agent. Interestingly, the authors find that agents with a very high capacity
for foresight end up stuck in local maxima, whenever the complexity of the environment
is such that transitioning from a local to a global maximum would require an exploratory
behaviour that can generate short-term losses in favour of an uncertain long-term gain;
this consideration, which the authors make in relation to the food resources that were
required to nourish the hominins, should, however, remain valid if we consider instead the
economic resources that are needed for a modern human to survive in society.

The fourth topic comprises only one article, by Shultz and Costopoulos (2019), that
forms a topic of its own. The article discusses the problem of wealth inequality that is
generated in the pastoral communities of the Mongolian Empire, as a function of environ-
mental and economic conditions. By inspecting the keywords associated with this topic
and extracted by the LDA model, it may seem that this article fits into the previous topic;
however, one of the important features associated with it is the term “robustness”, and it is
our opinion that this feature (associated with the fourth but not with the previous topics)
results in the separation of this article from the previous. In particular, the robustness
aspect of this model is implemented by conducting the same simulations several times (100
times), and computing statistical averages rather than point predictions; this, considering
the stochastic nature of most agent-based models, helps ensure that the initial random
configuration of the system has a smaller impact on the output of the models themselves.

The fifth topic comprises six articles, five of which we analyse here (see Section 3.2,
above, for details); this topic relates primarily to health and genetic factors that affect
migration, and to the differences between families and households in migration models.

The article by Vallée et al. (2016) is a genomic study that reconstructs the mobility
behaviour of Neolithic populations in South East Asia on the basis of the genetic profile
of the modern resident population. More specifically, the authors simulate the process
by which individuals from continental Asia move towards the islands in South East Asia,
and as a consequence of this, they interact with the local Papuan population which results
in the genetic admixture of the two groups. The model by them developed runs in time
steps of one year, which is appropriate given the large breadth of the study (4500 years)
and given that genetic events (births, marriages) are not likely to happen with frequencies
higher than a year. The considerations made by this model, that it is possible to use ABM
to simulate migratory behaviour over long time intervals on the basis of genomic data,
remains valid; however, its impact to study modern international migration over much
shorter time frames remain limited, even though it may still be possible to use genetic
admixture in order to retroactively predict migration when the latter includes multiple
generations of migrating individuals.

The second article, by Vogel et al. (2015), models the process of diffusion of infectious
diseases in West Africa, as a consequence of the regional mobility of individuals and as
measured by mobile phone position. The authors suggest that simulations that predict
future mobility patterns could be used to determine migration policies with the objective of
preserving public health, and that in this sense the development of simulations should be
considered an integral part of the process of policy-making. In light of the fact that, a few
years after the authors’ published work, the COVID-19 pandemic caused strong restrictions
to mobility as a consequence of the predicted impact that the latter would have on public
health and as measured via predictive simulations, this argument may be considered to be
particularly relevant today (Tully et al. 2021).

The third article by Gaube and Remesch (2013) describes the development of an ABM
to simulate the consequences of urban planning policies in Vienna on the decisions by
families concerning the location of their residences. The article is based upon the consid-
eration that immigration is the single factor that most strongly affects the demographic
development of the city. In the model, the authors focus on the sustainability aspects of the
decisions to establish residence, and find that the spatial distribution of single households
is the largest determinant of the spatial distribution of energy consumption, which is the
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subject of their study. The inclusion of the article on this topic is primarily due to the
keyword “household”, and we should interpret its inclusion in the corpus of texts on
agent-based models as an indicator that the unit of aggregation for individuals in an ABM
should include households; this would imply the linking of individuals not only in terms
of genetic or familial relationships, as considered in the other papers within this topic, but
also in terms of the location where they establish residence, so that persons who share
housing with non-relatives become connected with them by reason of the joint domicile.

The article by Truscott and Ferguson (2012) relates once more to the problem of
epidemiological modelling, this time in the context of the SIR model vis-à-vis the gravity
model. The agent, in this model, does not comprise an individual but rather a node in the
network (generally, a city), and the individuals flow between nodes as per the assumption of
the gravity model. The usefulness of this article for the more general study of international
migration via ABM is that, in absence of data on the position of the individual, one can
use the gravity model in order to calculate a probability distribution of the likelihood of
transitioning from one city to another, and thus use that distribution to generate synthetic
trajectories of individual mobility.

The last article, by Kishore et al. (2021), relates to the impact on human mobility that
was caused by the lockdowns adopted in response to the COVID-19 pandemic. The authors
of this study show that, shortly after the lockdown had been approved but before it entered
into force, a significant increase in mobility was observed. Contrary to expectation, the
adoption of lockdown measures aimed at decreasing mobility in the long term and thus
preventing diffusion of pathogens, may rather cause an increase in diffusion in the short
term and a spread to areas that would otherwise not be reached in absence of lockdown
measures. The relevance of this study for the broader discipline of migration studies
consists in the consideration that individuals react not only to mobility policies that are
enforced, but also to mobility policies that have been approved but not yet applied. The
implication is that, if the decision-making process of individuals is included in an ABM,
this should include some form of foresight as was also supported by the anthropological
studies contained in topic three (Norman et al. 2018).

The sixth topic contains four articles, connected by the shared thematic of conflicts
and war, and the impact that these have on the movement of refugees.

The first article, by Suleimenova et al. (2021), discusses a methodology for developing
ABMs incrementally and via the iterated usage of sensitivity analysis (Sobol 2001). The
use-case for the model by them developed comprises refugees, hence the paper’s inclusion
in this topic. The authors validate the choice of parameters for their model on the figures
by UNHCR on the arrival of refugees to refugee camps in Mali, Burundi, South Sudan, and
the Central African Republic. Upon an initial choice of parameters that describe the motion
of a moving refugee, they apply sensitivity analysis to determine which ones are more
pivotal to predicting the model’s validation dataset; they then update the most influential
parameters according to some rules, and then repeat the process of sensitivity analysis and
validation of the model. The argument that they propose is that, by iterating this procedure
a sufficient number of times, the model would converge to a parametric configuration that
would correspond to some measure of optimality; however, this hypothesised convergence
remains unproven and may correspond to a local rather than the global optimum.

The second article presents a general framework for modelling refugees and forced
migration (Searle and van Vuuren 2021). The case study that the authors use comprises
the movement of internally displaced persons and international refugees in Syria, but the
framework that they develop is applicable in other contexts. In the model that they built,
an agent is an individual that possesses a state matrix and a corresponding state transition
matrix. The transition from one state to the next is stochastic, and accounts for different
types of behaviour including different types of migratory decisions. In the particular model
that they build, they incorporate three types of migration decisions: to move inside the
country, and thus become an internally displaced person; to cross the international border,
and apply to become an asylum-seeker; and finally, to cross the international border but
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not to apply for asylum, thus remaining irregular. The advantage of the approach by
them presented is that, if the decision-making process of an individual is modelled via a
stochastic state-transition matrix, this matrix can be interpreted as a probability distribution
and learned via e.g., regression or statistical analysis. Other forms of representation for
the migratory behaviour of an individual, such as the development of synthetic data that
corresponds to gravity models (Truscott and Ferguson 2012), would not allow deducing
the rules for individual behaviour whereas the work by these authors is more prone to it.

The next article relates to the same case study as the previous one: the modelling
of migration trajectories undertaken by refugees in Syria (Hébert et al. 2018); this paper,
though, develops a model to study the concrete datasets that the authors have available,
rather than considering Syria as a use-case for a theoretical model. In the ABM developed
by the authors, the individual is considered to be affected by the frequency of death in
the region where they are located, and also by demographic characteristics such as their
age and gender. Further, the more the conflict is prolonged, the more likely the individual
is to undertake movement. Upon arrival at the destination (generally, a refugee camp),
the migrant can decide to stay or relocate according to the sanitation and infrastructural
conditions that they find there. After simulating the process of migration, the model is then
validated by the authors on the basis of a refugee census by the UNHCR for camps located
in Iraq, Jordan, Lebanon, and Turkey. The interesting characteristic of the model, which the
authors do not highlight particularly in the conclusions of their paper, is that the choice by
a human to migrate is significantly affected by the danger of the area where the human
lives, as measured according to the death toll in that same area: if the persons that die are
included in a simulation prior to their death, and if survival is considered as a measure of
fitness, this then opens up the possibility to apply reinforcement learning and to model the
decision functions of a moving human with that particular approach, which the authors
have not considered.

The final article for this topic is a short paper that describes a simulation model of
the movement of refugees escaping from the civil war in Mali (Groen 2016). The author
of this study validates the result against UNHCR data, and finds that the figures for
refugees crossing into Niger are overestimated by their model; they suggest that the
movement on foot is poorly captured by the simulation that they developed. In fact, their
model uses a network of streets between cities as the topological structure over which
migration occurs, and this may not be accurate for countries with poor road networks or
transportation infrastructure.

The seventh topic comprises the second largest in the corpus, with 12 items in total.
The first article is a study on the effect that economic and social differences between

two countries can have in generating a brain drain from the poorest to the wealthiest
(Gürsoy and Badur 2021); in it, the authors implement an ABM that simulates the discrete-
time evolution of a social system characterised by brain drain, in which each step corre-
sponds to one year. The objective is to produce a model that could replicate the statistical
distribution of highly skilled migrants, which are normally sampled at intervals of one
year. The authors find that emigration is promoted by the average degree of connections
between nodes in a social network, but also that it is largely insensitive to the structure
of that same network, and in particular as to whether a random graph or a preferential
attachment network are used.

The next set of articles originates from the research of a group of scholars that col-
laborated over the course of a few years to study the relationship between housing and
population dynamics in Lebanon. In the first article (Picascia and Yorke-Smith 2016), the
authors develop a NetLogo model of Beirut that abstracts over the most salient features of
the city’s neighbourhoods, such as housing prices, income, and conditions. The simulation
runs at intervals of one month and accounts for scenarios in which a large influx of refugees
enters the country and competes with the local population for access to housing. The
authors’ model shows that the arrival of a large number of refugees over a short time can
cause a shock, which results in turn in the subsequent emigration from the city of both
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refugees and locals alike. The second article (Picascia et al. 2018) presents a variation of
the same model, in which this time the city is represented in a manner that corresponds
more closely to GIS data. In the previous iteration of the model, the city was represented
as a rectangular array of cells; in this second iteration, the authors have implemented a
representation of the city and its neighbourhood that resembles the geographical map; this
second article is otherwise similar to the previous, and comprises a shorter description
made of just two pages. The third article of this set (Termos et al. 2021) contains a significant
improvement over the previous ones. In this latter version, the authors have included a
method that uses structural equations for simulating demand and supply for houses, and
also includes validation and sensitivity analysis for the model’s outputs. The conclusions
remain similar to those of the previous two models, though: refugees that arrive in Beirut
are likely to cause a worsening of the housing conditions, which in turn makes it more
likely for both the residents and the local population to emigrate abroad.

The next article contains a study on the ethnic segmentation of the population in a city
that experiences the immigration of unskilled labourers (Meyer and Vasey 2020). The model
represents the process of hiring by firms in Los Angeles, and the diffusion of information
related to vacancies along the links of a social network that contains the employees of
those firms. The findings of this study indicate that firms that are ethnically homogeneous
may emerge naturally, and thus ethnic segmentation of the population may emerge as
a consequence of the fact that the hiring process takes place along the network of social
contacts, and that these are generally denser among people of the same ethnicity.

The article by Bystrov et al. (2019) contains instead a simulation of the migration
processes towards the Artic regions of Eurasia, with the inclusion of Iceland, Sweden,
Finland, Norway, Denmark, and Russia, as the countries that the model simulates. The
dataset used by this study is public and is based on the demographic data of Eurostat. The
model is then used to forecast bilateral migration flows between these countries; however,
in absence of a validation step and because the model itself is not published, it appears that
this study may suffer from difficulties in replication.

The next article contains a presentation of a tool developed to facilitate the merging
of two previously independent tools for social simulation: the Simulation Experiment
Specification on a Scala Layer (SESS), and the Modeling Language for Linked Lives (ML3)
(Reinhardt et al. 2018). The tool is then used in a couple of abstract contexts in order to
show its potential; one of these, which is relevant for this paper, is the simulation of return
migration by labourers. The tool should in principle allow the extension to concrete cases,
such as for the purpose of simulating mobility between two countries.

The article by Klabunde et al. (2017) presents a model for migration between Senegal
and France (Klabunde is also mentioned in the ninth topic for another article that they
published); this particular case is an instantiation of a demographic multistate model to
which the authors added an extra component to represent the intention to migrate. The
multistate model, in turn, is characterised by a probability transition between any two states
that depends on the age of the individual and the time spent in a given state. To this model,
the authors have added a decision function that concretely comprises an extra term in the
state transition function. The challenges that the researchers identify consist of the problem
of determining which aspects of the state transition function are “automatic”, and that occur
regardless of the cognitive processes of the individual, and which ones comprise wilful
decisions by the migrant, that should then be modelled via decision functions. The answer
is not present in the article, but the question is presented as an important research direction.

The next article is a global model for human migration (Lin et al. 2016), where a set of
194 countries possesses a population that they redistribute along themselves. The model
includes a representation of pair-wise linguistic similarity between countries, under the
idea that countries that share similar languages are ceteris paribus more likely to experience
bilateral migration; it also includes a measure of political friendship between countries,
under the assumption that friendly countries are more likely to observe higher flows of
people moving between them.



Soc. Sci. 2022, 11, 356 23 of 32

The next study relates to climate adaptation by humans, and to migration as an
adaptive strategy against the variability of rainfall (Warner and Afifi 2014). The researchers,
in this article, present an agent-based model in which the rainfall enters the ecosystem in
which humans live; and as a consequence of changes in precipitation, the capacity of the
resident population to extract food decreases. The claim by the article is that the changes in
precipitation (either sign, as opposed to merely the decrease) cause a decrease in food by
reason of the uncertainty concerning the cultivation: as rainfall variability increases, first,
the farmers decide to plant fewer crops, and then the markets receive less produce to display
on the shelves; this mechanism, eventually, leads to the emigration of the population that
does not find sufficient food to satisfy its necessities. The model’s assumptions were based
upon survey data administered in various agricultural regions in South America, Africa,
and South East Asia, and therefore the paper’s conclusions have broad geographical scope
and applicability.

The next article contains a model that simulates the migration patterns from East to
West Germany as a consequence of the reunification of the country at the end of the Cold
War (Frank Heiland 2003). The model uses state-level data (Land) and considers as an agent
the individual citizen who attempts to maximise their own utility function. The model
finds that distance negatively affects migration, and that unemployed persons are more
likely to emigrate than employed persons, which is consistent with the general knowledge
in migration studies.

The final article for this topic contains an ABM on the diffusion of Dengue fever in
Colombia (Padmanabha et al. 2015). The reason for the inclusion of this article in this
corpus is that it considers immigration and long-distance mobility as two of the factors that
affect the diffusion of the disease, and hence it was captured by the keyword queries. The
article finds that the visiting by individuals with social contacts that live a long distance
from them may constitute a method for transmission of the disease between otherwise
isolated areas.

The eighth topic includes five articles on the subject of computation in agent-based
systems. The problem of optimisation, scalability, and parallelisation of ABMs is considered
in these articles; these are open problems for agent-based models that aim at representing
the dynamics of large groups of people, and are relevant for international migration
whenever the behaviour of a large social system (e.g., a country or a continent) is considered.

The first article, by Makarov et al. (2018b), discusses a methodology for developing
large-scale agent-based simulations that include agents in the order of one billion, which is
intended to replicate one-to-one the evolution of social systems in Eurasia. The model was
used to simulate economic migration from China to Russia and allowed to represent the
flow of information between agents. In its application to the regional migration between the
Chinese province of Heilongjiang and the Far East Federal District in Russia, the authors
claim that the model can accurately represent the changes in the flow of labour migrants
across the border, in response to changes in the bilateral currency exchanges and in the
availability of job offers.

The next paper by Bakhtizin et al. (2017) is related to the one we just discussed, and
indeed it slightly predates it chronologically. While the intended use case is migration
studies, this particular paper does not, however, focus on it and describes instead the
technical implementation of the simulation system; this paper, together with the previous,
should be considered together if one attempts to develop a scalable system for ABMs that
simulate large numbers of individuals. Notice, however, that the framework developed by
the authors does not allow the inclusion of some objects that are common in ABMs, such as
the geographical environment, or distinct classes of agents.

The article by Groen (2018) treats a similar topic as the previous two, that of parallel
computing in its application to an agent-based model. The simulation framework presented
in this paper was developed by the author in Python, and shows benefits in terms of
speedup by a factor of 3 when the simulation is parallelised as opposed to running on a
single thread. The author tests their framework on a variety of scales, ranging from a smaller
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model of 10,000 individuals up to a million. The author comments on this improvement by
attributing it to the poor performance of Python in computing-heavy contexts, and assumes
that the same simulation framework, if rewritten in C, would perform better regardless
of parallelisation.

The next article, by Klügl and Bazzan (2012), is introductory in nature, and comprises
a review of the basic concepts and tools commonly used in ABM. In particular, the authors
describe the primary features of Swarm, Repast, SeSAm, MASON, and NetLogo, and
provide a list of their comparative advantages and disadvantages. Other tools that are
common for modelling phenomena like migration that are eminently geospatial in nature,
such as GAMA (Drogoul et al. 2013), are not however mentioned as they are more recent.

The final article for this topic, by Weidmann and Salehyan (2013), contains a compu-
tational model that links ethnic violence to migration during the war against insurgency.
The inclusion by LDA of this article in this topic may derive from the frequent usage of the
words “computational model”, in many places where other texts would have referred to
“agent-based models” instead. In this model, the authors represent the decision to migrate
as a response to attacks of a certain class of agents, the “insurgents”, against a population
that is ethnically differentiated between Sunni and Shia. The proximity to the location of a
terrorist attack is the factor that affects the decision to migrate, with a decreasing effect as
the distance increases. The model also considers the role that policing and counterinsur-
gency operations have as policies for managing migration: if terrorist attacks are a factor
that causes people to flee, then the arrest of terrorists can be considered as a policy of its
own for reducing the number of people displaced by the violence.

The ninth topic is the second smallest, accounting for only two articles; these articles
relate both to the economic emigration from Hispanic countries, and therefore we labelled
this topic accordingly.

The first article, by Klabunde (2014), comprises a study on the agent-based modelling
of economic migration from Mexico. The model developed by the author considers typical
push/pull factors for economic migration, such as income differentials and age of the
migrants, but also less frequent factors, such as some idiosyncratic preference for the
home country as opposed to the host country; this latter is to be intended as an emotional
preference or a bias, in the author’s conceptualisation of the model, but it is concretely built
by using as a proxy the level of homeownership in the country of origin, which may simply
reflect the level of wealth of a migrant household. The model is calibrated via Monte Carlo
simulations, and holds only four hyperparameters while being able to accurately represent
the circular migration of Mexican workers across the border.

The second paper on this topic also concerns migration from an Hispanic country:
in this case, the economic migration of Colombian women to Catalonia (Hüttinger 2020);
this article makes a frequent reference to Colombian immigrants to Catalonia as “agents
of development” and “agents of social change”, while at the same time referring to the
“transnational networks” that the same agents create in the country of origin and the
country of destination. While this article contains all the keywords that are common in
agent-based models, it does not however have an explicit reference to them, so it should be
considered syntactically but not semantically related to the topic.

The tenth and final topic is the largest: it can also be interpreted as a residual topic,
in the sense that it contains a variety of articles that do not necessarily fit into any other
category; these are the articles that are most closely related to each other via the specific
subject that we used to retrieve them: that of agent-based models and migration.

The first article is a literature review on the subject of slavery and human trafficking,
and the problem of its modelling via ABM approaches (McAlpine et al. 2021). The review
is aimed at assessing the suitability of ABM for the purpose of promoting Sustainable
Development Goal 8.7 on the eradication of slavery and forced labour. The research finds
that the role that social networks have in affecting slavery (by either causing it or preventing
it) is not well studied, and claims that there is potential for opening a research avenue in
that direction.
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The study by Dyble (2021) considers instead the problem of altruism and its emergence
in war. The model developed by the author shows that the number of altruists in a
population was correlated with the size of the group, as well as with the propensity
for migration.

The research by Huang and Unwin (2020) focuses on the comparison between ABM
and Markov chains to simulate the Burundi refugee crisis. Markov chains with no hidden
nodes are stochastic finite state machines, and can thus account for probabilistic rather than
deterministic state transition functions for the behaviour of an agent.

Al-Khulaidy and Swartz (2020) developed an agent-based model to simulate the
patterns of migration from Mexico to the United States, and evaluate the effects that
changes in the migration policy can have on the migratory behaviour of the individuals.

Harris et al. (2018) developed a simulation system based on swarm architectures
for monitoring borders and detecting border crossings by migrants. The system is aimed
at maximising the probability of detection of migrants by integrating sensors located on
the various surface and air assets, and was validated on data on the Search and Rescue
missions by the Italian Coast Guard.

The next paper describes a computational framework for developing simulations at a
global scale, written in Python and optimised for parallelisation (Blandin et al. 2017). The
system works in Jupyter and thus allows for graphic elements to be displayed; further, it
is released in open source format and can thus be forked and modified by any interested
developer. The framework is tested on a population with 7 billion individuals, and shows
a scaling in computational time that increases linearly with population size.

The article by Sokolowski and Banks (2010) studies the relationship between the
degree of interconnection between countries, by them called “global connectivity”, and
a special kind of migration: the migration of cultures. The authors define culture as an
object comprising a set of features, with each feature comprising a set of possible traits. The
combination of traits present in a culture (or more accurately, their numerical encoding)
forms a string that defines that culture and any agents that share it. The interesting aspect
of this research, for the studies on international migration, consists in the suggestion that
categorical features of an agent could be encoded in some sort of genomic string, and that
the latter can then evolve as a response to the events that affect that agent.

The same authors, Sokolowski and Banks (2014), also published a second paper that is
also contained in this topic, and which relates to the computational modelling of population
displacement in Syria; in it, the agent is represented by the government troops that patrol
Aleppo, who is in charge of preserving security in the city. The agent is characterised by a
variable called “disposition”, which in turn depends upon the agent’s emotions, rationality,
and the influence that the disposition of other agents has on the agent themselves. In
reaction to the increased presence of the rebels, the government troops represented in the
simulation develop stress and may end up shooting towards areas in closer proximity
to civilians, thus increasing their risk of death. Areas that suffer attacks are considered
dangerous, and thus generate refugees that attempt to escape them.

The paper by Nemiche et al. (2013) presents a framework for developing computa-
tional models of artificial societies capable of evolving. Their model includes rules for the
reproduction and the death of each agent, and accounts for technological progress that
allows a certain society to increase in size. The model also includes a function that allows
agents to roam the environment, though the behaviour associated with the agent’s mobility
is determined exclusively by the availability of resources; this consideration makes the
framework suitable for modelling economic migration, but would demand additional work
to be extended to other types of migration.

The next two papers both relate to the computational modelling of migration from
Burkina Faso. The authors overlap and the period of publication was the same; for this
reason, it makes sense to consider them as one single product even though their text differs
in wording. The first is a book chapter (Smith et al. 2011), while the second is a journal
article (Kniveton et al. 2011); we discuss the latter here but either could have been included
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since the content is sufficiently similar. The last article on this topic, therefore, and the last
article of our review, is a model that describes climate change and its relationship with
migration; this model uses the case study of Burkina Faso, and addresses the applicability
of the theory on bounded rationality and the theory on planned behaviour for the purpose
of modelling the cognitive processes of an individual in relation to their decision to migrate.

To sum up this section, if our objective is to develop agent-based models that replicate
the behaviour of a system of international migration, this literature review helps us identify
the characteristics that a model should have, in order for it to be consistent with the
literature itself. Each of the ten thematic contained in the respective topics is current and is
a valid research direction to address the problem of the relationship between ABMs and
international migration; the selection of a specific topic then depends upon the research
task being conducted, and cannot be established a priori.

6. Conclusions

We now have a set of characteristics that corresponds to the application of agent-based
approaches for the modelling of migration. The findings that we have indicated in this
section thus need to inform the construction of future agent-based models for international
migration. The most notable conclusion, however, is that non-linear approaches or systems
dynamics are seldom integrated with them, which suggests the importance of opening a
research direction that covers the subject.

In this article, we have presented a review of the literature on agent-based models and
their application to the simulation of systems of international migration. We first identified
a set of articles on the topic using keyword queries on popular scientific databases. Then,
we extracted the list of topics contained therein, by means of matrix decomposition. We
proceeded to label the topics according to the human understanding of the researchers,
and then queried the corpus of articles in order to identify the ones that pertained to
each topic; this, finally, let us identify the characteristics that agent-based modelling for
international migration should have, for it to be grounded upon the domain knowledge
which is embedded in the discipline of migration studies.

In relation to the first research question, we find that a finite machine that represents
an individual in a system of migration should be able to perceive violence as it takes place
in the environment of their usual residence. A special case of the perceived violence needs
to be political terrorism, since this its migrational responses are behaviourally distinct from
the general responses against violence. The agent should also possess a decision-making
process that includes the positions of their family members towards migration and, more
generally, the network of immediate social contacts around them.

In regard to the second research question, we find that the interaction between the
individuals and the environment should be modelled by means of a system that merges
agent-based approaches for the modelling of the individual and system-based approaches to
model the environment and its evolution. The components of the environment that should
be considered include the political boundaries of states, the distribution of cultures and the
relationships thereof, the presence of refugee camps and of systems for the management
of refugees, and a description of climate and its evolution over time; these structures are
positioned on orthogonal layers and complement rather than replace each other in the
computational representation of migration systems.

In regard to the third research question, we find that the joint usage of agent-based
modelling and systems dynamics for the purpose of formulating policies towards migration
is limited, which calls for further research to be conducted in that direction.

In conclusion, we noted that the discipline does not treat or cover possible forms of
interaction between agent-based systems and approaches based on systems or non-linear
dynamics; this, in turn, calls for the possibility to explore those forms of interaction be-
tween alternative computational approaches to migration studies, that might be aimed at
developing hybrid or mixed forms of models for the simulation of systems of international
migration. Our research also points to the potential that may derive from analysing the
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existing policies that attempt to manage migration, not in terms of their effectiveness or
ineffectiveness; but rather, to consider policies as hypotheses concerning the functioning of
the system of migration, and their acknowledged ineffectiveness as the empirical falsifica-
tion of those hypotheses; this could be conducted based on existing datasets that classify
migration policies, such as IMPIC, and will therefore be possible in the immediate future.
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1 The code can be found at the following URL for validation purposes and for replicability of the results: https://github.com/

G-DL/literature-review (accessed on 27 April 2022). The user needs to insert the copy-past from the text of each article that is
included in the analytical pipeline into one of the .txt files contained in the “./data/” folder of the repository. The order or the
name of each .txt file does not matter, but they must preserve the numerical order and hold the leading zeros. We cannot include
the texts of the articles themselves for copyright reasons, but the dataset can be recreated in a short time by the interested reader,
or obtained from the corresponding author.
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