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Abstract

This systematic review aims to synthesize how agent-based modeling (ABM) has
been used in migration and modern slavery research and provide the basis to model
development for social science researchers exploring the use of ABM. We searched
five bibliographic databases using two terminology categories: (1) migration or
modern slavery terminology; (2) complex system methods terminology. Two review-
ers conducted independent article screening. Peer-reviewed articles presenting orig-
inal migration or modern slavery ABMs were included. Data extraction included
model development steps and model characteristics. The dataset was synthesized
and compared across studies. We identified 28 articles for inclusion. Many of the
ABMs tested theories and about half were based on empirical data. Model devel-
opment varied considerably and reported methods were extremely opaque. Only
five studies used a structured development framework. The most common model
involved agents deciding whether and where to migrate and attempting migration.
Climate change was a common exogenous scenario modeled. Most of the ABMs
did not undergo any sensitivity analysis or validation.ABM has a greater capacity
to account for heterogeneous and dynamic decision-making than more frequently
applied methods in research on migration and modern slavery. However, there is
still a paucity of studies adopting ABM methods. These reviewed ABMs highlight
gaps in the reporting and implementing of model development. ABM is a promising
technique to address many urgent and complex questions in research on migration
and modern slavery to better support decision-makers, but addressing current meth-
odological gaps is a critical first step.
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Introduction

This review aims to explore how agent-based modeling (ABM), a complex systems
science method, has been applied to research on migration or modern slavery, and
to synthesize the ABM model development in this field of study to inform future
applications of these methods. ABM, particularly in relation to socio-ecological sys-
tems modeling, has increasingly been employed to study many dynamic multi-scale
research questions, such as ecosystem management, collective resource sharing and
a particularly well-established method in studies of land use [1]. Ecological complex
systems modeling has paved the way for bridging many other disciplines, includ-
ing social sciences, with complexity science. We believe that interdisciplinary ABM
methods present an opportunity to address many critical, unanswered, and complex
questions in migration and modern slavery research and at the nexus of these two
research topics. In a first step to advance the adoption of these methods in this field
of research, this review synthesizes and assesses the use of ABM in migration and
modern slavery research to date.

This review builds on the work of modelers that have been using and review-
ing the use of ABM to explore emergent trends in migration, particularly migration
influenced by environmental changes, social networks and decision processes, such
as utility maximization [2—4]. Bell, Hernandez and Oppenheimer pointed out that
many of the ABMs in this field focus on singular push-factors (e.g. climate change)
and usually only consider the pull-factors or destination choices after the agents
have surpassed a push-factor threshold [3]. Klabunde and Willekens explored the
decision-model choices for migration ABMs that span several dimensions (form-
ing expectations, evaluating options, the complexity of the decision, networks influ-
encing decisions, etc.) and it is clear that not all of these dimensions are critically
addressed or at least not articulated in current migration ABMs [2]. Many ABM
modelers have asserted that without clear documentation of the full spectrum of
model development (or ‘modeling cycles’, including final model validation), there
are limitations to the contributions ABMs can claim or methodological advance-
ments they can foster [1, 5]. In this vein, our aim is to contribute a systematic review
of the model development of migration ABMs to allow for more informed dialogue
on the gaps in model development and reporting of model development.

Why explore ABM for research on migration and modern slavery?

Many academics and practitioners are trying to understand the complexities of
human migration to inform policy and practice, particularly to promote safer labor
migration and address issues of modern slavery. For example, the United Nations’
Sustainable Development Goals include taking “immediate and effective measures
to eradicate forced labour, end modern slavery and human trafficking” (Goal 8.7)
and to “facilitate orderly, safe, regular and responsible migration and mobility of
people” (Goal 10.7) [6]. There is a growing body of research focusing on the causal
pathways between low-wage labour migration and forms of labour exploitation, also
known as modern slavery [7, 8]. Yet, there is limited evidence to explain the nexus
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between low-wage labour migration and modern slavery completely [9], including
evidence gaps on the complex mechanisms that contribute to entry into slavery-like
conditions versus decent work [8, 10, 11]. That is, we have yet to understand the
pathways that lead to different migration-related outcomes, in addition to under-
standing the drivers of migration as some of the previous ABM migration models
have explored.

As an example, in public health, the disciplinary background of some of this
reviews’ authors, we have become increasingly aware that while the conventional
epidemiological approaches can be useful to capture the effect of exposures on sin-
gular outcomes or offer estimates at the aggregate population-level data, they are
often not suited to investigate the complex non-linear causal pathways that affect
health (e.g. complex health behaviour problems) [12]. For example, epidemiological
methods can describe well the aggregate experiences of migrant exploitation and
health outcomes, such as the health outcomes of human trafficking [13], but they do
not capture the complex system dynamics of labor migration and modern slavery.
ABM has recently been recognized by the public health research community as a
complex systems approach that can explore causal complexities inherent to human
behavior and population health [14-16].

This paper gives a brief introduction to ABM of social systems and describes
current applications of these methods for exploring complex systems in migration
and modern slavery research. Finally, this paper presents findings to contribute
methodological learning that is transferable across many social and health science
disciplines.

Agent-based modeling for complex social systems

Agent-based modeling is a method for studying complex systems. A complex sys-
tem contains many parts interacting at the individual (micro) level in an irregular
way and generally producing non-linear outcomes with regularity at the systems,
population or aggregate (macro) level [17-19]. Stephen Wolfram, one of the found-
ing scholars on complex systems theory, said, “It is now a crucial problem for many
areas of science to elucidate the mathematical mechanisms by which large numbers
of such simple components, acting together, can produce behaviour of the great
complexity observed” [20]. ABM is a computational simulation technique that has
gained increasing popularity in recent decades across many social science disci-
plines to study social complexity in human systems [19]. For example, public health
and health systems research has employed ABM methods to study communicable
and non-communicable diseases, health behaviors, and other topics in social epide-
miology [21]. These methods are increasingly recommended to evaluate complex
health systems and prevention interventions [15, 22].

In simple terms, an ABM consists of a simulated population of autonomous, goal-
oriented individuals (agents) that are capable of interacting with each other (agent-
to-agent) or with their simulated environment (agent-to-environment). Agents can
be assigned specific attributes (demographics, attitudes, risk aversion, etc.) that in
combination with the rules of the model (how individuals behave, make decisions,
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interact with their surrounding environment, etc.) govern the steps that result in the
dynamic and emergent outcomes [23].

Experts from both computer science and social science have written extensively
on the unique capabilities and usefulness of ABMs in social science research [17,
19, 24, 25]. In short, ABMs have a bottom-up approach that enables exploration of
individual-level behaviors and causal mechanisms that lead to macro-level aggregate
emergent phenomena, which can only be inferred from modeling the individual-
level interactions. The task is to replicate a population, the environment and its pat-
terns in such a way that the model produces similar emergent properties or outcomes
to the observed outcomes in the real world [26]. Some scholars in this methodologi-
cal field argue that the next frontier of explanatory social science research is being
able to ‘grow’ the phenomenon of interest from micro-level rules [17]. For example,
recent ABM research on health-pertinent behaviors, such as smoking, diet and inter-
personal violence, has successfully simulated groups of individuals that move in a
social or physical space, exchange information, model behavior, copy behavior and
make decisions [21, 27]. All of these individual actions in aggregate replicate real-
world trends in health behaviours and outcomes, such as smoking habits or obesity,
amongst close ties in social networks.

An example of a complex dynamic system in migration research: Low-wage
labour migration and exploitation

Globally, the majority of migrants participate in the labor force [11]. The majority
of victims of modern slavery are low- or no-wage laborers and a significant propor-
tion are migrant workers [10]. These two global phenomena, low-wage labor migra-
tion and modern slavery, are linked in complex and dynamic ways. Figure 1 is a
conceptual framework visualisation depicting some of this complexity. In Fig. 1, we
present the migrant on a pathway between origin and destination and, in some cases,
a pathway that returns to origin. Individuals very rarely migrate without the help of
social or intermediary networks, such as migrant networks at destination or labor
recruitment networks [28]. Thus, we have also presented the migrant connected to a

LABOR MIGRATION CYCLE EXAMPLES OF EXOGENOUS ENTITIES
- - - - - - = = o= - THAT INFLUENCE MIGRATION:

| Migrant at . = = = | Migrantat
Origin Destination

—— — ﬁg\f\ —_—— T
EXAMPLES OF SOCIAL TIES IN
MIGRANT NETWORK:

‘IJ\ NAMIC MIGRANT NETWORK

Fig. 1 Framing low-wage labor migration as a complex dynamic system across multiple geographic
spaces: Agents, networks and exogenous influencers
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dynamic network of possible relations that evolves throughout the migration cycle.
These migration—facilitation networks and any associated social or migratory norms
are also influenced by exogenous entities, such as climate change, economic devel-
opment and labor recruitment [29]. An individual experience of migration is influ-
enced by all of these factors (for example, individual behaviors, social networks,
social norms, immigration governance or labour markets). Not included in Fig. 1
are the range of outcomes at every stage in the migration cycle on individual and
population levels that operate through feedback mechanisms which, over time, cause
emergence of population-level migration behaviour which can only be inferred from
individual-level interactions.

Theoretical developments in the fields of migration research and public health
research draw attention to the multi-causal, dynamic, multi-directional and non-lin-
ear nature of complex social problems, including the ecological systems approach
to addressing social phenomena and the importance of concepts of social networks,
decision-making under uncertainty and bounded rationality [2, 9, 16, 27, 30, 31].
There is a convincing argument for adopting new methods of data collection and
analysis that reflect these theoretical concepts. Agent-based modeling enables com-
plex dynamic system simulation that encompasses multiple ecological levels (indi-
viduals, households, social networks, migration corridors) and incorporates hetero-
geneous individual decision-making and behaviors (such as the system in Fig. 1).

Donors, practitioners and policymakers advocating for the protection and well-
being of low-wage labor migrant workers rely on research to provide evidence on
the challenges these individuals face during their migration and employment, to
inform effective interventions. To date, a majority of this research has been con-
ducted using conventional statistical or qualitative research methods. The statistical
methods implicitly treat labor migration as a one-dimensional, one-directional, lin-
ear and static “exposure-response”’-type relationship between drivers of migration
and migration outcomes. Such methods do not take into consideration the complex-
ity of labor migration or its dynamic nature. These analyses do not account for the
various feedback mechanisms governing the interaction of different actors with other
actors and with their environment, the time delays between a stimulus (action) and
the corresponding response, and the non-linear nature of responses to stimuli. The
current body of evidence primarily tries to offer insights into the drivers of migra-
tion, the demographics of migration, migration corridors and outcomes, including
growing evidence on the range of harmful outcomes, such as unfair recruitment,
labor exploitation and forms of modern slavery. But, these analyses do not improve
our knowledge on labour migration processes or the nature of the complex expo-
sures and mechanisms related to migration. Every story of migration encompasses
information-seeking, decision-making, interactions and exchanges with individuals,
groups and systems.

Examples of other ABM reviews

As referenced earlier, to our knowledge, there are three reviews of migration ABMs
relevant to the aim of this review, including Klabunde and Willeken’s review focusing
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on decision-model choice including integration of social networks (n=22 included
publications) [2], Thober and colleagues’ review of ABMs of environmental-migra-
tion linkages (n=21) [4], and Bell and colleagues’ brief background review on ABMs
exploring migration push—pull factors to present their migration ABM framework (non-
systematic, n= ~8) [3]. Other examples of ABM reviews include previous reviews on
the use of ABM to study other social or health science topics, such as urban crime
(n=45) [32], non-communicable diseases (NCDs) (n=22) [33], obesity (n=38) [34],
public health (non-systematic, n= ~45) [21], and health systems (n=11) [35]. These
reviews reported notable increased interest in and application of ABM methods in their
respective field of study, despite still small yields compared to other reviews includ-
ing different methods. The reviews focused on urban crime, NCDs, obesity, and pub-
lic health all discussed the current gaps in standardised ABM methods and a lack of
transparency in model development as a major limitation in the field for model replica-
tion and systematic comparison. Cassidy et. al.’s review on the use of ABM and Sys-
tem Dynamics (SD) models in healthcare systems research did not conduct extensive
extraction on model development processes, and so did not address these issues, but
did conclude that the topic of data source choices is a critical next area of review in
complex healthcare systems modeling [35]. The most relevant of all these reviews to
the present one is Klabunde and Willekens’s review of ABMs of migration, which dif-
fers from this review as it focused primarily on the behavioural theories that informed
the decision-making models [2]. The present review draws on this previous work and
proposes a wider scope of investigation. The key contribution of this review is to incor-
porate a broader set of search terms to include modern slavery phenomena as well as
migration. Furthermore, this review extracted data points on the full spectrum of the
ABM development process, not just the decision-making element. We will reference
Klabunde and Willekens’s review throughout the methods and discussion sections of
this paper, particularly because of the strength of that review’s synthesis and analysis
of the decision-making process which was not within the scope of this review, but an
important topic for ABM development.

Review aim

This review aims to describe how ABM has been used in research on migration and/or
forms of modern slavery. Findings are intended to inform future studies on the applica-
tion of this methodological approach, including guidance on model calibration, model
development, sensitivity analysis, and model validation. This review aims to contribute
a summary and assessment of the state of the art of ABM used in migration and mod-
ern slavery studies to encourage and inform future adoption of ABM methods in this
field.
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Methods

This review adhered to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement [36]. The full protocol for this review, includ-
ing comprehensive database search scripts, can be shared upon request to the cor-
responding author. A condensed version of the search protocol can be found in the
Supplementary Materials (SM-1). The summary of the methodology is outlined
here.

Sources

The search was conducted on 5 bibliographic databases covering public health,
social science, and computer science disciplines (See Table 1 for details).

Search strategy

The search strategy included two subject areas: (1) migration or modern slavery;
and (2) computational dynamic systems modeling or network analysis methods. We
developed a conceptual framework that depicts the review concepts (See Fig. 2)
to guide our terminology inclusion in the search scripts (See Table 2). The search
scripts are included in the Supplementary Material (SM-1).

Eligibility criteria

The search only included peer-reviewed articles published between 1 January 1999
and the date of search (See Table 1). Additionally, the full article had to be avail-
able in English. We did not apply any exclusion criteria based on the discipline, data
sources (quantitative, qualitative, secondary, theoretical, etc.), study type (cross-sec-
tional, longitudinal, trial, etc.), quality of the study, or the publishing journal. The
studies needed to meet two criteria pertaining to (1) the study topic and (2) the study
methodology.

1. Study topic
The research questions and outcomes of the study addressed one or more of the
following themes: migration flows; drivers of migration; demographics of migrant
populations; migrant social networks during migration planning, implementation
or job-seeking; migrant labor; immigration policy; labor recruitment; safer labor

Table 1 Bibliographic database searches

Databases Date of search Filters applied
Web of Science, Scopus, PubMed 09/06/2019 Document type: Articles; Reviews
MathSci, arXiv 18/09/2019 Years: 1995-2019
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internal migration
mixed migration
urban-to-rural migration
drivers of migration
migrant networks influencing migration
migrant networks facilitaring migration

Research on Migrants

‘Who migrates?
Why do people migrate?

‘Where do people migrate from and to (corridors)?
What are the myriad of push and pull factors?
What are migrants' planning processes?
How is migration i and i ?
Who is involved in migration and at what stages?
How do migrants transit?
‘What institutions and policies govern migration?
‘What are the legal ramifications of migration pathways?

How do migrant workers find work?
What labour sectors do migrants enter?
‘What do we know about migrant workers' health?

What are the of unfair i practices?
How do migrants end up in exploitative labor?
What is the status of migrant workers' health & wellbeing?

How do migrants exit slave-like conditions?

migration institutions/systems v
regular vs irregular migration Research on
Migration Pathways +
LABOUR MIGRATION SPECIFIC: Labour Migration
migrant worker recruitment
migrant worker labour sectors
migrant worker occupational health
MODERN SLAVERY + EXPLOITATION:
unfair labour
unfree labour
forced labour
bonded labour
child labour v
labour exploitation Slavery + Exploitation
human trafficking s
human smuggling
forced or early marriage
forced or early military conscription
FINAL INCLUDED THEMES:
1) Migration mechanisms/pathways
2) Labor migration

3) Modem slavery and labor exploitation

e

ROUND 1 INCLUDED METHODS:
1) Dynamic Systems Modeling

2) Network Analysis

./

FINAL INCLUDED METHODS:

Agent Based Modeling

|

FINAL INCLUDED STUDIES:

Agent Based Modeling

of migration or modern slavery

Fig.2 Conceptual framework of key concepts applied for the review’s search

migration interventions or migrant worker health interventions; remittance flow;
return migration; modern slavery or child labor (including child soldiers).

The search protocol outlined similar topics that would not be included: disease
spread through migration; general migrant population health at destination (unless
specific to migrant workers or forms of modern slavery); humanitarian coordina-
tion or service delivery broadly; disaster preparedness or short-term emergency
evacuation; residential or local migration (for example, urban sprawl, residential
neighborhood choice, etc.); ethnic diversity at destination (without exploring
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migration mechanisms or networks that facilitated migration); immigrant cultural
integration at destination (except where relevant to employment or earnings as
described above); animal migration; tourism; or broad low-wage or hazardous
occupation research without disaggregation by migrant status.
2. Study methodology

The search had two-stage inclusion criteria. The first stage included a broader
range of computational dynamic systems and network methodologies that could
provide more comprehensive findings on the types of innovative methodolo-
gies being used in migration studies. This stage also was designed to prepare
for a paucity of literature on ABMs to review in this subject area. The second-
stage inclusion criteria, which was applied to the articles that were eventually
fully extracted for this review, included only original research that used ABM.
The results described in this paper are based on the articles identified using the
second-stage criteria.

Study selection

The full database yields were uploaded to the Rayyan systematic review software
and de-duplicated [37]. Two co-authors completed independent-blind abstract
reviews for the 1707 articles. The reviewers met in person to discuss a collection
of 100 articles that received conflicting decisions (one reviewer included and one
reviewer excluded). The two reviewers were able to agree on inclusion or exclusion
for all 100 articles through referral to the study protocol and without the need for a
third reviewer. In total, 137 articles were included after the first round of abstract
screening. Then a second round of abstract screening was completed to narrow the
yield to agent-based models only and to be full-text screened. At the final screen-
ing stage, 58 articles were full-text screened, and of these, 28 articles met the final
inclusion criteria. For more details on the screening process and reasons for exclu-
sion, see Fig. 3.

Data extraction

This is a review of the methodology of these studies, not a synthesis of findings.
Therefore, the data extraction process captured the authors’ affiliations and study
aim, model inputs, model development, model process and the analysis and valida-
tion methods completed by the authors. This method is similar to systematic reviews
of ABMs on other social or health science research topics that focused on the study
design, model specifications (agents, environment, decision rules), and model analy-
sis (sensitivity analysis, model validation) for data extraction and synthesis [33, 34,
38-41]. The data extraction tool was informed by the guiding questions outlined in
the Overview, Design Concepts and Details + Decision-Making (ODD + D) proto-
col for ABM development, which is an adaptation of the original Overview, Design
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[ Exclusion
y ™
Electronic Database Searches: (N=5)
.§ Web of Science, PubMed, Scopus, MathSciNet, Duplicates Removed: (n=208)
g arXiv = Idenified by Rayyan software and
@ confirmed manually by Reviewer 1.
Total Article Yield: (n= 1,915)
+ & 4
p
o0 Abstracts Excluded: (n= 1,570)
-5 Abstracts Screened: (n= 1,707) Reasons: duplicate; ineligible methods
§ Double included on first read: (n=75) =P (statistical modeling); irrelevant topics
i Included after discussion: (n=62) (biological migration; animal migration;
acculturation)
= 2 ™\
-§ Round 1 Included Abstracts: (n= 137)
‘_6 Relevant migration research using dynamic Articles Excluded: (n= 83)
= computational or network analysis methods were —{  Reasons: not ABM: not presenting
= included in Round 1 eligibility. Then these ’ original 'work
£ abstracts were re-screened for the Agent-Based
é Modelling methodology criteria.
L \ 4
v \
z Full-Text Articles Reviewed: (n= 58)
2 Full-Text Articles Excluded: (n=30)
) Final ABM Implicit Inclusion: (n=8) — Reasons: duplicate; not available in
E Final ABM Explicit Inclusion: (n=28) English; not explicitly ABM
/ h 4

Total Inclusion: (n=28)

Fig.3 PRISMA systematic review flowchart

Concepts and Details (ODD) protocol developed to standardize descriptions of indi-
vidual-based models (IBMs) and ABMs [5, 42, 43]. Before the development of the
ODD framework in 2006, computer-simulation models, such as ABMs, did not have
standardised guidelines for dissemination [42]. Therefore, without these protocols,
IBMs and ABMs were reported with varying levels of detail and often in insufficient
detail to understand all of the modeling choices. The ODD framework elicits critical
descriptives of the model design and development and the ODD + D protocol added
detailed guidance on how to report the decision-making elements in the develop-
ment framework, which was particularly important for ABMs. We believe that the
ODD+D framework offers a valuable approach to extracting and understanding
model development and model comparison across studies and encouraging wider
use of this framework by other ABM modelers, particularly in the social sciences.
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The lead author for this review extracted the data points from all 28 articles using
comma-separated value (CSV) files according to key questions in the ODD + D pro-
tocol. The extraction table was quality-checked by all three co-authors in both work-
shop-style review sessions and independent reviews.

Data synthesis

Since the majority of the data points extracted for this review were descriptive
characteristics of the ABMs, the data extraction table is largely qualitative and
too large to present in article format. In this same respect, the challenge to qual-
itative data synthesis in systematic reviews also applies to this methodological

Table 3 Results synthesized by sub-topic and presented in individual tables

All tables Lead author (Year)
Table 4: Included articles Author(s)
Year
Title
Table 5: Study characteristics Authors’ institutional affiliation(s) (country)

Authors’ department(s)
Journal

Study purpose as summarised by reviewers (aim sub-category
classification)

Table 6: Model inputs Decision model
General concepts or theoretical basis for model design
Data type
Data source
Table 7: Model development Time-steps and time-horizon
Spatial characteristics
Agent types: Agent attributes [micro characteristics]

Exogenous or environmental characteristics [macro charac-
teristics]

Social networks [meso characteristics]
Table 8: Model process Initialisation

Model steps and decision rules

Agent types: Agent actions

Simulation scenarios

Deterministic or stochastic (if stochastic: which model com-
ponent)

Table 9: Model analysis and validation ~ Output variables

Uncertainty and sensitivity analysis as described by the
author(s)

Model validation as described by the author(s)

Table 10: Summary of model aim and model development
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review [44]. When possible, we have categorized certain data extraction points
to more easily summarize or draw conclusions on the range of methodological
choices made by the authors. Therefore, we have grouped a majority of the data
extraction into seven results Tables (4, 5, 6, 7 8, 9 and 10) and presented our data
synthesis for each table (See Table 3 for summary of results tables). The synthe-
sis includes categorizing and summarizing the key data extraction points to make
comparisons and highlight gaps across all 28 ABMs. The full data extraction
table can be found in the Supplementary Materials (SM-3). We did not assess the
quality and suitability of ABM methods used in the included studies because it is
outside the scope of the review. This is in part because, to our knowledge, there
is not currently a standardised instrument to assess the quality of ABM models
like the tools that exist for assessing other research methods, such as The Critical
Appraisal Skills Program (CASP) tool [45].

Results

In total, we identified 137 articles on relevant migration or modern slavery
research topics that applied either network analysis or dynamic simulation meth-
ods. This included research using social network analysis, Bayesian network
analysis, system dynamics modeling and various microsimulation methods. We
then further excluded any article that did not use ABM methods. We identified 28
articles, included in this review, which explicitly detailed ABM (or ‘Agent Based
Simulation’) in the methods (Table 4).

This results section presents: the data extraction and synthesis of the study
characteristics (Table 5); model inputs (Table 6); model development (Table 7);
and model process (Table 8); model analysis (Table 9); and the summary of
the model aim in relation to specific model development characteristics from
Tables 5, 6, 7, 8, 9, 10. But first, we will present two important observations made
during the screening and extraction process that are relevant to inferences about
methodological procedures in ABM, one of the key objectives of this review:

(1) Agent-based models are sometimes called by different names;

(2) Few studies reported using ODD+D or an alternative development
framework.

1. Agent-based models are sometimes called by different names

Similar to findings from Klabunde’s and Willeken’s review, it was challenging
to ascertain whether some dynamic simulation models (e.g. spatial or dynamic
microsimulations, individual-based models) that were not explicitly called
ABM (or ABS) did in fact include sufficient agent-interaction or decision-based
behavioral modeling to be included as ABMs [2]. This challenging grey area
of inclusion is not altogether surprising, since expert commentaries on the ori-
gins of ABM explain that cellular automata, microsimulations, and agent-based
approaches have been developed and improved on in parallel, across disciplines,
with different aims, and different names, but seemingly similar function and
capabilities [74, 75]. For example, microsimulations are often considered to be

@ Springer
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the method of choice when exploring policy impacts and ABM are used more
commonly for theory testing. Distinctions aside, these models all have bottom-
up approaches that model individual behaviors, often heterogeneous [75]. While
at times the distinction appears arbitrary, for this systematic review, we decided
to apply strict criteria that the paper had to identify the methods as ABM to be
included in the extracted yield of articles. In part, this is to ensure the reproduc-
ibility of the review, but also to allow for as uniform and complete data extraction
of methodological processes as possible, which we determined would be more
feasible if the authors were writing their methods from an ABM framework. We
have included a table in the Supplementary Materials (SM-2) with a list of the
8 articles we determined were implicitly describing ABM but were excluded for
the reason just described.
Few studies reported using ODD + D or an alternative development framework
Although the majority (n=24) of the included articles were published after
the introduction of the well-known 2006 ODD framework for simulation or the
2013 ODD + D framework for ABMs (See Table 4 for publication years), very
few of the articles described using any framework in developing or reporting the
ABM. Only one study used the ODD + D framework designed specifically with
ABMs in mind [54], 3 studies used the ODD framework [46, 55, 62], and one
used a framework developed by the authors themselves which they called a gen-
eralized Simulation Development Approach (SDA) [69]. This review, as noted,
used the ODD + D framework to inform the data extraction tool, in part, because
we hoped a majority of recent ABM research would have used this framework. It
appears that the uptake of this framework tool is still slow and this continues to
create challenges for understanding model inputs, development and analysis as
well as comparison across studies. We note this before addressing the bulk of the
synthesis of the study methods to inform the reader that the extraction process
had to adapt to a wide range of styles in disseminating the model development
process.

Below are the main results of this review according to the six sections described

above in Table 3.

1.

Study characteristics

Between 1999 and 2019, the publishing years of inclusion in this review, there
have been a steadily increasing number of studies using agent-based modeling to
investigate the migration and modern slavery topics covered by this review (See
Fig. 4).

The authorship characteristics, both by institutional affiliation and by disci-
plinary associations, represented a diverse range of home institutions, country
of institutions and disciplinary departments or research centers (See Table 5).
Nine of the included studies were authored by multi-country authorship teams and

@ Springer
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thirteen of the included articles indicated cross-disciplinary authorship teams. It
is also noteworthy that ten of those cross-disciplinary authorship teams consist of
both “hard sciences” (mathematics, engineering, physics, etc.) and “soft sciences”
(sociology, anthropology, economics, demography, etc.). For example, the Walsh
et al. article was authored by scholars from backgrounds in mathematics, informa-
tion science, spatial analysis, geography, demography, sociology, and international
studies, who could each bring his or her disciplinary expertise to the task of math-
ematically modeling environmentally influenced migration patterns [72].

For each study, the aim defines how to calibrate the model (choosing the data
sources and applying various data sources to different elements of the model) and
how to develop the model (the time, space, agents and environment, as well as the
model decision rules). The included studies present a range of exploratory aims,
which we have grouped into seven broad sub-categories: migration demographic
or regional trends; environmental motivations for migration; migration theory
testing; humanitarian migration trends; the social influence on migration patterns;
the individual economic utility of migration; and slavery. The two most frequent
research categories were: exploring the environmental motivations for migration,
such as climate change, environmental shocks or land-use changes (n=10); and
explorations of migration corridor trends by geography or demographics (n=>5).
The other study aims fell into the following categories: humanitarian migration
trends (n=4); social influences on migration patterns (n =4); migration theory
testing (n=3); individual decision-making based on the economic utility of
migration (n=1); and the diffusion of slavery (n=1). None of the studies explic-
itly aimed to understand various migration pathways and individual processes of
migration, since most were focused on macro-drivers of migration trends, such
as expected wage differentials, weather conditions or humanitarian situations.

2. Model inputs

Most studies used multiple types of data (theory, primary, secondary, histori-
cal, cited research, reports, etc.) to calibrate the model parameters, initial set-
tings, environmental characteristics, scenarios or decision rules (See Table 6).
Recently, the computational social science community has begun to devote more
attention to empirical calibration and validation of ABMs [76], where previously
the vast majority of ABMs have been calibrated solely as thought experiments
using theory. In this review, 5 articles reported using primary empirical data for
ABM calibration and 11 studies used secondary data sources (excluding GIS
data, historical climate data, or cited research findings as ‘secondary data’), an
approach that some have called an ‘indirect strategy’ for empirical calibration
that is a limited but promising option when collecting primary empirical data is
not feasible. The notable difference between the studies that used primary versus
secondary empirical data is that all 5 studies that collected primary data used
the analysis of this data to inform individual behavioural rules in the model (e.g.
how migrants decide to migrate) but only 5 (of 11) of the studies that only used
secondary data sources did so to inform individual behavioural rules. Both pri-
mary and secondary empirical data sources were used to inform agent attributes
(n=2), population size and attributes (n=4), population trends (e.g. migration
flows, household crop yields, household spending) (n=35), social networks (n=1),
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regional land use (n=3) and key events (e.g. natural disasters, conflicts) (n=2).
The use of empirical and secondary data sources in this review reflects the wider
trends in empirically calibrated ABMs, which is usually more common to find
secondary data that can inform the model structure components (types of agents,
number of agents, environmental characteristics) but less common to find sec-
ondary data sources that offer the rich data on behaviors and interactions that are
often so central to the theoretical research questions [76].

Most commonly (n=21), the ABM decision rules or assumptions were
informed by theory, primarily from economics, psychology or theoretical devel-
opments in the field of migration studies. In fact, 9 of the ABMs exclusively used
theories to calibrate the models, such as theories on the push and pull factors
of migration or the influence of social networks on migration, to calibrate the
model, as can be reviewed in Table 6. This is not surprising given the scarcity of
migration data collected from a complex systems approach that would be easily
translatable to ABMs. For example, ABMs modeling labor migration as a com-
plex system would need data on migrants’ social networks’ role in the migration
process, the interactions between migrants and the wider systems environment,
or the decision-making process of migrants, labor intermediaries and employers.
There is a high burden to collecting this kind of data in any setting, and there are
additional challenges in research with a largely hidden and mobile population,
such as low-wage international migrant workers or human trafficking victims [77,
78]. Boero and Squazzoni point out that despite the challenges to missing, incom-
plete or scarce data in many fields of research, the valuable theoretical constructs
produced using ABM methods need to be embedded in empirical findings (at both
calibration and validation stages of model development) so that the theoretical
mechanisms are empirically grounded in the real-world phenomena [76].

Studies that employed secondary datasets (n=15) sourced the datasets from
various federal and municipal governmental departments, as well as national and
international non-government organisations, such as the World Bank or United
Nations [47, 59, 60, 63, 64, 69]. For spatial calibration of the model, eight ABMs
used some type of GIS data. Only one study used participatory methods in cali-
brating the model with key stakeholders by hosting ABM workshops at various
stages in the model development [62]. Additional data sources included in-depth
case studies, secondary research findings in the literature, non-peer-reviewed
reports and historical trends in weather or migration (See Table 6). The models
pulled from a wide range of theoretical knowledge and empirical analysis to
inform model development and decision-model choices. For example, the range
of theory and background analysis included psychology-based theories of well-
being and decision-making, information diffusion, cooperation theory, systems
theory, social network theory, topics in microeconomics, game theory and a range
of topics pertaining to migration push—pull factors (See Table 6).

The model’s data inputs often determine the decision model used in an ABM.
An ABM can employ more than one decision model, such as a combination of
simple heuristics (breaking down agent actions into simpler if/then rules) and
decision theory (generalized knowledge on human’s reasoning and process in
making decisions) or microeconomics utility maximisation (the aim is maximis-
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ing profits or payoffs, such as wage differential motivated migration). Or in some
cases, there might be some use of empirical data, but the data are often insuf-
ficient to inform all the decision-making processes so theoretical knowledge is
used in combination with empirical observations. For example, Alghais, Pullar
and Charles-Edward used primary empirical survey data from urban residents
in Kuwait on their residential preferences to determine empirically informed
decision rules for why, when and where individual agents would migrate to new
urban centers [46]. Decision-making was also the primary focus of Klabunde and
Willekens’s review and they give an extensive description of the different decision
models currently being used in migration ABMs similar to the decision models
described above. This review borrows some of Klabunde and Willeken’s decision-
model categorisations in Table 6 [2]. All eight studies that collected primary data
also incorporated these data into the ABM’s decision model. Microeconomic
utility maximisation has been a long-standing theory applied to the study of
migration motivations and decision-making and was used to model decision-
making in 12 of the included studies (See Table 6). As Klabunde and Willekens’s
review points out, there are also key theories pertaining to both individual and
group decision-making and pyscho-social and cognitive behavioral science that
are increasingly being applied to the study of migration, such as the Theory of
Planned Behaviour [2]. In our review, four studies described the using a range of
specific decision-making theories in their decision-model choices, which covered
broad topics of well-being [47], management [49], cumulative causation includ-
ing the role of social influences [52], and game theory [57]. Additionally, both
of the Kniventon et al. studies applied the Theory of Planned Behavior, which is
considered a psycho-social and cognitive theory and described in further detail
in Klabunde and Willekens’s review [2]. Three other studies described the use
of a psycho-social and cognitive theory in the decision model. The psyco-social
and cognitive theories incorporated the influence of climate change [54], the
herd effect [65], and a combination of bounded rationality and social feedback
[68]. Commonly used decision models were simple heuristic models (n=13) that
were not always informed by any primary empirical findings nor based on clearly
defined theoretical knowledge.
3. Model development characteristics

ABMs incorporate the attributes and interactions of agents, time, space, envi-
ronment, and in some cases social networks and exogenous factors. The majority
(n=21) of the included studies defined the time-steps in terms of real time rang-
ing from 1 h to 5 years and the time horizons ranging from 4 days to 10,000 years
(See Table 7). The 10,000-year time horizon was a far outlier since it was a his-
torical anthropological migration study. Most of the studies had time horizons
that were 50 years or shorter. Seven of the studies used time scales that reflected
real historical or date ranges, primarily in years, such as Kniventon, Smith and
Black’s model on climate induced migration in Tanzania from 1970 to 1994 [60].
The remaining models that included clear explanations of time-steps (n =4) repre-
sented these discrete increments as ‘time-to-event’ meaning that they represented
distinct processes, such as farming seasons or migration cycles [51, 53, 56, 57].

@ Springer
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Spatial characteristics are often an important design decision in ABM and
the spatial representation depends on the research aims and data available (See
Table 7). Some used abstract spatial representations, such as grids or networks
(n=14), some used artificial constructs, such as a refugee camp setting or generic
farm landscapes (n=4), and finally some used real spaces often mapped using
GIS data (n=9). One study did not describe the spatial elements in enough detail
to classify.

Along with time and space, deciding the agents and respective attributes is
key to ABM development. Often the aim is to make models as complex as they
need to be but no more, often referred to in the ABM modeling community as
Occam’s Razor principle or the KISS principal (‘Keep It Simple, Stupid’) [79].
This can be a difficult aim to achieve when deciding how many distinct agent
types are needed and what attributes are required for the various decision-making
processes and interactions included in the model processes. Most of the models
included in this review only have one type of agent (n=15), sometimes named as
migrants, or workers. Some models include a second or third type of agent, such
as employers, land owners, leaders, or government agents and still some models
used secondary groupings of individual agents to represent households or villages
with their own unique attributes (See Table 7). Most often, these agents have a
range of heterogeneous attributes, such as demographics, socio-economics, pro-
pensity to migrate or act, assets, etc., but in three of the studies, agents were only
characterised and distinguished by location and not by any additional attributes
[70,71, 73].

The models also described various exogenous or environmental characteristics
that impacted on the parameters of the model or the agent’s behavior within the
model. Some examples included, location-specific variables, such as population
levels, services available, distance to travel, wage differentials, housing capac-
ity at destinations, etc. (See Table 7). A common exogenous factor was weather
or climate (n=_8), often varying across scenarios or time-steps. Finally, some
demographic and epidemiological rates were defined at the population level, such
as birth rates, death rates, migration rates, sickness rates, etc. These exogenous
or environmental factors are not within the individual agent’s control and reflect
the larger system(s) that these migration- or work-related decisions are taking
place within. Another broader model characteristic that impacts individual agent
actions are the social networks that agents can be grouped into, such as house-
holds, villages, intra-group networks, and non-spatial social networks. A majority
(n=21) of the studies used some type of agent grouping or network in addition
to individual agents (See Table 7).

4. Model process

The model process takes on a very unique form for every ABM. It would be
impossible to fully synthesize the initialization, model steps, decision rules, agent
actions and scenario descriptions across all 28 studies in a meaningful way. We
recommend the reader inspect the columns of Table 8 to get an overview of the
design of the model process as it is simulated in each model. Most of the models

@ Springer
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are initialized by constructing the real or abstract spatial setting and populating
it with agents set with initial attributes and locations. A commonly repeated
theme throughout the models is that an agent primarily decides whether or not to
migrate, where to migrate and then attempts to execute migration. In most cases,
this decision to migrate is based on a microeconomic utility function, as described
in Table 6. Most of the studies (n=22) included a variation of ‘scenarios’ which
usually entailed changing exogenous elements or altering decision rule variables,
most commonly this was changes in weather scenarios, but in some cases it was
not weather-related, such as differences in employee wages [49] or differences in
urban development plans [46].

Table 8 also indicates whether the ABM is deterministic (7 =6) or stochastic
(n=22), stochastic means that it includes some element of randomness (through
specifying probability distributions) in determining agent actions, social network
composition, or some element other than the initialization settings. One example
of the inclusion of a stochastic process can be found in the Entwisle et al. model
where an individual agent’s propensity to migrate is compared to a randomly
drawn number and if their propensity to migrate is higher than that number then
they migrate [50]. Uncertainty in decision-making is pertinent to low-wage labor
migration where the migration planning can be unsystematic and the outcomes
not guaranteed. Introducing some randomness in decision-making and the migra-
tion process reflects some of this uncertainty in outcome. This approach can
also model that there is the possibility of divergence from expected decision-
making behaviors in some cases due either to natural variability in behaviors or
uncertainty, which is an acknowledgement that we might not be aware of all the
heterogeneous agents’ considerations.

5. Model analysis

Finally, we reviewed the main output variables in the analysis of the models,
whether or not the authors conducted uncertainty or sensitivity analysis (accord-
ing to the authors), and if and how the model was validated, again, in the authors’
own words (See Table 9). We also extracted the model assumptions and study
limitations as described by the authors (See SM-3).

In total, ten studies mentioned some sort of sensitivity testing. Most of these
detailed variation testing for a select number of key variables, two studies
described using a probability distribution functions of key parameters approach
to testing key variables [47, 52]. When assessing whether or not the models were
validated, we relied on the authors’ accounts of analysis intended as a form of
validation analysis. Twelve studies mentioned some form of model validation
(See Table 9). Validation is a challenging task when there is a scarcity of reliable
or comparable real-world data. Anderson et al. and Entwisle et al. compared
their model outputs with research on a similar topic but using different methods,
logistic regression and a system dynamics model, respectively [47, 50]. Three
articles, Fu and Hao, Hassani-Mahmooei and Parris, and Wu et al. all compared
the output of their models to available census or population data and Naqvi also
compared model outputs to a relevant secondary dataset [52, 55, 73]. Chesney
et al. considered validation of the model to be a thorough comparison of whether
the model outputs captured the key principles of the Crane’s theory on slavery

@ Springer
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Fig. 4 Included articles by year of publication

as a management practice [49]. In both of the Kniventon et al. studies, the model
outputs were compared to the Enquéte Migration, Insertion Urbaine et Environne-
ment au Burkina Faso (EMIUB) dataset, which was the same dataset used for
calibration of the models [59, 60]. Naivinit et al. was the only paper that described
using stakeholder validation techniques by having key experts review and cri-
tique to model [62]. Raczynski struggled to find any available data for validation
so instead showed how the model output trends compared to migration flows
in three other contexts [65]. Suleimenova et al. used the United Nations High
Commissioner for Refugees (UNHCR) refugee camp registration dataset as one
comparison point, but then also used the Mean Absolute Scaled Error (MASE)
to compare the model outputs to six other model techniques [69]. Again, it was
not within the scope of this review to assess the quality of any aspect of the ABM
models, so we have not provided quality assessment of the sensitivity analysis,
uncertainty analysis or validation methods reported by the authors of these stud-
ies.

In relation to sensitivity or uncertainty of outcome variables, a majority of the
studies (n=25) looked at least at one migration indicator (migration rates, popu-
lation distribution, urban vs rural population shares, etc.). Only one study looked
at health-related outcomes [47]. Only one study looked at slavery as an outcome
[49]. Ten studies looked at some outcome measurement related to financial or
resource utility gain (expected earnings, household assets, crop yields, savings,
etc.). Only two studies looked at outcomes related to social network structure
(such as network dependence and spatial effects of social influence).

6. Correlations between model aim and model development choices

Similar to Klabunde and Willeken’s review and Thober and colleagues’ review

[2, 4], this review presents a range of unique models in examining both the model

@ Springer
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aims and model development processes. Due to the lack in standardised reporting
of the model development, it is not straightforward to make conclusions about
correlations between model aims and model development choices. That said,
Table 10 presents a summary of some critical model development choices that
we believe relate to the model’s purpose. We have grouped the included publi-
cations according to their original study aim categorisation (see Table 5) and
presented model characteristics that span model calibration, development and
process (Tables 6, 7, 8). While we again acknowledge that some of the reporting
on model development choices was opaque, from the descriptions we were able
to extract, we have observed a few correlations between study aims and model
development choices.

The majority of ABMs exploring environmental-migration links and humani-
tarian migration used empirical data, this might reflect the highly context-specific
nature of research questions on these topics which require in-depth up-to-date
familiarity with the regions, geographies, and events pertinent to the real-world
questions. Context specific models on the influence of climate change or human-
itarian crisis require empirical embeddedness and would be limited in their
claims if they relied only on theory to calibrate models. Likewise, most of the
environmental-migration ABMs mapped real geographic environments where
these environmental-migration-related phenomena are emerging. While the same
importance to context-specific data relates to models investigating modern slavery
trends of the social dynamics of migration, there are fewer examples of empiri-
cally embedded models, which is more likely to be a reflection of data scarcity
in these fields and not a correlation to study aim. The majority of the models
exploring socially influenced migration patterns used abstract representations of
space which is usually a sufficient simplification of this type of model since the
question of interest is social spaces and linkages and is not necessarily concerned
with how the abstract representation maps to real geographic space. The models in
this review use a range of representations of time-steps. Notable correlations we
observed were that the humanitarian migration models use shorter representations
(hourly, daily) across all the 4 models which likely reflects the acute timelines of
humanitarian crises and the aim to understand large-scale human mobility pat-
terns in short time frames. In comparison, the ABMs aiming to explore migration
demographic and regional trends more frequently used annual time-step repre-
sentations to explore human mobility over longer more regular intervals.

In relation to the inclusion of dynamic interactions, it appears that models that
aimed to present environmentally motivated migration all include agent-to-envi-
ronment interactions, likewise models looking at socially influenced migration all
include social networks and agent-to-agent interaction. In comparison, fewer of
the models on migration demographic or regional trends include these dynamic
interactions. Finally, we thought it was pertinent to note that across all the study
aim categorisations there was frequent use of model scenario testing. This is not
entirely surprising as this is a key feature and advantage to ABM methods, but it is
a particularly useful approach to use on research topics that include high degrees
of uncertainty often due to data scarcity or rapid adaptations in individual behav-

@ Springer
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Table 10 Legend

Empirical: Study described the use of at least one primary or secondary empirical datasource for model calibration (this does
Data Sources not include, published research findings, GIS data, or historical trends in weather data)
Theory: Study described the use of theoretical work to inform the model calibration
Agents More Than 1 Type: Model included different agent types (e.g. migrants and employers)
Space-Real: Model environment represented a real geographic place (e.g. Northern Thailand), usually mapped using GIS data
Space-Artificial construct: Model environment represented a structured artificial construct (e.g. refugee camp) that did not
Spatio-Temporal correlate to a real geographic place
& Networks Space-Abstract: Model environment was an abstract space (e.g. a grid or torus ring)
Social Network: Model included explicit links or ties between agents to form a social network
Time-Steps: How the model represented time-steps in real-time or time-to-event
Agent-to-Agent: Model included interactions between agents (e.g. exchanges of information or money, influences from social
Dynamic ties on migration decision, etc.)
Interactions Agent-to-Environment: Model included interactions between the agents and the environment or agent information gathering
about the environment (e.g. farming land, assessing destination payoffs to make decisions, etc.)
Scenarios More Than 1 Type: Any study that included more than one 'model scenario' that were all tested and compared
Note: '-' = 'information missing'

iour and population trends, which are both true of research on human migration
influenced by many dynamic factors, such as changing environments, acute crises,
and evolving social networks.

Limitations

This review does not include structured quality assessments with comparable quality
scores. Again, this was partly because the aim of this review was to learn from the
methodological approaches not to assess the research findings and the rigor of the
findings. As explained in the beginning of the results, models similar to agent-based
models but called by different names were excluded for the sake of reproducibility
of this review and uniformity in data extraction. We acknowledge that this inclusion
criteria may have excluded valuable studies to meet this review’s objective and may
have introduced a disciplinary bias to this review’s inclusion and, therefore, results.
To account for this potential loss, we have included these 8 studies in a table in the
Supplementary Material (SM-2) for any reader that might be interested to review
this specific subset of excluded studies and compare the model development with
those included in this review.

This review also did not include some potentially relevant models that have not
yet been peer-reviewed but are available on multiple sharing platforms (such as,
OpenABM, GitHub, Netlogo libraries). Finally, the large variability in model char-
acteristics makes in-depth synthesis and comparisons of all data extraction points a
challenging task. We have attempted and hopefully succeeded at giving a bird’s-eye
view of the data extraction while not over simplifying the nature of each model by
comparing the various elements of the ODD + D framework too broadly.
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Discussion

State of the art in ABM in migration and modern slavery research

The aim and contribution of this review have been to summarize the use of ABM for
migration and modern slavery research to present researchers and decision-makers
with a comprehensive overview of how ABMs on migration have been developed
to date, as well as identifying gaps in ABM development and use in the field. This
review highlights that ABM is a method increasingly used in migration research as
it has been in other social and health science research topics. To date, ABMs in this
field have been used primarily to test theories and less frequently draw on primary
empirical input. The main theories modeled in the ABMs identified in this review
were utility maximisation theory, social network theory and theory of planned
behaviour. Across all the ABMs, about half were neither based on empirical data nor
on clearly defined behavioural theories. This is very likely a reflection of the scarcity
of empirical data and theoretical frameworks on migration that take a complexity
science approach. Many scholars working on social ecological modeling have noted
this as an issue across ABMs in many disciplines [1].

The ABMs described in this paper commonly recognised the role of social net-
works in migration, but few used advanced methods of social network analysis
to inform the dynamics of network evolution over time and space. We agree with
Klabunde and Willken’s assessment that there is still a lot of work to be done in
integrating network analysis techniques into ABMs [2]. The papers in this review
also noted the complexities in the migration decision and processes. However, with
the exception of Suleimenova (2017) [69], most models assumed that migrants were
“rational agents”, for example that migrants knew the target labor markets at desti-
nation, that the choice of destination was open and informed, and that deception was
not a possibility. Many of these models did not capture all of the core elements of
decision-making, notably missing are the evaluation of migration options or com-
plexity in the decision process that Klabunde and Willeken’s emphasized in their
review [2]. For instance, going back to our earlier example of research on the nexus
of low-wage labour migration and modern slavery, none of the labour migration
models in this review included the risks of labor exploitation and how this might
influence migration decision-making or expected utility calculations. In that respect,
these models do not capture the experiences of most low-wage labor migrants glob-
ally. The challenge is that there is a knowledge gap on how the risks of labor exploi-
tation or other forms of modern slavery might influence individual behaviors. There
are many areas we still do not understand the underpinning mechanisms of entry
into modern slavery versus decent work and thus the models trying to represent low-
wage labor migration are not transferable to real-world interventions. The choice of
stochastic models may compensate to some extent for these knowledge gaps or fur-
ther unknown heterogeneity in migration behaviours and outcomes. However, it is
also important to note that some uncertainty cannot be reduced by acquiring knowl-
edge, such as variability in agents’ behaviors. Thus the stochastic variability will
always be essential to account for some of these irreducible uncertainties. However,
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the consideration of decision-model options and choice is a critical step in ensuring
models capture the complexity of real-world processes. Klabunde and Willeken’s
review provides in-depth recommendations on the way forward to capturing migra-
tion decision-models in ABMs. Scholars exploring the intersection of cognition and
multi-agent systems have emphasised opportunities to integrate cognitive modelling
into social studies addressing complex behaviors that originate in individual percep-
tions [80].

Additionally, the models’ development varied considerably in terms of attributes
and interactions of agents, time, space, and environment. The most common model
processes involve scenarios where an agent decides whether or not to migrate, where
to migrate to, and then attempts to execute the act of migration. Changes in sce-
narios were introduced in ABMs by changing exogenous elements or altering deci-
sion rules, but the majority of these were climate scenarios and these models would
benefit from a broader exploration of influences on individual migration behaviors
as Bell and colleagues also recommend in their recent review [3].

Finally, many of the ABMs did not undergo validation or sensitivity analysis,
which are critical steps to ensuring rigor in ABM methods and confidence in their
use to inform policy makers. Model validation is an area of work critical to all ABM
practice and methods of empirical validation are still in their infancy as are stand-
ardised best practice of model analysis [1, 81]. While there are serious challenges
to validating ABMs modeling in data-scarce topics, such as this, there are, none-
theless, validation methods that are feasible and acceptable given these challenges
[27]. The major challenge concerns validating the ABM against qualitative data in
part because much of these data have not been collected with developing ABMs
in mind and it can be difficult to calibrate or validate the decision-rules from these
data sources. There is an opportunity for methodological development in translating
qualitative analysis for use in ABMs. Even small samples of key expert interviews
can be critical in informing the model development and justifying the model design
[76].

Future considerations for migration ABMs

Migration complexity research will benefit from studies that collect primary data
on migration and migration outcomes, such as modern slavery, with ABMs in mind
from the research design conception stage. Going back to our migration and modern
slavery example, researchers can collect information specifically about the agents
(migrants, brokers, intermediaries, employers), agent-attributes (migration experi-
ences, migration knowledge, resources to migrate), agent-agent interactions (who
influences migrants’ attitudes toward migration, how migrants meet brokers, how
migrants find or change employers at destination), agent-environment interactions
(how migrants engage with or avoid institutions managing legal labor migration
pathways), and most importantly, how individuals and groups make decisions, learn
and adapt (the emergence of preferred migration pathways over time). A further
benefit of ABM methods and future consideration in study design is that multiple
data sources can be incorporated from several disciplines. This review presents
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examples of how ABMs can use multiple data sources, but one method that has been
under-utilized in this group of studies is participatory methods with key stakeholder
groups and the target population of interest, which have offered critical insights
to other nascent fields of computational social science research. For example, the
stakeholder approach allows modelers with perhaps in-depth theoretical knowledge
on the topic to collaborate with domain experts and triangulate these sources of
established theory and current expert knowledge [76]. There was one example in
this review that used this stakeholder approach in a series of workshops with Thai
farmers to inform the individual behavioural rules of the model to reflect the Thai
context. An interdisciplinary approach is critical to be able to integrate theoretical
and empirical knowledge of a social phenomenon into a mathematical model [20].
In fact, we concur with the other reviews, future ABM work in this area would bene-
fit from interdisciplinary approaches to every stage of model development to address
research questions that cut across social and ecological studies, as well as disciplines
such as economics, psychology, geography, and complexity science [2, 4]. Diverse
disciplinary and theoretical perspectives will strengthen the real-world likeness of
these highly complex, dynamic, and socially embedded models and may present
new uses for existing data for model calibration.

Lastly, despite widely accepted challenges and shortcomings to standardising
model analysis procedures and model validation, all future ABM studies must criti-
cally consider their approaches to these steps, learn from ABM practices across all
disciplines, and document the justifications for their analysis and validation choices
as well as their process to enable a wider and more synchronised debate on future
best practice.

The need for transparent and clear reporting on model development

The model descriptions in the articles included in this review were overwhelm-
ingly opaque with various critical details omitted. This review is not the first to cri-
tique the lack of a ‘best practice’ in reporting model development [1, 4] and as one
reviewer noted there are severe limitations to systematic reviews that aim to synthe-
sise findings across a body of studies whose methods cannot be easily compared,
not to mention that there is still work to be done to develop standard methods for
systematically reviewing ABMs [34].

In this review, there was generally insufficient detail or models were reported
without proper sign-posting or terminology that could be understood by most read-
ers. Since few of the studies used recommended development frameworks, such as
ODD +D, there was not a structure or fluidity to the way the model choices were
reported, which makes it difficult to interpret findings and learn from the methods at
a critical stage in methodological development for the field of migration and modern
slavery research. This critique is true for ABM research on other topics as well. This
review suggests that more frequent use of the ODD +D framework will strengthen
future ABM research.

In addition, the methods of sensitivity analysis and model validation were
described in limited detail or not covered by the authors, which leads us to assume
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that the analysis was either not done or not completed. The findings of the models
arguably are then open to substantial criticism regarding their validity and applied
usefulness. This weakness is a critical gap in the evidence-base since the topics of
migration and modern slavery are priorities on many global agendas, including the
beforementioned UN Sustainable Development Goals [6].

Using ABM to address pressing and complex questions in the fields of migration
and modern slavery research

Migration is currently a focus of substantial international attention, particularly
global economic migration and modern forms of slavery. Policy-makers are seek-
ing a strong evidence-base that can be used to address the myriad aspects of global
mobility. Current pressing concerns include migration patterns and trajectories, indi-
vidual or group vulnerability, and migrant protection and safety. To date, robust evi-
dence to inform policy-making has proven to be weak because individual and popu-
lation mobility cannot be explained by the exclusive use of methods that assume
linear average effects of exposures on single outcomes affecting homogenous popu-
lations. The patterns of migration and characteristics of migrants are emergent con-
sequences of many interacting and non-linear, unpredictable phenomena, and this
complexity requires an agent paradigm approach [14].

For example, many of the current interventions and policy goals for safer migra-
tion are currently relying on extremely simplistic cause and effect assumptions
about the exposures that might lead to modern slavery. If we are going to achieve
SDG 8.7— “eradicate forced labour, end modern slavery and human trafficking and
secure the prohibition and elimination of the worst forms of child labour, includ-
ing recruitment and use of child soldiers”—we must engage with the complexity
and dynamics of low-wage labor migration and population-level emergent outcomes
(such as widespread labor exploitation) in our research methodologies. For exam-
ple, the influence of social networks in group decision-making must be explored in
greater depth and this will give rise to a greater understanding of how these interac-
tions might hinder the effectiveness of migration interventions that operate on the
individual level [28].

To study migration, one has to go beyond simple binaries, such as: domestic or
international; documented or undocumented; recruiter facilitated or social network
facilitated; forced or voluntary; for asylum or for work, etc. Because migration is a
mechanistic and dynamic process, analyses must be able to address this complexity.

Agent-based modeling offers a promising method to improve our understanding
of and programmatic responses to these real-world problems. This review offers an
overview on how ABM has been used in the fields of migration and modern slavery
research and the remaining gaps and potential future uses to advance the applica-
tion of these methods to inform more effective responses to high-risk migration and
modern slavery.
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