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Abstract The Syrian civil war has generated a refugee crisis in the Middle East and
Europe. This study draws on complex systems theory and the agent-based modelling
method to simulate the movement of refugees in order to identify pathways of forced
migration under the present crisis. The model generates refugees as agents and lets
them leave conflict areas for a destination that they choose based on their respective
characteristics and desires. The simulation outputs are compared with existing data
regarding the state of forced migrations of Syrians to assess the performance of the
model.

Keywords Conflict induced migration ¢ Syrian refugees * Agent-based model-
ing * GIS ¢ Migration pathways

1 Introduction

Survival and wellbeing are two important characteristics of human nature. As
witnessed through history with the repeated population displacements [1, 2],
people who find their social conditions dissatisfactory will often migrate to places
that promise better possibilities for improvement; for example, peace and wealth
compared to the violence and despair that characterize their home countries. The
reasons for migration vary from economic, political and security causes, to natural
or anthropogenic disasters. Nevertheless the hope is always the same, to find a safe
and better place to live and prosper [1]. This is also the case for many Syrians who
have faced insecurity and despair brought on by a civil war that been going on for
several years now [3-6].
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A multitude of armed groups, which form an intricate web of alliances charac-
terised by varied sets of commonalities and contradictions, add a layer of complexity
to the situation. In addition, global and regional powers are involved in the conflict
sometimes fighting among themselves to pursue opposite objectives [6]. In that
context, it is understandable that much of the population would like to flee the
region, triggering the beginning of a great migration. To better understand the
dynamics behind migration, this paper presents a model that simulates the pathways
the migrants use to flee their home country.

This study uses a dynamic approach to model the decision steps of the migrants,
namely, the decision to leave, choices of destination and pathway as well as the
decision to stay at the destination. The methodology presented here is rooted in
the science of complexity and uses the agent-based modelling (ABM) approach to
simulate the dynamics of migration.

The present chapter is organized in five sections. Section 2 provides, an overview
on forced migration, complex systems modeling approaches and how these methods
have been used to study population migration processes. Input data and the model
are detailed in Sect. 3. Section 4 addresses the results, and Sect. 5 concludes the
chapter.

2 Review of Literature

2.1 Conflict-Induced Displacement: Contextualizing Refugee
Migration

As stated by Zetter [7], terminology is essential when addressing population dis-
placement, and the use of incorrect terminology could have dreadful consequences
on the reception and the treatment of a displaced population when reaching a safer
or more desirable destination. Language misuse can be used by some countries to
hide the reality of conflict-induced displacement and therefore deny the population
counts of those forced to flee and find refuge [7]. By definition all refugees are
migrants, however, Schmeild [8] stated that until 1990 the study of migration
phenomenon was a distinct field from the study of refugee migration, which was
considered to be a political phenomenon and as a consequence, was ignored by
most migration literature and studies. Since then, the approach to study refugee
displacement has changed and refugees’ behaviour has been studied as part of
migration phenomenon [9]. In general, migration refers to the permanent movement
of people to a new area or country [8], while population displacement makes
reference to people’s movement but only within a specific time frame and generally
inside a country [10, 11]. For this study, we have defined refugee migration as the
event that occurs when people are forced to flee their homes as a result of a civil
war. Likewise, we have adopted the legal definition of a refugee provided in 1951 by
the United Nations Convention Relating to the Status of Refugees. The Convention
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defines a refugee as a person residing outside his or her country of nationality, who
is unable or unwilling to return because of a well-founded fear of persecution on
account of race, religion, nationality, membership in a political social group, or
political opinion [12].

Within the literature, the study of migration is generally classified into distinct
areas based on the reasons for population migration. Amongst the most studied
causes for migration are economic reasons [13], climatic reasons [14-17], and
conflict induced reasons [9, 11, 17]. Another important aspect considered when
studying migration is the scale at which the process of migration is examined. Such
as scale of examination and analysis could be national, regional or continental scale.

2.2 Complex Systems Theory

The conceptual framework of complex systems theory focuses on the many
characteristic behaviours of dynamic systems such as self-organization, emergence,
non-linearity, path dependence, bifurcation and sensitivity to initial conditions,
amongst others [18, 19]. The modelling approaches that draw on complex systems
theory, can be used to investigate how the interactions between parts can create
collective behaviour within a dynamic system [20, 21] such as human migration.
With the objective of modelling and examining the laws governing the behaviour of
complex geographic phenomena such as forced migration, agent-based modelling
(ABM) approach can be used to study the spatial patterns resulting from the
complexities of human migration.

As it is the case with all complex system models, when studying human
forced migration, it is important to understand the elements that characterise this
phenomenon. In the case of forced migration in Syria, the movement of the
population as well as the uniqueness of each individual, in addition to every aspect
of the conflict creating the forced migration, are important considerations. Some
research has been done in with these considerations [22, 23], but at a very local
scale. The decision-making process with autonomous individuals in a bounded-
rational environment, such as that of a refugee migration, is in nature heterogeneous
and lends itself well to ABM as a tool for analysis [24]. Individuals represented by
agents are dynamically interacting with other agents based on simple rules that will
give rise to complex behaviours and patterns of displacement.

2.3 ABM and Forced Migration

The study of forced migration using ABM is still in its early stages, with statistical
modelling still dominating the field [8, 17, 25, 26]. To understand the migration
of Syrian refugees, most researchers have used static and statistical approaches to
count the number of migrants leaving, those in transit and others arriving in each



48 G. Arnoux Hébert et al.

country [5, 27-29]; however, most of the studies done on forced migration have
been linked to climate change [10, 16, 17, 30]. In addition, there are a few studies on
conflict induced migration which have been conducted by people with an expertise
in political science or sociology [11, 31], and not in geography (i.e. spatial dynamic
modelling). The lack of research on migration patterns modelling can be associated
with two main challenges related to the choice of decision rules and the use of
empirical data [32]. Decision rules comprise the part of the model used to replicate
the decision making process of a human being. Defining realistic decision rules
can be difficult and that is one of the reasons why there are not many dynamic
models on conflict induced migration. In this study we use a Psycho-Social and
Cognitive approach [32], that is based on the planned behaviour theory [33]. Planned
behaviour theory states that an individual that processes information, mediates the
effects of biological and environmental factors on one’s behavior. Thus, whether a
behavior, for example migration, occurs or not is the result of the probability that
the influence factors are compelling enough for each individual. The advantage of
the Psycho-Social and Cognitive model is that it allows the inclusion of an infinite
number of features to model decision making process as well as takes into account
social influence and the uncertainty of life [33]. Empirical data constitutes one very
important part of model development; without it, it is very difficult to parameterize
and calibrate a realistic model [32]. Due to strategic reasons, valid empirical data
within a conflict zone are hard to obtain, and this is why there are not many models
on conflict induced migration.

When creating a migration model there are three major aspects to think about.
The first is to know the moment the populations decide to leave (When). The second
is to know the destination of the migrants (Where) and finally to know whether they
want to stay or not at their destination. These aspects identify migration pathways.

The first aspect or the moment people decide to leave is the one that is the most
studied and conceptualised [11, 14]. The choice to leave is, according to Oliver-
Smith [30], not a reaction to an event, but it is due to an accumulation of factors that
make people leave. Sokolowski and Banks [11] agree and add that people in risk
zones choose the best options based on an analysis of circumstances, risks, and cost
and benefit. That is what Klabunde and Willekens [32] present as part of planned
behavior theory.

The second aspect or the choice of destination is a complex problem with
multiple components; Moore and Shellman [34] investigate if refugees are more
likely to relocate themselves inside or outside their country, while Schmeild [8]
affirm that refugees usually go to neighboring countries with the same ethnic group
and religion. In the case of Syria, refugees do not want to stay in the neighboring
countries, instead they prefer to go to a country with different culture and religion
(mostly in Europe) because they perceive that life in these countries is better than
the ones in the Middle East [4]. Although refugees do not see all European countries
on the same scale, some of them may try to enter one of the Schengen nations with
the perspective to move to another if the standard of living is better [35]. In general,
literature states that migrants/refugees prefer cities or countries that are politically
stable, richer and safer than their departing location. It is also reported that another
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important aspect within the decision-making process is the capacity of absorption of
migrants at each destination and the reception attitude of the host population [3-5].
Likewise, refugees will been keen to move to a rich or a more prosperous country
but they will also want to move to a country in which they have family ties [36].
The third aspect is related to the degree of satisfaction with the chosen desti-
nation, and it can be divided into two different situations. The first one reports
on migrant’s happiness in terms of the selected place, while the second is related
to the level of tolerance or rejection of refugees by the hosting community. Even
though there are parts of the society that will always reject refugees [37, 38], Philips
[37] argues that integration is successful when the refugees are given access to
good quality accommodation available in their place of arrival. Strang and Ager
[35] also suggest refugees’ integration does not necessarily depend on relocating
to an area with people from the same ethnic group. The three discussed aspects
can be integrated into a model to mimic spatial decision making and movement of
individuals forced to migrate due to conflicts such as the ongoing in Syria.

3 Data and Methods

3.1 Data

Data used in this model were acquired from various sources (Table 1). Monthly
death toll data with location information was acquired via the Syrian Observatory
for Human Rights [39], one of the most used data sources for the war in Syria. The
extent of the datasets encompass the area of the refugee camps (Fig. 2a). From the
road dataset only the primary roads and the highways were kept. From the 2004
Syrian census only those cities with more than 3000 people were considered. The
model also includes indicators about destination countries [40, 41].

Table 1 Data classes and sources

Data Source Format
Population Syrian census 2004, UN website, CIA world Excel
factbook
Roads, railways, cities Open street map Shp (point)
Airports Open flight Shp (point)
Political map Thematic mapping Shp (polygon)
Elevation USGS global multi-resolution terrain elevation | Raster
data 2010 (GMTED 2010)
Ethnic groups GREG Shp (polygon)
Death toll Syrian observatory for human rights Shp (point)
Recipient countries World economic forum, reporters without Excel

information borders



50 G. Arnoux Hébert et al.
3.2 The Model

We developed an ABM to simulate the migration of Syrian refugees, using death
toll as an indicator of the severity of the conflict at each location and time. The
model is comprised of human population agents who actively adapt and compare
their tolerance with perceived severity of conflict and decide whether to leave their
homes or not. Once they decide to depart, the agents consider a variety of conditions
including their wealth, and choose a destination as well as a means of transportation.
Upon arrival at destinations, the agents consider factors such as the capacity and
existing population in the case of a refugee camp and decide whether to seek refuge
therein. The model is iterated with 1 month time steps beginning in March 2011 and
ending in December 2015.

The hybrid model allows cells to store data that is used to create, modify or
influence agents [42, 43]. Other studies [16] used a ratio of agents to run the model.
In our model Syrian cities create population agents at a ratio of 1 agent per 1000
people. If they decide to leave their city, population agents become migrant agents,
and on arrival and settlement at their destination, the model transforms them to
refugee agents. Destination options (countries, cities, and refugee camps) are given a
series of indicators of attractiveness. These include: ethics, press freedom, organised
crime, security, life expectancy, higher education, quality of education, quality of
infrastructure, trustworthiness, public institutions and efficiency of government [49,
50]. The model also includes Syrian cities, other country cities, countries, refugee
camps, airports, roads, and railways. The model implementation was made using
Netlogo [44]; Fig. 1 depicts the flowchart.

3.2.1 Conflict Zones

To avoid problems (notably, lack of reliable data) of modeling the entire Syrian
conflict we defined conflict zones in our model as monthly-updated, 20 km-wide
areas around cities where deaths have been registered by the Syrian Observatory for
Human Rights (SOHR). The higher the death toll at a zone, the more dangerous it
is perceived by population agents. The deadliest recorded attack in SOHR data is
assigned a danger score of 100 as reference, and danger scores of other records are
calculated based on the proportion of their respective death toll to the reference. At
each time step, conflict score of each conflict zone is calculated using the following
formula:

C) = 5[Ca—1) + D)

C(t)=D(@) fort=1

where C(?) is the perceived conflict score of a zone at month ¢, and D(?) is the danger
score of that zone at month 7.
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The inclusion of the perceived conflict score of the previous month (which in turn
involves the effect of the month before, and so on) in the above formula enables
the agents to have memory. The behaviour of the model will therefore be path-
dependent. An implication of the above is that an agent may decide to leave even
with a reduction in the danger score compared to previous time-step [45, 46].

3.2.2 Tolerance and the Decision to Leave

To assess populations’ tolerance to conflict, a series of variables are associated to
each agent [14]. Those include religion, ethnicity, wealth, age, sex, and familial
status, the combination of which serves to determine the likelihood of an agent to
leave [10, 47, 48]. In this study, due to unavailability of data, these parameters were
randomly assigned. The model also considers a cumulative stress factor that reduces
tolerance levels as the conflict continues. The decision rule for the first part of the
model is based on a simple comparison: if the perceived severity of conflict exceeds
tolerance, the population agent decides to leave, and becomes a migrant agent.

3.2.3 Destination Choice

Upon creation, migrant agents choose their destinations based on comparisons of
their preferences with qualities of options available given their conditions. For
example, a family member abroad could provide shelter and as such influences the
choice of the migrant agent [36, 47, 49]. Moreover, wealthier migrants, can choose
better means of transportation [49] and consider longer ranges. If no destinations
exists for the expected criteria, the migrant agent chooses the nearest refugee camp.

3.24 Migration

Migrant agents choose a means of transportation depending on their wealth. On their
journey, agents avoid cells with high danger scores and—especially for walking
agents of very young and very old ages—cells with high slopes. Each migrant has
a health score, which deteriorates with time and also in danger zones. Agents who
lose all their health score, die. These features are to simulate the hardship of the
migrants’ journey [5, 6].

3.2.5 Arrival

Upon arrival at its destination, a migrant agent chooses whether to stay there and
become a refugee agent. Overcrowding is a factor influencing such choice. Other
important factors include infrastructure, sanitation and security [50, 51].
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3.3 Model Parametrization

A challenge in the development of the model was the unavailability of data to set
values of numerous influential parameters. We addressed this challenge by using
information from relevant literature, particularly to identify parameters of highest
importance, extract ranges of variation, and obtain an ordinal basis for categorizing
and prioritizing levels of parameters for which a value is not available.

We acknowledge that the decision to leave is not a sudden event but the result
of accumulation of pertinent factors [30, 32]. In this case, religion and ethnicity
parameters were adjusted so as to make agents more tolerant when they are in
regions of their own ethnicity [8]. Moreover, literature highlights that older people
have more difficulty in the journey, and that they are more likely to stay in their
home town longer [47, 52]. Accordingly, values of age parameters in the model
were adjusted such that agents of higher age, choose departure later than others.
Also, males generally have a better experience during the journey [53], therefore,
the gender weight parameter is adjusted to generate more male migrants. Finally,
literature notes that a single agent will be better suited to move as it is easier to travel
alone than with a group [54], and that has been used as the basis for adjustment of
age parameter of the model.

4 Results

4.1 Model Output

Figure 2b shows snapshots of migrant agent concentration at five temporal points.
It is noticeable that the concentration of refugees in Jordan is greater than the in
Turkey. Moreover, populations of Homs and Hama have fled the most. Refugee
agents prefer camps far from danger zones. If we look at the Latakia region which
is a regime stronghold we see a surge in migrants in that region between March and
December 2015 which corresponds to the time where Russia first intervened [55].

Figure 3 shows migration pathways. We can see that a large number of migrants
have fled the regions of Homs and Damascus. However this is not the case for the
region of Aleppo. This can be explained by the danger level. Since Aleppo was near
constant state of siege from the beginning of the conflict the danger level across
this area is always high, which can refrain the migrant agents from moving. This
represents the reality of many Syrians being trapped in their city or village, unable
to flee due to the surrounding battle.

We can note many movements from Syria to Iraq. These could correspond to
Kurd migrants and refugees fleeing northern Syria to safer zones in Iraq’s Kurdistan.
It is also observed that a lot of agents choose to move toward Jordan. We can also
see some migrant movement from the Der-el-Zor region towards the Ambar Camp.
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4.2 Model Testing and Validation

Our model uses data on location, month, and number of deaths to simulate the
consequent refugee flows. Due to unavailability of much of other data, the model
cannot exactly replicate the real world. However, assuming that the death toll is a
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Table 2 Quantity change and allocation tests

Quantity Allocation

Proportion change-2015 | Iraq Jordan | Lebanon |Turkey | Sum
UNHCR data | 0.2661 0.0099 |0.0442 |0.0514 0.8946 |1
Model output | 0.3731 0.0927 |0.2244 |0.0003 0.6826 |1
Minimum allocation agreement 0.0099 |0.0442 |0.0003 0.6826 |0.7370

pertinent variable contributing to the situation, we expect our model to be able to
show effects and dynamics comparable to those of the real world in terms of flows
of refugees in response to the same spatiotemporal changes in the pertinent variable.

The UNHCR provides data on the number of refugees in its camps and
neighboring countries [51]. We use these data to test the model, by comparing
model outputs and real data in terms of quantity and allocation of change [56]
between two time frames—December 2014 and December 2015. The variables that
we used for model validation and testing are the rate of change in refugees arriving
at neighboring countries (for quantity accuracy measurement), and the division
proportions of new refugees among neighboring countries (for allocation accuracy
measurement). In other words, we argue that the model generates new refugees
each year and distributes them in the neighboring countries, and we perform tests
to compare such generation rate and distribution shares with reference data from
UNHCR [57, 58]. Table 2 shows the results of the tests.

The model shows a higher proportion of new refugees in 2015 compared to
UNHCR data. This may be due in part to lack of detailed model design data, and to
some extent to underestimation of the number of refugees in UNHCR records. As
for allocations, the model shows lower proportions in Iraq and Lebanon, and higher
in Jordan. These differences may be due to lack of data on spatial distribution of
ethnicities. We used the sum of minimum agreements as a measure of allocation
accuracy, ranging from 0 to 1. It must be noted that the above are results of 46th
to 57th iterations (months) of the model, with death toll as the only input being
updated. Moreover, while the model simulates one cause for migration of refugees,
the observed data—which is the reference for testing the model—is aggregated and
includes consequences of other possible causes as well.

5 Conclusion

We developed an agent-based model of violence induced migration. By using
a simple variable—death toll—to simulate conflict zones, we built a model to
generate migration patterns of refugees despite lack of reliable information on the
details of the political and humanitarian conflict. Visual inspection of model outputs
and comparison with observed data enabled us to better understand the model’s
capabilities and limits.
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The model presented in this chapter is based on the idea that occurrence of
violence at a location can cause refugee migration. Census data was used as
input for spatial distribution of population. A highlight of the model design is the
definition of conflict zones around locations of violence. Model testing was based on
aggregate reported sums of refugees in neighbouring countries. The above aspects
could also be considered for improvement and extension of future work. Regarding
theory, violence-induced migration literature could suggest additional causes and
mechanisms. As an example of improvement of inputs, socio-economic data with
spatial distribution could, if available, replace some model assumptions. To improve
the design, new models could be developed with different sizes of conflict zones,
and compared to find the most realistic and reasonable amongst them. The outputs
of our model could serve as information tool for humanitarian agencies in order to
quickly prepare to receive refugees in cases of forced migrations, specifically in the
case of the Syrian civil war. Future efforts could be made into finding reference data
and developing tests that are more closely related to the model and that will help in
its validation.
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