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"Together we stand. Divided we fall.”
Pink Floyd, Hey You - The Wall, 1979






"You, the people have the power - the power to create machines. The power to create
happiness! You, the people, have the power to make this life free and beautiful, to
mabke this life a wonderful adventure. Then - in the name of democracy - let us use
that power - let us all unite! ”

Charlie Chaplin, The Great Dictator, 1940
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INTRODUCTION

In this increasingly complex and chaotic world, fraught with systemic, compound-
ing risks and disasters (or crises'), fostering disaster resilience is more crucial
than ever [1, 2]. To achieve disaster resilience, actors must self-organize, respond,
adapt, and transform to mitigate the impact of disasters [2-4]. This requires the
collaboration of a wide range of heterogeneous actors and groups?, including
informal groups (e.g., local communities) and professional response organisations.
Together, they must function effectively as a collective, demonstrating collective
intelligence in their efforts to adapt, mitigate, transform, and respond [5].

1.1. COLLECTIVE INTELLIGENCE, COORDINATED

SELF-ORGANISATION, AND DISASTER RESILIENCE

Figure 1.1 shows the concepts and their relationships discussed in this section.

Collective intelligence is the ability of a system composed of different actors
and groups to address complex problems in a changing environment® [8-10].
This ability is particularly relevant to foster resilience during disaster response
operations characterized by volatile environments that change rapidly.

A system'’s collective intelligence hinges on its ability to coordinate resources,
including information and knowledge, and direct them towards addressing specific
problems [11, 12]. The need to coordinate resources is rooted in dependencies
among the activities of different actors and groups within the considered system
[13, 14]. Examples of such dependencies in disaster response systems include
shared access to disrupted transportation infrastructure (e.g., an airport or sea-
port) or the need to collectively distribute response efforts across disaster-affected
areas in a way that is proportional to local needs [15]. In this context, coordination
involves managing dependencies among the activities of different actors and
groups operating in disaster response [14, 16].

IThe terms disaster and crisis are used interchangeably to refer to rapidly unfolding, disruptive events
of natural origin, such as floods, earthquakes, and landslides.

2An actor is a member of a group.

3The environment comprises elements outside a group’s boundary that influence the decisions made
by its members, thus impacting the group’s capacity to fulfil its objectives [6, 7].
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Collective
Intelligence:
Abifity of multiple actors and
groups to collectively solve complex
problems in a changing environment

Coordination:
managing dependencies among
activities of different actors and groups
(e.g., manage shared access to limited
transportation infrastructure)

Requires in
disaster response

Disaster

Coordinated Self-organisation:
adapt via emergence of org. pattermns
that maintain coordination

Sustains

Self-organisation:
spontaneous emergence of
organisational patterns (e.g., new roles).
Opportunity to adapt but
can lead to a lack of coordination.

Figure 1.1: Overview of key concepts and their relationships.

During disaster response, the environment becomes highly volatile. All involved
actors continually need to adapt their activities to the changing situation. The
actors often adapt autonomously, even when centralized organisational structures
dictate otherwise [17, 18]. This leads to a decentralized adaptation process, often
resulting in the spontaneous emergence of new organisational patterns* such as
the formation of new groups or changes in organisational structures and roles [15,
18, 25, 26]. This process, by which the operational patterns emerge, is known as
self-organisation [27-29].

While self-organisation enables a system to adapt during a disaster, it also
presents significant coordination challenges. Actors may neglect coordination
or limit it to certain groups, excluding others and creating fragmented pockets
of coordination [30]. This fragmentation is particularly evident at the boundary
between professional response organisations and communities [15, 18, 31].

While fragmentation can support coordination in routine operations that require

4A pattern is a regularity that can be observed in reality, e.g., the flocking of birds. Patterns can
emerge through interactions among different parts of a system [19]. The flocking behaviour of birds,
for example, can spontaneously arise from interactions among individual birds [20]. Organisational
patterns are ways of performing and dividing tasks among actors. While such division is typically
the result of top-down decision making regarding hierarchical structures, mandated roles, and
standardized procedures [21], organisational patterns can also emerge through interactions among
actors. This can lead e.g., to the emergence of new groups [22], informal leaders [23], or roles [24].
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a predefined division of roles [17], it disrupts coordination in non-routine operations
that demand mutual adjustment, as is often the case in disaster response [25, 32].
This lack of coordination, in turn, undermines collective intelligence and resilience.

To support collective intelligence and resilience during disaster response, it is
imperative for actors and their groups to self-organize in a way that maintains
effective coordination. Actors need to align their activities through a process
defined in this thesis as coordinated self-organisation. A system characterized
by coordinated self-organisation can restructure and adjust its organisational
patterns through an emergent, decentralized process, allowing it to adapt to
changing environmental demands and the evolving needs of its actors and groups,
while managing the dependencies among their activities.

1.2. INFORMATION SHARING FOR COORDINATED
SELF-ORGANISATION

Effective information sharing among actors from different groups is crucial for
supporting coordinated self-organisation and collective intelligence [12]. It enables
actors to monitor relevant environmental changes and shifts in the activities of
other actors and groups that require attention, thereby allowing a system to
self-organize in response to its environment while maintaining coordination [16,
28].

Yet, effective disaster information sharing during crises presents significant
challenges. As groups navigate the rapidly changing dynamics of disasters, their
organisational structures and roles are in constant flux due to self-organisation [25,
33, 34]. Consequently, the information needs of the actors evolve continuously,
making them a 'moving target.” This ongoing change requires the orchestration
of information flows to be highly adaptive and responsive. To ensure that critical
information reaches the appropriate actors and groups in a timely manner, it is
imperative that information sharing strategies are flexible and capable of adjusting
to the ever-changing demands of the disaster environment [32, 35]. Achieving
this flexibility remains a challenge [36, 37].

Additionally, the volatility of the environment and continuous influx of informa-
tion (including large amounts of irrelevant information) during disasters lead to
information overload, preventing actors from effectively searching for or process-
ing information [38, 39]. As a result, information is often unavailable, inaccessible,
or unreliable [26].

In sum, key challenges in fostering effective inter-group information sharing that
supports coordinated self-organisation in crisis response operations are:

1. flexibly adapting information flows to the actors’ shifting information needs;

2. avoiding information overload.
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1.3. THE NEED FOR AN ACTOR-CENTRED PERSPECTIVE

Traditional information-sharing strategies are often inadequate for addressing the
challenges outlined in the previous section. First, these strategies are designed to
support communication and coordination within stable organizational structures,
where roles and information needs remain relatively fixed. Second, they do not
account for the need to adapt information flows to prevent actors from becoming
overloaded with information.

To investigate novel information-sharing strategies that can adjust to shifting
information needs while managing information load, it is crucial to understand
and leverage the self-organized and emergent mechanisms leading to changes in
roles and information needs and to information load. Studying such mechanisms
requires accounting for the information-sharing behaviour of individual actors
at the micro level [38, 40]. It also involves examining the potential complex
relationships among these micro-level factors and (a) information sharing practices
within the groups or organisations to which the actors belong at the meso level, as
well as (b) the decision-making environment (e.g., its volatility) and the information
sharing practices across groups at the macro level [41, 42]. To this end, this
dissertation adopts an actor-centred approach to the study of disaster information
sharing (called Actor-centred Disaster Information Sharing or ACDIS), emphasizing
the implications of micro-level behaviour on inter-group disaster information
sharing.

1.4. THE ROLE AND PROMISE OF INFORMATIONAL BOUNDARY

SPANNERS

One promising way to address the challenges outlined in Section 1.2 and support
coordinated self-organisation is to understand and leverage the emergence of
actors who facilitate information sharing across different groups by acting as infor-
mation exchange hubs. These actors are referred to as Informational Boundary
Spanners (IBSs) in this dissertation® [26, 45].

Understanding the mechanisms behind the emergence of IBSs that effectively
convey information across groups is crucial for designing strategies that enhance
inter-group disaster information sharing and support coordinated self-organisation
[24]. However, these mechanisms remain poorly understood in the volatile envi-
ronment of a disaster. Studying the emergence of IBSs requires examining the
complex interplay between micro-level individual behaviour of actors, meso-level
intra-group information-sharing practices, and macro-level environmental char-
acteristics and inter-group information-sharing practices [24, 42, 46]. Given this
complex and multi-level interplay, the phenomenon of IBS emergence can be
studied through the lens of ACDIS (Cf. Section 1.3).

5|BSs are actors, specifically human individuals. IBSs can work in tandem with boundary objects (e.g.,
maps, digital platforms, and ICT) to facilitate inter-group information and knowledge exchange [24,
43]. While boundary objects and their interplay with IBSs are a key subject of study in disaster
response systems [44], this thesis focuses on IBSs and not on boundary objects.
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actor-centred perspective

1.5. TOWARDS UNDERSTANDING AND LEVERAGING IBSs

EMERGENCE THROUGH THE ACTOR-CENTRED PERSPECTIVE

Numerous studies have highlighted the potential benefits of examining disaster
information sharing from an actor-centred perspective [26, 39, 41, 47, 48]. Some
of these studies rely on case study research [26, 41], others on Agent-Based
Modelling (ABM) [47, 48], and others on disaster simulation exercises [39, 41].
Despite these advances, a systematic approach to studying ACDIS that supports
coordinated self-organisation and resilience in disaster response is currently lack-
ing. In order to develop such an approach, the following research gaps need to be
fulfilled.

First, to systematically study and individuate information sharing mechanisms
that facilitate coordinated self-organisation, it is essential to define its key char-
acteristics and requirements, including relevant performance metrics. However,
the lack of an actor-centred conceptual framework that captures these character-
istics and requirements hinders the systematic, actor-centred study of disaster
information sharing.

Second, agent-based modelling and simulation offers a powerful means for
systematically studying actor-centred information sharing. However, even though
fragmentation and the need for effective information sharing are particularly
pronounced at the boundary between professional response organisations and
communities [15, 18, 31], there is a lack of Agent-Based Models (ABMs®) of ACDIS
that account for information sharing between these two groups.

Third, developing actor-centred ABMs requires, by definition, an empirical under-
standing of individual, group, and system-level behaviour, for which qualitative
case study research is a promising approach [49-53]. Qualitative research is
promising for studying ACDIS as (a) gathering sufficient quantitative data on dis-
aster response operations (e.g., for hypothesis testing through surveys) is often
difficult, and (b) for new phenomena like ACDIS, the lack of existing knowledge
makes it challenging to formulate hypotheses to be tested quantitatively. In such
situations, a qualitative and exploratory approach is more suitable [54]. Among
different methods that rely on qualitative research, case study research was
chosen because ACDIS involves complex interdependencies between context and
phenomenon, which cannot be clearly separated, and because the number of
variables likely exceeds what can be supported by the available cases, making
statistical generalisation unfeasible [55].

One of the advantages of using case study research in combination with ABM
is the ability to rigorously compare results and findings across multiple cases
[49, 53]. To this end, it is essential to both learn from and flexibly account for
the uniqueness of each individual case while also enabling cross-case compar-
ison—two objectives that often conflict and between which a balance must be
struck. Yet, a rigorous methodology that balances cross-case comparability with

6In this thesis, "ABM’ is used as an acronym for both Agent-Based Modelling, referring to the modelling
paradigm, and Agent-Based Model, referring to a computational model that relies on the Agent-
Based Modelling paradigm.
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the flexibility to capture different case studies is currently lacking. Further, study-
ing ACDIS mechanisms through ABM may require the develop and use of different
models with both theoretical and empirical purposes [56]. Yet, a methodology that
offers the versatility to develop both empirical and theoretical ABMs for studying
a phenomenon of interest is also missing.

Finally, while ABMs of ACDIS can simulate the emergence of IBSs, they are insuf-
ficient for studying and understanding the mechanisms underlying this emergent
process. A quantitative method is needed to measure the emergence of effective
IBSs from an actor-centred perspective using simulation results. However, such a
method has yet to be developed.

These considerations lead to the formulation of the research objective and
research questions of this thesis.

1.6. RESEARCH OBJECTIVE

The objective of this thesis is to systematically explore actor-centred information
sharing processes that support disaster resilience by fostering coordinated self-
organisation.

1.7. RESEARCH QUESTIONS

Given the above-mentioned research objective, this study aims to answer the
following research question (RQ):

How can actor-centred disaster information sharing that supports
coordinated self-organisation be systematically analysed?

This question is divided into the following sub-questions.

RQ1) Can an actor-centred conceptual framework be designed to capture the
characteristics and requirements for disaster information sharing that supports
coordinated self-organisation, and how?

RQ2) Can an ABM be developed for supporting the study of actor-centred disaster
information sharing across groups, and how?

RQ3) Can a methodology be designed to develop ABMs for supporting the study
of a phenomenon of interest through qualitative inquiry, and how?

RQ4) Can a quantitative method be designed to measure and understand the
emergence of effective IBSs from an actor centred perspective, and how?

1.8. RESEARCH OVERVIEW

This section describes the research strategy and the instruments employed to
answer the research questions. It also introduces the research project that funded
and supported this PhD thesis.
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1.8.1. RESEARCH STRATEGY:

The research strategy adopted is Research Through Design [57, 58]. This research
strategy focuses on a particular design goal that drives the generation of new
knowledge. At the beginning of the research process, background knowledge
(e.g., from the literature and experience) is used to define the design goal and
start the first design iteration. Then, further iterative design actions are carried
out, progressing in the direction of the goal. During each iteration, additional
knowledge can be considered, and new knowledge can be generated. Such new
knowledge can also be taken into account in the next iterations, thus building
towards the design goal [59].

Each iteration includes the following phases: selection, design, evaluation,
reflection, and repetition [60]. The iteration starts with a selection process in
which a research problem is chosen based on the design goal. In the first iteration,
this occurs based on the background knowledge. But, also new research problems
can be encountered in the following iterations that need to be selected [58]. Then,
a design phase follows, during which a particular artifact is produced. Examples
of artifacts for this research include a conceptual framework for capturing ACDIS,
empirical and theoretical agent-based models, or information sharing strategies.
Next, the design is evaluated. In such a process, new insights are gained. Based
on the results of the evaluation, a reflection takes place on the progress made, to
be considered in the next iteration.

1.8.2. RESEARCH INSTRUMENTS
The following research instruments were used for this PhD thesis.

* Narrative literature reviews are carried out to inform the design require-
ments for ACDIS and of the associated conceptual framework, and to guide
the design of ABMs (e.g. based on previously existing theories, algorithms,
frameworks, and agent architectures).

* Interviews and focus groups are adopted to collect the data necessary
to study disaster information sharing across multiple groups through an
actor-centred perspective.

* Content analysis was used to examine data obtained from interviews
and focus groups (textual transcripts). This method served to (a) confirm,
validate, and expand the requirements and conceptual framework developed
from the literature and (b) inform the development of ABMs to study disaster
information sharing from an actor-centred perspective.

* Agent-Based Modelling & Simulation is used to formalize findings from
interviews, focus groups, and literature and to support the formulation and
testing of micro-meso-macro mechanisms for the emergence of informa-
tion sharing among the different actors and groups operating in disaster
response.
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1.8.3. RESEARCH PROJECT

This dissertation was partially performed in the context of the COMRADES project.
COMRADES was a three-year project to create an open-source, community re-
silience platform financed by the European Union Horizon 2020 Research and
Innovation Framework Programme H2020-ICT-2015. The project started in January
2016 and finished in December 2018. COMRADES aimed to build a platform that
acts as an information-sharing hub’ among different groups to support coordi-
nated self-organisation and resilience. Professional responding organisations, and
online and local communities can share and look for relevant information. The
platform is integrated with existing ICT tools such as social media that are already
being used on a daily basis by the different actors involved in disaster response.
This strategy enables easier access for the actors who want to make use of the
platform. Further, to support actors in finding information that is of good quality
several automatic information processing mechanisms are introduced e.g. cat-
egorize and verify information, and add context-related hyperlinks to increase
relevance, reliability, and accessibility.

The project provided the opportunity to design the requirements for a conceptual
framework focused on ACDIS. It also enabled the development of ABMs of ACDIS.
The framework and ABMs were further refined and validated through field research
and qualitative studies with communities and professional responders, covering
case studies in The Netherlands, Belgium, Nepal, and Indonesia (Jakarta). The
project also opened opportunities for further research, such as collaborations with
the University of Indonesia and the NGO Petabencana.

Several deliverables were written summarizing the results of this project. The
author of this thesis contributed to two of these deliverables, which focused on
evaluating the COMRADES platform with end users, including communities and
professional response organisations [61, 62].

1.9. THESIS OUTLINE

This thesis includes 7 chapters. The subsequent chapters are organized as in the
following.

* Chapter 2 analyses the literature on ACDIS to motivate the gaps and
research questions addressed by this thesis. First, it discusses the literature
on ACDIS and its contribution to disaster resilience, emphasizing the need
for a conceptual framework. Second, since ABMs are essential for studying
actor-centred information sharing, the chapter examines the literature on
ABMs in this context, revealing a current lack of such models. Third, the
chapter reviews methodological approaches for developing ABMs through
qualitative inquiry, identifying the need for a methodology that balances
cross-case comparability with flexibility to accommodate different cases,

"The platform developed in the project was intended as a boundary object rather than an IBS. However,
research conducted as part of the COMRADES project provided insights into the emergence of IBSs,
which sparked my interest and motivated me to study IBSs instead of boundary objects.
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while ensuring versatility for various modelling purposes. Finally, the chapter
examines the role of IBSs in disaster information sharing from an actor-
centred perspective, highlighting the need for methods to measure and
understand their emergence.

* Chapter 3 builds on Chapter 2 to propose a new rigorous methodology to
develop a conceptual framework and ABMs for studying a particular phe-
nomenon or process of interest (i.e., ACDIS) through qualitative case study
research. This methodology is designed to balance cross-case comparability
with the flexibility to capture diverse cases and phenomena. Furthermore,
it aims to be versatile, supporting the rigorous development of both em-
pirical and theoretical ABMs. The methodology includes two phases. The
first focuses on developing requirements and a conceptual framework that
is centred on the phenomenon of interest based on existing theories and
qualitative insights from one or more case studies. In the second step, the
framework and existing generic models are used to inform the design of
empirical or theoretical ABMs aimed at studying the considered phenomenon
of interest. This chapter provides a foundation for answering RQs 1-3 by
providing a methodology to develop conceptual frameworks and ABMs for
studying ACDIS.

* Chapter 4 This chapter designs a conceptual framework for ACDIS following
the steps of the first phase of the methodology developed Chapter 3. It
reviews literature to establish the characteristics of ACDIS. It then designs
the requirements for actor-centred information sharing based on the char-
acteristics. These requirements are subsequently validated and refined
through the case study of Jakarta. The chapter concludes by illustrating the
development of a conceptual framework for ACDIS, based on the previously
developed, validated, and refined requirements. This chapter answers RQ1.
This chapter also validates the first phase of the methodology presented in
Chapter 3, thereby contributing to answering RQ3. First, it demonstrates
that this phase enables the rigorous development of a conceptual framework
for the phenomenon of interest (ACDIS). Second, it shows that this phase
of the methodology provides the flexibility to capture the phenomenon of
interest through a novel conceptual framework when such a framework is
unavailable.

* Chapter 5 As prescribed by the second phase of the methodology developed
in Chapter 3, the conceptual framework designed in Chapter 4 is applied to
one or more case studies (Jakarta in this case) to develop an ABM of actor-
centred information sharing. The application of the framework reveals the
system’s configuration (e.g, the actors and groups operating in disaster re-
sponse and their information sharing activities), system’s change (including
a candidate mechanism for the emergence of IBSs through self-organisation),
and system’s performance (the extent to which good quality information
reaches those who need it thus supporting coordinated self-organisation).
These results are structured and interpreted through a generic model (i.e.,
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the Generic Agent Model), to inform the systematic development of an
empirical ABM of ACDIS in the Marunda Community of North Jakarta. The
modelling purpose of this ABM is that of being a non-reductionist description
aimed at informing further research in actor-centred information sharing
in disaster response. This chapter results in the development of an ABM
to study ACDIS, thus answering RQ3. This chapter also validates the sec-
ond phase of the methodology, demonstrating its rigour, versatility, and
ability to balance cross-case comparability with the flexibility needed to
capture the nuances of individual cases. It then discusses the methodolog-
ical findings from Chapters 4 and 5, illustrating the rigour, versatility, and
balance between flexibility and comparability provided by both phases of
the methodology introduced in Chapter 3, thereby addressing RQ3.

* Chapter 6 presents the development of a method for measuring the emer-
gence of IBSs from an actor-centred perspective. Following this, a new ABM
is developed, building on the ABM and candidate mechanism for IBSs emer-
gence respectively developed and identified in Chapter 5. This new ABM,
combined with the method for measuring IBSs, is used to study whether the
candidate mechanism actually leads to the emergence of IBSs that promote
effective information sharing across groups. The chapter concludes with
recommendations for designing actor-centred information sharing strategies
that leverage the IBSs emergence mechanism to support effective informa-
tion sharing and coordinated self-organisation in disaster response. This
chapter addresses RQ4 by developing and validating a method for measuring
and understanding the emergence of IBSs from an actor-centred perspective.

* Chapter 7 discusses how the findings of this thesis address the research
questions posed in this introduction, provides implications for practice, and
outlines directions for future research.

A graphical summary of the thesis outline is shown in Figure 1.2. Table 1.1
shows for each chapter in detail the methods employed, contributions provided,
and research questions addressed.

1.10. PUBLICATIONS RELATED TO THIS THESIS.

1. Nespeca, V., Comes, T., Meesters, K., Brazier, F., 2020. Towards Coordinated
Self-organisation: An actor-centred framework for the design of Disaster
Management Information Systems. International Journal of Disaster Risk
Reduction 101887. [Chapters 3, 4 and 5]

2. Nespeca, V., Comes, T., Brazier, F., 2023. A Methodology to Develop Agent-
Based Models for Policy Support Via Qualitative Inquiry. JASSS 26, 10. [Chap-
ters 3, 4 and 5]

3. Nespeca, V., Comes, T., Brazier, F., 2022. Share: bottom-up disaster infor-
mation management v1.0.0. CoMSES. https://doi.org/10.25937/3dbz-qv52
[Chapter 5]
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Figure 1.2: Thesis outline: overview of the chapters and their contribution to
answering RQ1, RQ2, RQ3, and RQ4. ACDIS = Actor-centred Disaster
Information Sharing.

Chapter Methods Contributions RQ addressed
Chapter 2 Narrative liter-  Motivates research gaps & associated -
ature review RQs 1-4
Chapter 3 Research Methodology for developing a conceptual Foundation for RQs 1-3
through design framework (Part 1) & an ABM based on
the conceptual framework (Part 2) for a
phenomenon of interest through qualita-
tive case study research
Chapter 4 Narrative liter-  Actor-centred conceptual framework for  Answers RQ1; Contributes to
ature review, disaster information sharing supporting RQ3 - Validated methodology
interviews, coordinated self-organisation part 1: rigorous in building a
focus groups, conceptual framework; flexi-
content analy- bility to capture a novel phe-
sis nomenon of interest
Chapter 5 Content anal- Empirical (descriptive) ABM of ACDIS for  Answers RQZ2; Concludes
ysis, agent- the Marunda neighbourhood in North RQ3 - validated methodol-
based mod- Jakarta; Candidate mechanism for the ogy part 2: (a) rigour in
elling and emergence of IBSs translating qual. data into
simulation ABM rules; (b) balanced flexi-
bility and comparability; (c)
demonstrated versatility in
developing empirical ABM
Chapter 6 Agent-based Theoretical ABM of ACDIS to simulate  Answers RQ4
modelling and IBSs emergence; Quantitative method to
simulation measure and understand the emergence
of IBSs (based on simulated outcomes)
Chapter 7 - Discussion concerning the way RQs 1-  Synthesis

4 are addressed by the thesis, thus an-
swering the overarching research ques-
tion; Summary of contributions of the the-
sis; Implications for practice; Research
agenda on Collective Intelligence for RE-
silience (CI4RE)

Table 1.1: Overview of methods, contributions and research questions addressed
for each chapter.

4. Nespeca, V., Comes, T., Brazier, F., Learning to connect in action: Measuring
and understanding the emergence of boundary spanners in volatile times.
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Collective Intelligence, Submitted [Chapter 6]
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ACTOR-CENTRED DISASTER
INFORMATION SHARING: AN ANALYSIS
OF THE LITERATURE

This chapter provides an analysis of the current literature and is structured as
follows: first, it discusses the interplay between resilience, collective intelligence,
coordinated self-organisation, and information in the volatile environment of
disasters, stressing the need for an actor-centred perspective to better understand
this interplay. Second, considering the promise of combining ABM and qualitative
case study research to study ACDIS, it reviews existing ABMs focused on this
topic as well as methodologies for developing ABMs based on qualitative case
study research. The chapter concludes with a review of informational boundary
spanning and its role in fostering disaster information sharing. Throughout the
chapter, the knowledge gaps associated with each of the research questions
posed in the introduction (RQ1 to RQ4) are illustrated and motivated based on
existing literature.

2.1. DISASTER RESILIENCE THROUGH ACTOR-CENTRED

INFORMATION SHARING

This section discusses literature in the field of disaster resilience, focusing on
disaster response, and highlights the connection between disaster resilience,
collective intelligence, and coordination. It emphasizes the need for coordinated
self-organisation, which relies on the effective exchange of information among or-
ganisations and groups involved in disaster response. Additionally, it explores how
an actor-centred perspective can support the study of disaster information that
facilitates coordinated self-organisation, thereby fostering collective intelligence
and resilience during disasters.

Parts of this chapter are based on: [1-3].
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2.1.1. RESILIENCE OF DISASTER RESPONSE SYSTEMS

As discussed in the introduction, the disaster resilience of a system depends to the
ability of the actors (i.e., individual persons) and their groups within the system
to collaboratively take action, self-organize, respond, and adapt to minimize the
impact of crises such as disasters [4, 5].

Disaster resilience is characterized by three attributes or capacities of a system:
absorption, adaptation, and transformation [6, 7]. Absorption is related to the
ability to withstand shocks and quickly recover, returning to the previous state of
the system before the shock occurred [8, 9]. Adaptation focuses on the system’s
ability to gradually and incrementally learn from and adjust in response to external
shocks, reaching a new system state or maintaining the same state despite the
occurrence of shocks and their uncertainty [7, 10, 11]. Transformation refers
to the ability to transition into a radically new system’s configuration when the
current one is no-longer viable or difficult to change incrementally [7, 10]. While
absorption typically refers to the short-term behaviour of a system in response
to a disaster, adaptation and transformation are often associated with longer-
term processes of change towards different and potentially more resilient states.
However, in the context of disaster response, adaptation is also crucial in the short
term to continually adjust to the volatile environment that characterizes disaster
scenarios [12, 13]. This volatility involves rapid and unpredictable changes in the
environment, i.e., in the factors that must be considered when individuals within a
group make decisions, subsequently impacting the group’s ability to achieve its
objectives [14, 15].

This thesis focuses on fostering disaster resilience in the short term by enhanc-
ing the ability of a system to absorb and adapt to shocks during the response
to disasters that unfold rapidly such as floods, earthquakes and landslides. It
focuses on the resilience of disaster response systems, comprising (a) two main
groups, i.e., professional response organisations and communities affected by
and responding to disasters, and (b) the members of these groups, named actors.
The actors and groups in these systems change continually due to the constant
influx of new actors (e.g., due to the high turnover in humanitarian organisations),
the introduction of new groups such as NGOs, and the spontaneous formation of
community volunteer groups joining the response both from within or outside the
system [16-18].

2.1.2. COLLECTIVE INTELLIGENCE AND COORDINATION FOR RESILIENCE

To achieve resilience by fostering absorption and adaptation during disasters, the
actors and groups in a disaster response system need to work together effectively,
i.e. in a collectively intelligence manner. Collective intelligence represents the
ability of a system (composed of multiple individuals or actors) to 'act in ways that
seem intelligent’ [19-21]. Such intelligence, in its most general sense, entails the
system’s ability to solve a wide variety of complex problems in a broad range of
environments [22].

To study if a system is characterized by collective intelligence it is necessary to
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(a) choose a system that is composed of multiple individuals carrying out activities
that are at least to some extent interconnected (i.e., they present dependencies Cf.
Section 1.1), and (b) to consider a particular problem to be addressed or goal to be
achieved by the system [22]. According to this perspective, collective intelligence
is observer-dependent, as it is influenced by the system considered and by the
problem and performance indicators used to evaluate the system’s success in
addressing the problem.

In this thesis, the systems observed are disaster response systems consisting of
professional response organisations and communities affected by a disaster or
responding to a disaster, and by actors belonging to these groups (Cf. Section
2.1.1). The activities carried out by these actors are interconnected, as they must
allocate their resources to meet the needs of locally affected communities in the
most effective way, all while sharing access to limited (and possibly damaged)
transportation and communication infrastructure. Complex problems that need to
be addressed by these systems are those that arise from the occurrence of disrup-
tive events or more generally by the occurrence of frequent and unpredictable
environmental changes associated with disasters, requiring the system to absorb
and adapt to such events in order to be resilient.

A system characterized by collective intelligence draws from a number of ca-
pabilities including sensing (or observing) by detecting and making sense of
information regarding relevant environmental changes in a timely manner, re-
membering information and knowledge by preserving it and transferring it from
where it is available to where it is needed for coordination and decision making,
and learning by recognizing and memorizing knowledge such as best practices in-
cluding who is most effective at carrying out particular roles and adapt accordingly
[22-24].

Further, a system’s collective intelligence relies on its ability to coordinate the
activities of the individuals in the system and jointly manage resources (e.g.,
human resources, physical supplies, information, and knowledge) to address spe-
cific problems. This coordination is particularly challenging in disaster response
systems due to the heterogeneous objectives, capabilities, and communication
channels of the board range organisations and groups operating in disaster re-
sponse, which typically do not work together and, in some cases, may be working
together for the first time [12, 25-28]. Additionally, the constant influx of new
actors and groups (Cf. 2.1.1) makes it difficult to establish mutual trust and stan-
dards for collaboration before disasters strike, both of which are crucial to support
coordination [12, 16-18, 28-31]. This makes coordination in disaster response
systems even more challenging.

2.1.3. COORDINATED SELF-ORGANISATION IS REQUIRED

To be resilient, a system must adapt to the volatility of disaster response en-
vironments characterized by continually, rapidly, and unexpectedly changing
conditions [12, 16, 32]. This adaptation often occurs through self-organisation,
which does not result from top-down decisions but rather from the networked
interactions and mutual adjustments of different actors. These interactions can
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lead to the spontaneous emergence of order in the form of organisational patterns
consisting of e.g., new groups, shifts in organisational structures (such as new
roles), and changes in information flows [9, 12, 17, 25, 28, 33-36].

While self-organisation can enhance a system’s ability to adapt to a volatile
environment in a decentralized and flexible manner, it also poses coordination
challenges. More specifically, self-organisation can lead to the emergence of
fragmented pockets of coordination (or, 'coordination-information bubbles’) that
grow increasingly stable and difficult to bridge over time [36]. This fragmenta-
tion can enhance coordination in routine disaster operations [37]. However, it
poses significant challenges in non-routine operations, where mutual adjustments
between actors and groups are essential, as is typically the case during disaster
response [26]. In such contexts, fragmentation disrupts communication between
groups, impairs collective sense-making, and prevents the development of a
‘common operating picture,” which is vital for effective coordination and collective
intelligence [12, 27, 38]. As such, to foster the resilience of disaster response
systems, it is crucial to support both self-organisation and the ability to adapt
from the bottom up, as well as the capability to avoid fragmentation and maintain
coordination among different groups while they are adapting. In this dissertation,
a system’s ability to support both coordination and self-organisation in disaster
response is defined as coordinated self-organisation.

Fragmentation in disaster response systems often occurs between professional
response organisations and communities, despite both groups having access to
mutually relevant information and needing to collaborate effectively to ensure re-
silience (cf. Section 2.1.1)[17, 39, 40]. This thesis focuses on ensuring coordinated
self-organisation of communities and professional response organisations.

2.1.4. ACTOR-CENTRED DISASTER INFORMATION SHARING

To support coordinated self-organisation and collective intelligence it is crucial to
facilitate effective information sharing across the multiple actors and their groups
operating in disaster response systems. First, information sharing contributes to
the actors’ ability to detect relevant environmental changes that require adapta-
tion [12]. Second, through information sharing, actors and their groups continually
learn who is doing what, where, when, and how well, enabling them to work
together effectively by adapting their organisational structures and roles and
mutually adjusting their activities [17, 25]. Third, effective information sharing
prevents the formation of fragmented networks and pockets of coordination across
which it becomes increasingly challenging over time to share information and
cooperate [36]. Finally, information sharing also enables actors to reinstate prede-
fined boundaries and divisions of roles (thus limiting self-organisation) to support
the coordination of routine tasks [37].

In this context, the challenge for disaster information sharing is the volatility of
the groups, actors belonging to the groups, and of the actor’s roles as responsibili-
ties [26, 35]. When continual changes occur in the actors and groups participating
in disaster response (Cf. Section 2.1.1) and in their organisational structures (in-
cluding the roles assumed by the group’s members) due to self-organisation, both
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the information needed and the actors who need it tend to shift rapidly. As such,
information flows must continuously adapt to provide the information needed to
the actors who need it and thus support coordinated self-organisation. Yet, recent
case studies on disasters show that supporting coordination and self-organisation
via information remains challenging [41, 42]. Moreover, the time pressure and
continuous stream of information typical for disasters result in information over-
load, i.e., actors may not have the time to search for or process information [43,
441. As a result, the quality of information exchanged among the actors and
groups operating in disaster response systems remains poor, characterized often
by a lack of relevance, timeliness, accessibility, reliability, and verifiability [27, 28,
45-471. This is for example the case for disaster information sharing between pro-
fessional response organisations and communities [17, 40, 48]. In sum, fostering
disaster information sharing that supports coordinated self-organisation remains
a challenge.

One promising approach to address this challenge is to identify and leverage
mechanisms that foster the emergence of effective inter-group information sharing
in self-organizing disaster response systems [28, 36, 49-51]. Inter-group informa-
tion sharing in disaster response systems emerges from individual information
sharing behaviour at the micro level (e.g., information-sharing preferences and
load). It can also arise from the complex interplay of micro-level behaviour with
intra-group information sharing practices at the meso level, as well as with inter-
group information sharing practices and environmental conditions (e.g., volatility)
at the macro level [17, 27, 39, 52]. To explore how coordinated self-organisation
can be supported through the emergence of effective inter-group information
sharing in disaster contexts, it is essential to adopt a perspective that considers
micro-level factors and their potential interplay with meso- and macro-level fac-
tors. This dissertation refers to this perspective as actor-centred (termed ACDIS,
Cf. Sec 1.3), particularly focusing on the role of micro-level behaviour on shaping
intergroup information sharing during disasters.

Several studies have demonstrated the potential of analysing disaster infor-
mation sharing from an actor-centred perspective [27, 28, 44, 47, 51, 53-55].
However, to systematically study how information sharing can support coordinated
self-organisation from this perspective, it is crucial to understand its characteris-
tics and the requirements for evaluating it, including key performance indicators
(KPIs) for assessing its performance. Yet, a conceptual framework that captures
these characteristics and requirements is missing, thus impairing the systematic
study of disaster information sharing from an actor-centred perspective. This
knowledge gap is addressed by answering the RQ1 posed in the introduction of
this thesis.

2.2. AGENT-BASED MODELLING OF ACTOR-CENTRED DISASTER

INFORMATION SHARING

Modelling and simulation can support the study of inter-group information sharing
e.g., by providing the means to explore the implications of different information
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sharing practices and behaviours [51, 53, 55-57]. Among the available modelling
paradigms, Agent-Based Modelling (ABMs) is particularly suited for studying actor-
centred information sharing across multiple groups given its ability to capture
and investigate the implications of complex interactions across multiple levels of
analysis (e.g., micro, meso, and macro) and their impact on system’s behaviour for
a given phenomenon of interest [32, 58, 59]. The currently available actor-centred
ABMs of disaster information sharing are reviewed in the following.

2.2.1. ACTOR-CENTRED ABMS OF INTER-GROUP DISASTER INFORMATION
SHARING

To qualify as an ABM of ACDIS, a model must represent individual actors as agents
and account for the effects of their information-sharing behaviour at the micro level
on intergroup information exchange. While it may also incorporate interactions
between micro, meso (groups), and macro (networks of groups) levels in shaping
information exchange, this is not a requirement for the model to qualify as ACDIS.

Furthermore, since fragmentation and lack of information exchange in disas-
ter response systems are particularly pronounced between communities and
professional responders, this dissertation focuses on studying the exchange of
information between these two groups (cf. Sections 2.1.3 and 2.1.4). To address
this, an actor-centred agent-based model (ABM) of disaster information exchange
between professional response organisations and communities is necessary to
explore disaster information sharing in the context of this thesis.

Several ABMs have been proposed for disaster information sharing. Some are
centred at the group (meso) level, meaning that each agent represents a group
[54, 60]. These models focus on capturing inter-group information exchange,
without however considering the micro level behaviour of actors. As such, these
models are not actor centred. Other models assume that agents are individual
actors, with their individual behaviour at the micro level affecting information
exchange within groups [61]. Such models are not actor centred, as they do
not consider the impact of individual behaviour on inter-group information ex-
change. The remaining ABMs are actor centred they study the implications of
individual (micro-level) behaviour on inter-group information exchange [51, 55,
62]. However, most of these latter category of models consider information
exchange among professional response organisations, without involving commu-
nities. Only [55] accounts for information exchange between informal groups
(communities) and professional response organisations, focusing primarily on
one-way communication from professional response organisations to communities.
This analysis of existing ABMs of disaster information exchange across groups
from an actor-centred perspective is summarized in table 2.1.

In sum, an ABM is missing that embraces an actor-centred perspective and
enables the study of the interplay between the micro, meso, and macro levels while
considering two-way communication between professional response organisations
and communities. This knowledge gap is represented by RQ2, as shown in the
introduction of this thesis. The next section reviews methodologies for developing
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Category of ABM Actor level Intra-group Inter-group Communities <—>
study (micro) information information Professionals?
sharing sharing
Group-centred [54, Not considered Not considered: Info. exchange Not considered
60] 1 agent = 1 among agents
group
centred on individ- Considers in- Info. exchange Not considered: Not considered
ual actor with intra-  dividual be- among agents only one group
group info exchange haviour (1 in the model
[61] agent = 1 ac-
tor).
Actor-centred [51, Considers in- Info. exchange Info. exchange Considered only in [55],
55, 62] dividual be- among agents among agents but one-way profession-
haviour (1 belonging to dif-  als —> communities
agent = 1 actor) ferent groups

Table 2.1: Categories of existing ABMs of disaster information sharing, focusing
on whether they consider the micro level, intra-group information ex-
change, inter-group information exchange, the and the extent to which
they account for two-way communication ("<—>") between informal
response groups (communities) and mandated response organisations
(professionals).

ABMs of ACDIS.

2.2.2. METHODOLOGIES FOR DEVELOPING ACTOR-CENTRED ABMS OF
DISASTER INFORMATION SHARING

Building empirical ABMs of a phenomenon of interest such as ACDIS is typically
data-intensive given the high level of detail captured in these models (especially
at the micro or individual level). Quantitative data on information exchange during
disasters is typically lacking given the practical and ethical concerns related to
interfering with current operations, privacy associated with informal information
exchange, and the challenge of aligning pre-planned research activities with unex-
pectedly occurring disasters. As such, using quantitative methods such as surveys
becomes challenging. Crisis simulation experiments can be an effective tool to
collect such information in a controlled setting [27, 44], but their high costs also
limits the number of experiments that can be run. As an alternative or in addition
to experiments, qualitative research applied to case studies of previously occurred
disasters is a powerful means to capture information exchange in disasters from
an actor-centred perspective [63, 64]. A qualitative approach is also useful for new
phenomena, such as ACDIS, where the existing body of knowledge is insufficient
to formulate hypotheses. In such situations, an exploratory approach is required,
for which qualitative research is particularly well-suited [65]. However, although
there are different methodologies to develop ABMs based on qualitative research
[66-68], a rigorous methodology is missing that enables to strike a balance be-
tween the comparability across cases provided by methodologies that rely on a
common and context-independent framework (e.g., [66]) and the flexibility to
study any policy problem provided by methodologies that focus on capturing a
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case study without relying on a common framework (e.g., [68]).

Additionally, the study of ACDIS processes using ABMs may require developing
and utilizing a range of models with varying purposes, from theoretical to empir-
ical [69]. Theoretical models are useful, for example, in aiding the formulation
hypotheses about the effects of specific mechanisms, which can later be tested in
empirical settings [51, 53, 57, 70]. In contrast, empirical models can describe ex-
isting knowledge relevant to a specific case or phenomenon [55], assess whether
particular mechanisms, such as bounded rationality, account for observed system
behaviours, as in [64], and explore the potential impacts of policies before their
implementation [71, 72]. However, there is a lack of a versatile methodology
that supports the development of ABMs tailored for both theoretical and empirical
investigations of the same phenomenon of interest.

In sum, a rigorous methodology is missing for developing ABMs of a phenomenon
of interest (in this case, ACDIS) through qualitative case study research that
balances comparability and flexibility while providing versatility. This knowledge
gap is addressed by answering RQ2, as outlined in the introduction of this thesis.

2.3. ACTOR-CENTRED DISASTER INFORMATION SHARING THROUGH

BOUNDARY SPANNING

Supporting coordinated self-organisation relies of the effective exchange of in-
formation among actors belonging to different groups (Cf. Section 2.1.4). Some
actors are more effective than others at facilitating inter-group information ex-
change, eventually becoming Informational Boundary Spanners (IBSs), i.e., key
hubs for information exchange across different groups [47, 51, 54, 73-79]. Levina
and Vaast [80] found that granting the formal mandate to perform the IBS role
does not guarantee that the selected actor will effectively function as an hub for
inter-group information exchange. Rather, IBSs who effectively convey information
across groups emerge through mechanisms resulting from dynamic interactions
among individuals belonging to the different groups [80]. More specifically, IBSs
emergence depends on mechanisms resulting from the complex interplay be-
tween different factors and processes at the micro (individual group member),
meso (group), and macro level (network of groups) [77, 80]. Understanding these
mechanism from an actor-centred perspective is key to foster the emergence
of IBSs and thus support inter-group information exchange and coordinated self-
organisation (Cf. Section 2.1.4). However, these mechanisms are still poorly
understood in the context of disasters which are characterized by high levels of
environmental volatility.

To address this gap, it is first essential to develop a quantitative method to
measure the emergence of IBSs from an actor-centred perspective by identifying
the individuals that emerge as IBSs at the micro level. This is crucial to study
IBSs emergence mechanisms involving a complex interplay between the micro,
meso, and macro levels. While, several quantitative methods have been proposed
for measuring IBSs emergence and their success [51, 74, 77, 81-84], they focus
on the level of a group or multiple groups. As such, method for measuring IBS
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emergence at the micro level is missing, impairing the study of this phenomenon
from an actor-centred perspective.

Second, while case study research has been invaluable in studying boundary
spanning [74, 77, 80, 85], agent-based modelling can work in synergy with case
study research [63, 86]. However, currently existing ABMs focusing on information
sharing in volatile environments either consider a predefined number of formally
mandated IBSs without accounting for their emergence [70]. Or, they do not
focus on the emergence of IBSs [51]. As such, an ABM framework available
to systematically investigate the mechanisms behind IBS emergence from an
actor-centred perspective in volatile environments in missing.

In sum, a method and ABM are lacking for measuring, studying, and understand-
ing the emergence of IBSs under different conditions of environmental volatility.
This knowledge gap is captured by RQ4, as presented in the introduction.

2.4. CONCLUSIONS

This chapter analysed current literature to motivate and illustrate the knowledge
gaps associated with each of the research questions (RQ1, RQ2, RQ3, and RQ4)
posed in the introduction. Specifically, it showed that a conceptual framework is
required to capture the characteristics and requirements of ACDIS, thus enabling
its study (RQ1). Further, the chapter suggested the need for ABMs of ACDIS (RQ2),
and for a rigorous methodology for developing such ABMs based on qualitative
case study research (RQ3). This methodology should balance cross-case compara-
bility and flexibility to capture different cases and provide versatility to develop
ABMs with different modelling purposes. Finally, the chapter highlighted the emer-
gence of informational boundary spanning as way to foster disaster information
sharing. It introduced the need for a method to measure the emergence of IBSs
from an actor-centred perspective, along with an ABM to study and understand
this emergence through the method (RQ4).

The next chapter of this thesis focuses on designing a methodology to develop
the conceptual framework and ABMs of ACDIS.
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RESEARCH METHODOLOGY

Informing the development of computational models through qualitative case
study research is a promising approach to study social phenomena stemming from
human interactions and behaviour such as ACDIS. Yet, while there are different
methodologies to develop models based on qualitative research, a methodology
is missing that enables to strike a balance between the comparability across
cases provided by methodologies that rely on a common and context-independent
framework and the flexibility to study any phenomenon of interest provided by
methodologies that focus on capturing a case study without relying on a common
framework. Additionally, a rigorous methodology is missing that enables the
development of both theoretical and empirical models for studying a specific
phenomenon of interest. In this chapter, the authors propose a methodology
targeting these gaps for ABMs in two stages. First, a novel conceptual framework
centred on a particular phenomenon of interest is developed based on existing
theories and qualitative insights from one or more case studies. Second, empirical
or theoretical ABMs are developed based on the framework and generic models.
This chapter establishes a foundation to answer RQs 1-3.

3.1. INTRODUCTION

Qualitative research is a powerful means to capture social dynamics and many
studies e.g. from the social sciences provide qualitative insights on human inter-
actions and behaviour that can support the study of phenomena involving such
dynamics (e.g., ACDIS) [2-4]. Consequently, the development of Agent-Based
Models (ABMs) for supporting the study of phenomena involving social dynamics
can benefit greatly from integrating the results of qualitative research [5-7].
Translating nuance-rich qualitative data into a computational model is, however,
challenging [8]. While the contextual richness of the data should be preserved as
much as possible, distortions need to be minimized and a transparent approach
is needed that ensures replicability [5, 9, 10]. Several methodologies have been
proposed for integrating qualitative data into ABM by (a) using previously devel-

Parts of this chapter are based on: [1].
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oped frameworks to interpret and structure data, and/or by (b) "constraining" the
knowledge elicitation and analysis process through clear steps [9]. For instance,
Ghorbani et al. [11] show the potential of using conceptual frameworks developed
for institutional (re)design to support the design, implementation and analysis
of ABMs in socio-technical systems. Further, Ghorbani et al. [12] provide an
approach for structuring and interpreting qualitative data from ethnographic work
on the basis of a previously developed framework (or meta-model). Conversely,
Bharwani et al. suggest a mixed-methods research methodology that puts empha-
sis on the steps adopted to extract and validate agent rules via a participatory
and ethnographic process [10, 13]. Within such a methodology, the authors rely
on an exploratory phase to design a context-specific game that captures the world
views and decisions of the study participants. Such a game is then used to extract
agent rules.

Two gaps were identified concerning methodologies for the development of
ABMs for studying a phenomenon of interest through qualitative data. Firstly,
methodologies as [12] that rely on pre-existing conceptual frameworks to develop
ABMs have the advantage of enabling the study of a specific phenomenon across
different cases in a rigorous and consistent manner (i.e. through the same frame-
work) which enhances the comparability of results across different cases. However,
these methodologies lack in flexibility as they can only be used when an adequate
framework already exists that can be applied to the phenomenon of interest. For
novel phenomena such a framework may not yet be available. Further, in order
to support a rigorous and systematic approach, the frameworks used in these
methodologies are "pre-packaged" with particular agent architectures [11, 14] -
i.e. formalized descriptions of agent theories concerning the internal processes
occurring within the agents [15]. However, such a design choice reduces the
flexibility of these methodologies in terms of enabling to account for different
agent architectures. Other methodologies such as [10, 13] rely on specific steps
to rigorously develop ABMs tailored to a given case. While such methodologies
can be flexibly applied to any case without the need of a pre-existing framework,
the lack of a common framework makes it difficult to ensure comparability and
consistency across different cases of the same phenomenon of interest. In sum,
a methodology is missing for developing ABMs for studying a phenomenon of
interest that enables to maintain rigour while striking a balance between (a) com-
parability as the ability to retain "common ground" among different modelling
studies focusing on the same phenomenon so that their results can be mean-
ingfully juxtaposed and (b) flexibility with respect to the ability to capture novel
phenomena and use different agent architectures.

Secondly, the process of studying a phenomenon of interest via ABMs may
involve the development and use of a series of models with different purposes
ranging from theoretical to empirical [16, 17]. Theoretical models can e.g. support
the formulation of hypotheses regarding the implications of given mechanisms
explaining the phenomenon of interest prior to testing them empirically [18, 19].
Conversely, empirical models can be used for instance to (a) capture a preliminary
description of the currently-available knowledge that is relevant for a considered
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phenomenon and case [20], (b) evaluate whether particular mechanisms that
are considered relevant for a given phenomenon under study actually explain its
emergence (see for instance [6]), and (c) explore ex-ante the potential implications
of given policies prior to their implementation [21, 22]. However, a methodology is
missing that is versatile in that it enables the development of ABMs with different
theoretical or empirical purposes focusing on the same phenomenon.

In this chapter, the authors propose methodology that enables to develop ABMs
for studying a phenomenon of interest based on qualitative inquiry in a flexible
and versatile manner. The methodology involves (i) the development of a novel
conceptual framework that is centred on the considered phenomenon through one
or more case studies (when such a conceptual framework in not available), and
(ii) the development of empirical or theoretical ABMs guided by the application
of this conceptual framework in combination with generic models. While the
conceptual framework is designed to enable the identification of the agents
and their interactions that are relevant for the considered phenomenon, generic
models are used to guide the design of the internal processes that drive the agents’
interactions found through the conceptual framework. Generic models provide a
common language that can capture different agent architectures such as BDI [23]
in a formalized, abstract, and reusable manner [24]. By choosing different generic
models capturing different agent architectures, the modeller is provided with
flexibility with respect to the choice of the way the agents and their interactions
are translated into the internal rules driving the agent’s interactions. The paper
is structured as follows. Section 2 introduces the compositional design of ABMs
through generic models. Section 3 outlines the proposed methodology, which
has two phases: conceptual framework development and model development.
Section 4 provides the conclusions of the chapter.

3.2. BACKGROUND: COMPOSITIONAL DEVELOPMENT OF ABMs

THROUGH GENERIC MODELS

Brazier et al. [25] propose a compositional development method for multi-agent
systems (and ABMs') called DESIRE (DEsign and Specification of Interacting REa-
soning components). According to this method, both the agents and the system as
a whole are modelled as a compositional architecture i.e. as series of interacting
components that are hierarchically structured and task-based. DESIRE enables
to specify both the agents’ interactions (or "inter-agent functionality") and the
internal processes driving such interactions (or "intra-agent functionality") in an
explicit and precise manner. Further, in DESIRE the design of an ABM includes two
types of knowledge, namely (a) a process composition concerning the tasks that
the agents carry out, and (b) a knowledge composition capturing the knowledge
structures the tasks rely on. The process composition consists of a task hierar-
chy (i.e. the tasks to be executed and their sub-tasks), tasks’ input and output,

lwhile DESIRE was initially conceived to design multi-agent systems, it can as well be applied to the
design of ABMs.
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information exchange among tasks (or information links), sequencing of tasks
(or task control knowledge), and task delegation (which agent carries out which
tasks). Knowledge composition consist of knowledge structures that capture (a)
the ontology or "information types" representing the relevant concepts the tasks
rely on and (b) the knowledge bases representing the rules followed by the agents
when executing tasks on the basis of the concepts. Central to the DESIRE method
is the principle of compositionality, according to which the knowledge composi-
tion and process composition are captured at different levels of abstraction i.e.
from abstract tasks or knowledge structures to their more and more specialized
components. For instance, in the case of process composition, the abstract task
"own process control" can be composed of sub-tasks (or components) such as
"determine goals and commitments" and "evaluate own processes" [26].

Instead of designing an ABM from scratch every time, Brazier et al. [27] sug-
gest that existing generic models can be re-used. Such generic models can be
developed for different types of agents and agent architectures thus providing
the model developer with a range of options with respect to the type of agent to
be considered when designing ABMs [24]. Generic models consist of abstracted
representations of the process and knowledge composition of ABMs (according
to the principle of compositionality discussed above). In the case of process
composition, a generic model is abstracted with respect to the tasks that the
agents can carry out. These tasks can be specialized from the abstract categories
provided in the generic model, to more specific sub-tasks that are the required
for the considered ABM. Further, in the case of knowledge composition, a generic
model is abstracted with respect to the knowledge structures the tasks rely on.
The knowledge composition included in the generic model can be instantiated by
(a) finding additional if, then, else statements that are nested in those captured
by the knowledge bases of the generic model or (b) by providing new knowledge
bases for the sub-tasks introduced in the specialization of the generic model’s
process composition. The knowledge composition can also be instantiated by
introducing new categories in the ontology of information types accessed by the
tasks.

In the seminal work by [15, 28], a weak notion of agent is introduced which is
meant to capture some of the most general and widely recognized features that
characterize an agent (e.g. "autonomy", or "social ability"). Brazier et al. [27] build
on this weak notion of agent to design a generic model called Generic Agent Model
(GAM). GAM provides a unified and formalized language which can be specialized
and instantiated to capture a wide variety of agent types and architectures in a
consistent, comparable and reusable manner. An overview of GAM is provided
in Appendix A. Several applications of GAM have been proposed that capture
different agent architectures (e.g. normative, cooperative, or BDI) [24]. These
applications enabled the design of new generic models that are more specialized
than GAM as they apply to specific agent architectures and classes of problems.
For instance, GAM was re-used to design a new generic model called Generic
Cooperative Agent Model (GCAM) that can be used to develop ABMs capturing
distributed project coordination and assuming joint intentions [26].
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3.3. PROPOSED METHODOLOGY

The methodology introduced in this chapter was developed via a research through
design strategy involving a series of design iterations (Cf. Section 1.8.1). These
iterations included the design of (a) a conceptual framework for ACDIS and of the
methodological steps required to design it, (b) an empirical ABM for the case study
of Jakarta and of the methodological steps required to develop such an ABM based
on the conceptual framework and case study research, and (c) a theoretical ABM.

The resulting methodology involves two interlinked phases: conceptual frame-
work development and model development, see Figure 3.1. In phase one, a
conceptual framework capturing a specific phenomenon of interest is developed
based on existing theory (literature and ABMs) and case studies. Case studies are
carried out mainly through qualitative inquiry. However, quantitative data may
also be collected e.g. on demographics. In phase two, a theoretical or empiri-
cal model is developed based on the conceptual framework, along with further
insights from theory, empirical data from the case studies (analysed through
qualitative and possibly also quantitative data analysis) if an empirical model is
being developed, and generic models. Each phase is explained in detail in the
following sections?.
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Figure 3.1: Methodology for developing agent-based models for studying a phe-
nomenon of interest based on qualitative research. The dashed line
symbolizes activities that are optional.

3.4. PHASE 1: FRAMEWORK DEVELOPMENT

In this phase, existing theory and qualitative research from one or more case stud-
ies is used to design a conceptual framework centred on a particular phenomenon

2The explanations provided in this chapter for the first and second phases are theoretical. For practical
illustrations of their application, see Chapters 4 and 5, respectively.
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of interest. By such a conceptual framework the authors intend a "list" of cate-
gories of meaning and their relationships that are relevant when developing ABMs
focusing on a specific phenomenon of interest. These conceptual frameworks
enable part of the methodology, but they are not the methodology. Through the
methodology, it is possible to develop different conceptual frameworks for differ-
ent phenomenon of interests when such frameworks are not already available. In
the following, firstly the composition and use of such a conceptual framework is
discussed. Secondly, the suggested framework development steps are illustrated.

3.4.1. FRAMEWORK USE AND COMPOSITION

ABMs can support the study of a phenomenon of interest by enabling to simulate
and systematically compare the behaviour (or performance) of a system given the
system’s configuration and possible alterations of this configuration [16]. Studying
the results of such simulations can support the study of a phenomenon of interest
by uncovering and testing mechanisms that lead to the emergence of relevant
patterns in the system’s behaviour or its performance. Such mechanism constitute
a theory of why and how particular system’s configuration lead to the emergence
of given pattern of interest. Essential elements of these mechanisms are their
outcomes and the contextual factors that may affect these outcomes. Given the
above, the authors provide the following definitions of system’s configuration,
change and performance. A system’s configuration consists of the agents, their
activities and interactions with other agents and their environment that represents
the context in which a phenomenon of interest is studied [7]. A system’s change
and performance are both related to the outcomes of the mechanisms being
studied. A system’s change refers to shifts in the configuration of a system
both as a direct consequence of the agents’ choice, or through emergent, self-
organized and bottom-up processes generated by the agent’s interactions [29-31].
A system’s performance is intended as the extent to which a system reaches the
desired behaviour. System’s performance can be influenced both by the system’s
configuration and its change. The seminal work by [3] can provide an example of
a study capturing a system’s configuration, change and performance. In this case,
system’s performance is measured as the volume of knowledge exchanged across
an organisational boundary. [3] study how such a system’s performance is affected
by the system’s change intended as the emergence of a new organisational
community (or "joint field of practice") across the organisational boundary. The
emergence of such a community is facilitated by actors who adjust their role
to become "boundary spanners in practice" depending on contextual factors
captured in the system’s configuration. Such contextual factors include the formal
nomination of the actors as boundary spanners, their inclination to engage in
boundary spanning activities, and their recognition as legitimate participants and
negotiators on both sides of the organisational boundary.

The frameworks designed with this methodology are meant to enable to capture
the key agents and their interactions that are relevant for the development of
both theoretical and empirical ABMs that can support the study of the consid-
ered phenomenon of interest. Specifically, the frameworks provide the means
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to carry out both (a) an analysis of an existing system (e.g., a case study) by
structuring qualitative data and translating it into an empirical model [12], and (b)
a construction of an abstract system to be studied via a theoretical model. To this
end, frameworks are required to capture a system’s configuration, change, and
performance.

Firstly, to capture the configuration of a system, a conceptual framework needs
to provide the system’s characteristics and their attributes. A system’s character-
istics are the fundamental components of a system (e.g. agents and their environ-
ment) that are relevant for the phenomenon of interest considered. Attributes are
the features that distinguish different instances of a given characteristic. In the
case of the study by [3], system’s characteristics are for instance the organisations
as defined by their boundaries, the actors who belong to such organisations, and
their negotiation and knowledge sharing activities (interactions). Attributes of
the characteristic "actor" are for example an actor’s recognition as a legitimate
participant and negotiator on both sides of the boundary, and his/her inclination
towards participating in boundary spanning activities.

Secondly, in order to capture the system’s change, a framework is required
to include the relationships among characteristics. Such relationships represent
the way the characteristics interact, possibly leading to (emergent) changes in
the system’s configuration. An example of relationship from the article by [3], is
that between actors belonging to different organisational units who can interact
via knowledge sharing activities. Through such interactions actors may develop
an inclination towards boundary spanning activities, leading them to gradually
assume the role of boundary spanners in practice.

Thirdly, the criteria for assessment are the indicators used to measure the
performance of a system. In the case of [3], the criterion for assessment is the
volume of knowledge exchanged across the considered organisational boundary.
Figure 3.2 shows the composition and use of a conceptual framework devised
to guide the development of both empirical and theoretical ABMs for studying a
phenomenon of interest.

3.4.2. FRAMEWORK DEVELOPMENT STEPS:

Developing frameworks for the design of ABMs for studying a particular phe-
nomenon of interest requires an approach that can capture the complexity of
social and socio-technical systems. Brazier et al.’s approach was chosen for
developing such conceptual frameworks given it can be applied to both social
and socio-technical systems [32]. Based on the chosen approach, the framework
development phase follows the steps shown in figure 3.3. In the following sections,
each of the steps is described in detail.

3.4.3. LITERATURE REVIEW:

The literature and existing models (including ABMs) related to the type of system
in question are studied to identify (a) the phenomenon of interest, (b) the unit of
analysis for the considered phenomenon, and (c) a list of relevant characteristics
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(Phase 2).

of the phenomenon of interest from the perspective of the unit of analysis. (a), (b)
and (c) are only preliminary at this stage and may be refined or changed based
on case study research [33].

The unit of analysis is carefully chosen to reflect the phenomenon of interest
at hand. This unit refers to the micro-level entity that is going to the centre of
the agent-based models the researchers intend to design. Indeed, given the
generative nature of agent-based modelling [34], it is crucial that the framework
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takes the perspective of the intended model’s most elementary unit. Examples of
unit of analysis are a person, a household, an organisation, or an entire region.

3.4.4. REQUIREMENTS DESIGN:

Brazier et al.’s approach entails the design of the system’s mission and of the
associated functional, behavioural and structural requirements [32]. The mission
of the system is its intended purpose, that, in this case, is to address the chosen
phenomenon of interest. The functional requirements are the functions that the
system has to fulfil to achieve the mission. behavioural requirements define
the desired system’s behaviour associated with the fulfilment of the functional
requirements, and the criteria for assessment that can be used for measuring
the extent to which the desired behaviour is achieved. Structural requirements
are the components of the system that are put in place to fulfil the behavioural
requirements.

At this stage, the system’s mission, and the functional, structural and be-
havioural requirements are designed based on the results of the previous step.
Specifically, the mission is designed based on the phenomenon of interest. Then,
the functional requirements are designed based on the system’s characteristics
and the mission. Next, the behavioural requirements are derived from the func-
tional requirements. Finally, the structural requirements are designed based on
behavioural requirements and the list of relevant systems’ characteristics and
attributes. This design process results in a preliminary list of requirements.

3.4.5. CASE STUDY:

In this step, the preliminary list of functional, structural, and behavioural require-
ments is verified and expanded based on one or more case studies [33, 35]. First,
the case study is designed. This includes the selection of a case study, data
collection techniques (e.g. interviews and focus groups, participant observations
and archival data), and sampling strategies all of which are summarized in a data
collection plan [33, 36]. The collected data is then analysed through coding. The
way such analysis is carried out depends on the type of data collection techniques
chosen [36]. However, in all cases the analysis begins with the preliminary list of
requirements from the previous step.

In the case of interviews, focus groups, and participant observations the col-
lected data is analysed with a hybrid deductive and inductive coding approach
[37]. Initially, a coding schema is defined based on the preliminary list of re-
quirements from the previous step. This list is divided in requirements and their
sub-requirements. Distinctions between between these two categories are made
by considering that sub-requirements offer more specific guidance on particular
elements within the broader scope outlined by each requirement. For instance, if
one of the requirements is 'organisation’, its sub-requirements may be 'type of
organisational structure’, 'integration mechanisms’, and 'adaptation strategies’.
Next, the requirements are assigned as first-level codes in the coding schema,
while the sub-requirements are designated as second-level codes. During the
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coding process, not only instances of the pre-defined codes are identified, but also
an open (inductive) coding approach is adopted to discover new requirements and
sub-requirements or to refine existing ones.

In the case of archival data or documents, the summative content analysis
approach is adopted [38]. This approach is divided in two levels, namely manifest
and latent. The manifest level entails finding in the archival data occurrences of the
codes associated with the preliminary characteristics, attributes, relationships and
criteria for assessment. At this stage, new characteristics, attributes, relationships
and criteria for assessment may also be found through open coding. Next, the
latent level focuses on analysing the context in which the code occurrences were
found to study and revise their meaning. In the process, further instances of the
codes may be found, and also new codes may be introduced. Typically, an iterative
process is required between the manifest and latent levels to determine how well
the meaning extrapolated from given contexts fits that associated with the codes
and solve potential conflicts. When such conflicts occur, they can be addressed
through an in depth inspection of their meaning, leading to a the definition of new
meanings associated with the code or to new codes which reconcile the conflict.
The content analysis can be considered completed when no new codes or conflicts
are found in the data.

The results of this step are refined and validated behavioural and structural
requirements. Further, the phenomenon of interest identified earlier may also
be validated and refined together with the requirements. For instance, a new
promising direction may be found from the data which may require to adjust
the phenomenon of interest and align it with the new or modified requirements .
Given the modifications to the requirements and phenomenon of interest, new
fields of literature may be found to be relevant which were not considered in the
first step. When literature confirms the finding from the case study this provides
further confidence in the findings. Further, when literature is in contrast with
the findings from the case study, this is an opportunity to further probe into the
nature of this contrast and bring a deeper insight into both the literature and the
requirements. As such, some iteration between case study research, literature
review and requirements design is likely to be necessary.

3.4.6. FRAMEWORK DESIGN:

The design process of the framework is based on the refined and validated require-
ments from the previous step. More specifically, the structural and behavioural
requirements are considered. Structural requirements provide the list of the
system characteristics, attributes, and relationships to be included in the frame-
work. Each system characteristic is considered as an independent framework
component, with its own attributes and relationships. When the relationships
found between the system’s characteristics are vertical, such as those of the
type "is a part of", "can have one or more" or "contains", then the correspond-
ing characteristics are organized hierarchically. If the relationships among the
characteristics are horizontal, such as those of the type "interacts with", "causes",
"performs" and "affects", these characteristics are linked with an arrow labeled
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with the corresponding relationship. Additionally, the behavioural requirements
are used to capture the systems performance through the criteria for assessment.

3.5. PHASE 2. MODEL DEVELOPMENT

It is good practice to set a clear modelling purpose, as the way a model is de-
veloped, justified and also scrutinized by the scientific community depends on
its purpose [17, 39]. Therefore, the model development process in this chapter
takes different forms depending on the purpose of the model. More specifically, a
distinction is made between models with an empirical or a theoretical purpose>'4,
affecting the way the framework and generic models are used in the development
process to analyse an existing system or to construct an abstract one (cf. Section
"Framework use and composition" above).

3.5.1. MODEL DEVELOPMENT STEPS:

Several methodologies have been proposed in the literature for developing and
describing ABMs. In this chapter, the approach proposed in [41, 42] is chosen
and extended to include the use of (a) the framework from the previous phase
and (b) generic models such as the Generic Agent Model (GAM) [27] to guide the
model development process. However, other ABM development methodologies for
instance based on the ODD protocol [43] could be possibly extended in a similar
manner.

The resulting approach involves the following iterative model development
steps: Framework Application, Problem Formulation, System Identification and
Composition, Model Concept Formalization, Model Narrative Development, Soft-
ware Implementation, Model Evaluation, and Abstraction to Generic Model. This
last step is optional. In the following sections, each step is described briefly, stress-
ing how the framework and generic models are used to guide model development
for both empirical and theoretical models. Figure 3.4 shows an overview of how
the framework and generic models support the model development steps and
their outcomes.

3.5.2. FRAMEWORK APPLICATION:

As already mentioned in Section 3.4.1, the frameworks developed with this
methodology can be applied both to construct an abstract systems to be in-
vestigated via a theoretical ABM, or to analyse an existing system so that the
system’s essential characteristics and attributes can be captured with an empirical
ABM. The modelling purpose defines how the framework is applied. Specifically,

3Empirical models are those which have a direct relationships with a specific case study. Descriptions,
explanations and predictions are examples of empirical modelling purposes. Theoretical models
are those which do not have a direct relationship with any given case study or specific system.
lllustrations and theoretical expositions are examples of theoretical modelling purposes. [17]

4With this distinction, the authors do not imply that theoretical models cannot be used in practical
settings. However, theoretical model can be applied in practice only if they have been empirically
tested in terms their micro assumptions and macro implications [40].
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Figure 3.4: Use of the conceptual framework and generic models (left) to support
the steps for the development of an Agent-Based Model (centre) with
details on the result of each model development step (right). The
dashed lines show possible iterations among the different steps of the
model development process.

in the case of theoretical models, the framework can be used to provide an in-
ventory of relevant system’ characteristics, attributes, relationships and criteria
for assessment that the researchers may want to consider in the model. With
regards to empirical models, the framework provides the means to analyse the
system’s configuration, change and performance (see Section "Framework use
and composition") that inform the following model development steps. The use
of the framework application for each of the model development steps shown in
Figure 3.4 are discussed in detail in the sections hereinafter.

3.5.3. PROBLEM FORMULATION:

The problem formulation entails making decisions about (a) the modelling purpose
and (b) the system’s performance and change of interest to be captured respec-
tively by criteria for assessment® and other indicators designed to study possible
changes in the configuration of the system. These choices are made based on the
application of the framework as shown in the following.

In the case of empirical models, the choice of a modelling purpose and of the sys-
tem performance and change of interest is guided by the results of the framework
application to the case study and the resulting analysis of its configuration, change,
and performance. Empirical models can be employed to provide a description of
the current configuration and dynamics of a given system based on the knowledge
gathered through the system’s analysis, literature, and existing models. While
descriptive models do not aim to exactly reproduce or explain specific system’s

5New or more detailed criteria for assessment may be introduced at this stage compared to those
presented in the framework.
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performance or change, they can be a first step for the development of future
models aimed at studying a phenomenon of interest in the given case (see [20] as
an example of description). In other cases, the analysis of system’s performance
uncovers that the system performs poorly or particularly well in terms of specific
criteria for assessment or, that the configuration of the system changes in particu-
lar and unexpected ways. As such, the focus may be on providing explanations in
terms of the mechanisms that lead to such system performance or change. The
results of these explanations can inform policy formulation and evaluation (see
for instance [6]). Finally, empirical models may be chosen with the purpose of
exploring the implications of future policy interventions e.g. aimed at changing
the configuration of the system to address the poor performance uncovered by
the analysis of system’s performance [21]. The choice of relevant indicators of
system’s performance and/or change follows from modelling purpose.

A theoretical model may be developed that abstracts from the context of the
given case study to capture a range of systems [39]. In this case, the researchers
can choose a modelling purpose within the broader scope of studying a phe-
nomenon on interest. Theoretical models can, for instance, have the purpose
of illustrating or exploring relationships between given system characteristics or
policies and the resulting system’s change or performance. The results of such
modelling efforts can e.g. support the formulation of hypotheses (to be tested
empirically) concerning (a) explanations for particular system’s change that can
be relevant for better understanding the phenomenon of interest or (b) the suc-
cess of specific interventions in reaching the desired system’s performance [19,
30, 44, 45]. Relevant indicators of system’s change and performance are chosen
on the basis of the modelling purpose. In the case of system’s performance, the
researcher may decide among the assessment criteria provided in the framework.

3.5.4. SYSTEM IDENTIFICATION AND COMPOSITION:

System identification involves defining the boundaries of the considered system.
System composition consists of capturing the relevant system’s configuration and
change for the chosen modelling phenomenon of interest and modelling purpose.
More specifically, the key entities (agents and the environment in which they
are embedded) and their interactions to be captured in the model are defined
conceptually at this stage.

In the case of empirical models, the boundaries of the system can be those of the
case study to which the framework was applied. However, the considered system
can be narrowed down to a specific area. The system composition is derived
from the analysis of configuration and change obtained through the framework
application to the identified system.

With regards to theoretical models, system identification and composition are
meant to capture an abstract system, rather than a specific case study. The
framework can support system composition by providing an inventory of system
characteristics (e.g. key entities), attributes and relationships that are relevant
for the considered phenomenon of interest and can be instanced and included in
the abstract system’s configuration and change.
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3.5.5. MODEL CONCEPT FORMALIZATION:

In this step, the system composition is formalized in a format that can be trans-
lated into software. The entities that will become agents in the model are formally
defined, together with the tasks (or activities) they carry out, and their properties
and state variables. Also the environment in which the agents are placed is consid-
ered as an entity characterized by tasks, properties, and states. The entities found
are organized hierarchically from general classes including common properties,
states, and tasks, to the entities representing the agents and environment actually
considered in the model. A concept formalization can be implemented directly
as a software data structure or as an ontology (which is then translated into a
software data structure).

The concept formalization of a model requires capturing not only the tasks
(or activities) that the agents carry out in interaction with other agents or the
environment, but also the internal processes that occur within the agents that
enable these interactions. While the system composition obtained at the previous
step includes the key entities and their interactions that can be translated into
the corresponding agents into the model, it does not provide the level of detail re-
quired to capture the agents’ internal processes. To maintain a rigorous approach,
another framework focused on the agents’ internal processes is required to struc-
ture the implementation of a system’s composition into a concept formalization.
The design of the agents’ internal processes may also require further analysis of
the qualitative data through the lens of a framework capturing the agents’ internal
processes.

Agent architectures such as BDI [23] provide frameworks focused on capturing
the agents’ internal processes. However, agent architectures are often described
in a qualitative manner, making their implementation in the model formalization
open to different interpretations and, hence, difficult to reproduce. Generic models
such as the Generic Agent Model (GAM) can provide a formalized understanding
the internal processes occurring within the agents e.g. according to a particular
agent architecture. The advantage of using generic models is that different
agent architectures can be captured and compared through the same formal
language®. For instance, several applications of GAM have been proposed that
capture different agent architectures (e.g. normative, cooperative, or BDI) in a
formalized and non-ambiguous way [24] (cf. Section 3.2). These applications of
GAM provide the model designer with a series of options in the way the agents’
internal processes are designed and formalized through the selected generic
model, given the key agents and their interactions captured by a particular system
composition.

Developing a model concept formalization entails the following steps. First, a
generic model is selected. GAM only assumes some of the general characteristics

60ntologies can also be used to formalize an agent architecture in a rigorous way. However, ontologies
can capture solely the declarative knowledge of an agent architecture, while overlooking the
procedural knowledge (i.e. the rules followed by the agents when carrying put particular tasks))
[46]. Conversely, generic models can capture both the declarative and procedural knowledge of an
agent architecture [24].
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of an agent [15, 28] and could be selected in most cases if its general assumptions
are shared by the researchers who decide to use it. However, more specific
generic models capturing particular agent architectures may also be selected
depending on the chosen modelling purpose and the adopted modelling strategy
as discussed by [17]. Second, the selected generic model is used to interpret
and structure a) the system composition from the previous step, (b) the results
of the framework application (analysis of system’s configuration, change, and
performance), (c) previously or newly collected qualitative data’ to develop a
model’s concept formalization. This process occurs in two iterative steps: (a)
specialization of the generic model’'s process composition and (b) instantiation of

the information types included in the generic model’s knowledge composition (cf.

P. 2.5).
The specialization of a generic model’s process composition based on the system
composition is carried out by individuating a task hierarchy, task inputs and

outputs, information exchange among tasks, and the delegation of the tasks®.

First, the task hierarchy is refined based on the system composition. The activities
and interactions of the entities found in the system’s composition are assigned
as sub-tasks to the matching categories of tasks included in the selected generic
model. For instance, tasks that set the goals of an agent (e.g. by assuming or
changing roles) or carry out decision making activities, are assigned to the agent’s
Own Process Control (OPC), whereas tasks that involve interaction with the world
or environment such as moving or collecting information from the surroundings

are assigned to the Management of World Interaction (MWI) task (cf. Appendix A).

Second, additional sub-tasks are added to the task hierarchy which provide

the internal processes required to enable an agent’s activities and interactions.

These sub-tasks are designed considering the sub-processes that are required
for the agent to make choices with respect to some of the activities found in the
system composition e.g. selection of information exchange partners. In the case of
empirical models, the chosen generic model can also be used to further structure
and interpret the previously collected data to guide the design of the agent’s
internal processes. The researchers can also collect further data specifically
meant to guide the design of the agent’s internal processes on the basis of the
generic model. Such data can then be structured and interpreted through the
lens of the generic model to confirm sub-tasks designed based on the system
composition, find additional sub-tasks, or verify if any of the task included in
the generic model are actually (not) required. In the case of theoretical models,
such sub-tasks are designed purely based on the previously obtained system
composition, literature, and the tasks included in the chosen generic model.
Third, the input and output information of the sub-tasks is defined respectively

7In some cases, the researcher may decide to collect further data that is specifically meant to capture
the internal processes occurring within the agents. In such cases, the generic model can provide a
framework that informs not only the data analysis, but also the data collection [12].

8According to [27], task control knowledge is also obtained via the specialization of a generic model’s
process composition. However, given that task control knowledge defines procedures related
to when and how particular tasks are carried out by an agent, the specification of task control
knowledge is placed in the later Model Narrative Development step of this methodology.
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by considering the information required by the task and the information that the
task can provide to other tasks.

Fourth, the information exchange among tasks is defined by adding information
links across the tasks based on the input and output information. Some of the links
required may already be provided by the generic model among the tasks included
in such model (e.g. OPC and MWI). In other cases, some of the links included in
GAM may not be necessary for the considered application and are excluded from
the concept formalization.

Fifth, the tasks are delegated (assigned) to the entities (agents and the envi-
ronment) as found in the system composition phase (e.g. the environment and
different agent types).

The instantiation of the abstracted information types entails finding new refined
information types that are instances of the abstract categories included in the
generic model. In the case of GAM, the generic categories of information types
are world information, agent information, agent identification, domain actions,
and domain agent characteristics. Instances of the information types can be
introduced based on the internal processes designed in the specialization of
the process composition, e.g. when the sub-tasks found require more refined
instances of the information types.For empirical models, the researcher could
analyse the results of the framework application (analysis of systems configuration,
change and behaviour) through the lens of such generic information types to find
the different sub-types of "world information"” that the agent perceives from the
environment, and thus identify instances of the generic information type "world
information". Further, additional instances of the information types may be found
by re-analysing the previously or newly collected qualitative data through the lens
of the generic information types. If the collected data does not provide sufficient
evidence (i.e. theoretical saturation has not been reached [47]) with respect to
the considered information types, the researcher may decide to collect further
data aimed at verifying, refining and expanding upon the information types found.
In the case of theoretical models the information types are instantiated based on
the generic model, the result of the specialization and possibly literature.

Given the specialization of the process composition and instantiation of the
knowledge composition obtained above the agents, their tasks, and information
types can be defined in a software implementable way (e.g. via UML diagrams).

3.5.6. MODEL NARRATIVE DEVELOPMENT:

At this stage, all tasks the agents carry out including their interactions with
other agents and with the environment are organized into a narrative. First, the
specialization of the task control knowledge is carried out. Task control knowledge
dictates when particular tasks are to be executed by the agent and by tasks that
have sub-tasks (cf. Appendix A). Secondly, the instantiation of the knowledge
bases is carried out in order to define the rules followed by the agents when
particular tasks are executed. Specifically, knowledge bases are specified for the
tasks that are primitive (i.e. that do not have sub-tasks).
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In the case of empirical models, the selected generic model provides a frame-
work to further structure and interpret the collected data, the results of the
framework application, system composition, and concept formalization to spe-
cialize task control knowledge and instantiate knowledge bases. At this stage,
further data may be collected to specifically inform the design of task sequenc-
ing (task control knowledge) and agent rules (knowledge bases). In the case of
theoretical models, the specialization of task control knowledge and instantiation
of knowledge bases is based on the system composition and the chosen generic
model.

Given the specialized task control knowledge and instantiated knowledge bases
it is possible to assemble a narrative to be captured in the model e.g. via pseudo-
code or through a flow chart. The task control knowledge determines the order
of execution of the tasks and their sub-tasks given particular triggering "events"
or knowledge states (e.g. incoming information to the task or the successful
completion of another task, cf. Appendix A). However, the order of occurrence of
the events that trigger the tasks is a deliberate choice of the modeller. As such, a
number of narratives can be assembled given the same task control knowledge
depending on the considered order of triggering events. The knowledge bases
determine the rules followed by the agents within the most elementary tasks (i.e.
those which do not have sub-tasks).

3.5.7. SOFTWARE IMPLEMENTATION:

In this step, the model conceptualization and narrative are implemented in a
modelling environment such as NetLogo, Repast Symphony or GAMA. A detailed
review to guide the choice of a modelling environment is provided by [48].

3.5.8. MODEL EVALUATION:

Model evaluation is an activity that occurs throughout the development of a
model. Evaluation can take different forms including verification and validation.
Verification focuses on assessing whether the model corresponds to the intentions
of the modeller. Validation is concerned with evaluating if the model corresponds
to the reality it aims to capture [41, 49]. Depending on the modelling purpose,
validation and verification assume different relative importance [17]. Theoretical
models are not directly connected to a particular case study. As such, there is a
stronger focus on verification rather than validation. Conversely, empirical models
aim to capture a given case study, and therefore typically require a stronger
emphasis on validation. Descriptive empirical models do not aim to reproduce a
system’s performance or change but only to combine knowledge gathered through
the case study with previously available knowledge and models. Therefore, such
models require solely a validation in terms of their model conceptualization and
narrative (structural validation). Other empirical models that aim at reproducing
the system performance need to be validated not only in terms of their structure,
but also with regards to their ability to reproduce the system’s performance or
change. In such cases, the results of the analysis of system performance and/or
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change from the framework application (see Section 3.4) can be used here as the
output to be matched by the model.

3.5.9. ABSTRACTION OF A NEW GENERIC MODEL

When a generic model is used in the concept formalization and for the development
of a model narrative, new tasks and knowledge structures may be introduced
which can be abstracted and constitute a new generic model. The resulting generic
model can then be re-used in similar situations. For instance, the application
of GAM to develop a model for distributed project coordination in engineering
consultancies resulted in the definition of a new generic model, namely the
Generic Cooperative Agent Model or GCAM [26]. GCAM may be re-used for any
situation in which distributed and cooperative project management is of interest,
assuming joint intentions, limited time resources, and non-urgent problems. In
the case of ABMs designed to target a particular phenomenon of interest in a
given system, abstraction entails the design of a new generic model that applies
to the considered class of phenomenon of interests. As such, this model can then
be re-used to develop models that aim at addressing the same phenomenon of
interest in different systems.

3.5.10. ITERATIVE MODEL AND CONCEPTUAL FRAMEWORK DEVELOPMENT

The model development phase is likely to produce new knowledge regarding
relevant systems characteristics, attributes, relationships or system’s performance
that are not included in the conceptual framework designed in phase one. As such,
this knowledge can be incorporated back in the conceptual framework for future
use.

3.6. CONCLUSION

In this chapter, a methodology was designed to develop conceptual frameworks
and agent-based models (ABMs) to study phenomena of interest, including ACDIS.
The methodology fills a gap in the literature by providing the means to (a) strike a
balance between the comparability of framework-based methodologies and the
flexibility of case-based methodologies and (b) to provide versatility by enabling
to develop ABMs with both theoretical and empirical purposes while maintaining
rigour. The methodology is divided into two steps. First, a conceptual framework
tailored to a phenomenon of interest is developed. Second, the conceptual
framework, together with generic models, is used to develop an ABM.

The way the conceptual framework and generic models support model design
depends on whether the model is directly related to a case study (empirical) or
not (theoretical) [17]. In the case of empirical models the conceptual framework
is applied to a case study to analyse the system’s configuration, change, and
performance. Based on these analyses, a context-specific conceptual model (a
system composition) is developed which captures the agents, their interactions
with other agents, and the indicators of system’s performance and change that
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are key for the considered phenomenon of interest. Next, a generic model [24]
capturing a particular agent architecture is selected depending on the modelling
purpose and strategy [17]. Such a generic model is then used to analyse the
results of the conceptual framework application, system composition, and possibly
additional qualitative data from the case study to inform the design of the internal
processes that drive the agents’ interactions. The result is an empirical ABM.

In the case of theoretical models, the conceptual framework provides an in-
ventory of (a) systems characteristics, attributes and relationships of which the
researchers may decide to introduce instances in the considered abstract system
and (b) a list of criteria for assessment as indicators of the system’s performance
that the researchers may wish to study.

This methodology ensures rigour by providing clear steps for translating qual-
itative data into quantitative ABMs through two frameworks: the conceptual
framework developed in the first phase of the methodology and a generic model
capturing a specific agent architecture. The methodology balances cross-case
comparability and flexibility by using a conceptual framework that is fixed across
case studies of the same phenomenon of interest, while allowing for the selection
of different generic models and associated agent architectures based on the needs
of each specific case. Finally, the methodology provides versatility concerning the
modelling purpose by outlining steps to develop both theoretical and empirical
ABMs through the lenses of the conceptual framework and generic models.

As shown in Table 1.1, this chapter provides a foundation for answering RQs 1,
2, and 3. It contributes to answering RQ1 by outlining the methodological steps
for developing a conceptual framework for ACDIS. Additionally, it contributes to
addressing RQ2 and RQ3 by designing a methodology for ABM development.

This methodology is illustrated with the case study of ACDIS in Jakarta in the next
two chapters. These chapters also enable the assessment of the methodology’s
rigour, balance of comparability and flexibility, and versatility.
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CONCEPTUAL FRAMEWORK FOR
ACTOR-CENTRED DISASTER
INFORMATION SHARING

To support coordinated self-organisation and resilience in disaster response,
information sharing must adapt to the emerging roles, responsibilities, and infor-
mation needs of actors resulting from self-organisation. To address this challenge,
this chapter proposes an actor-centred framework for disaster information sharing
enabling to analyse the current practice in disaster information sharing, the way it
evolves through self-organisation, and the extent to which it supports coordinated
self-organisation in a given system. The framework is developed following the
steps outlined in Chapter 3 (Section 3.4). A literature review identifies the char-
acteristics of ACDIS, which guide the design of a preliminary list of requirements.
These requirements are refined and validated through a case study in Jakarta.
The validated requirements are then used to develop a conceptual framework
capturing the key characteristics of and requirements for ACDIS from the previous
steps. This chapter answers RQ1. Additionally, this chapter validates the first part
of the methodology introduced in chapter 3, thereby contributing to answering
RQ3.

4.1. INTRODUCTION

The rise of mobile technologies has made it easy to create and share information
and to connect to communities or experts. In disaster response, this trend has
opened up new possibilities to self-organize, coordinate and adapt. At the same
time, this self-organisation process has also introduced new challenges related to
coordinating and orchestrating information flows [3-5]. When communication is
disrupted, fragmented localized pockets or 'bubbles’ of coordination and decision-
making can arise (e.g. in different regions or hierarchical levels), as communities

Parts of this chapter are based on: [1, 2].
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and responders are locally trying to fill an organisational and informational void.
These 'bubbles’ have been shown to be very stable, even when communication is
restored, making it difficult to coordinate across them once they are formed [6].

Disaster information sharing that facilitates coordinated self-organisation is
essential for promoting both coordinated efforts (rather than creating isolated
'bubbles’ of action) and self-organisation. The primary challenge in this context
lies in the unpredictable nature of actors’ roles, responsibilities, and corresponding
information needs resulting from self-organisation. in these conditions, information
flows must continuously adjust to deliver the necessary information to the actors
that need it. Recent disaster case studies show the ongoing difficulty of supporting
coordinated self-organisation through information sharing [7, 8]. Consequently,
crucial information is often lacking, inaccessible, or uncertain [9, 10]. Additionally,
the urgency and constant influx of information typical in disaster scenarios can
lead to information overload, making it challenging for actors to search for or
process the information effectively [11, 12].

As mentioned in Chapters 1 and 2, studying disaster information sharing that
can support coordinated self-organisation calls for an actor-centred perspective
due to the decentralized nature of self-organisation. In the field of disaster in-
formation sharing, there are several studies that model information diffusion
[13, 14], provide experimental insights on orchestrating information flows [12]
or present case studies [9, 10]. However, a conceptual framework is missing
that embraces an actor-centred perspective and allows to systematically analyse
disaster information sharing and it ability to support coordinated self-organisation.
In this chapter, an actor-centred framework is designed and validated that enables
the analysis the current practice of disaster information sharing, including the
way changes occur via self-organisation and the extent to which coordinated
self-organisation is supported.

The conceptual framework is designed according to the steps outlined in the
previous chapter, Section 3.4: Literature review, Requirements Design, Case
Study, Framework design. The following sections illustrate these steps.

4.2. LITERATURE REVIEW

The review of relevant literature and existing ABMs was narrative. Specifically,
literature from the field of multi-actor systems, self-organisation and information
sharing in crisis response was considered given these fields are key to study
disaster information sharing. Additionally, a review of the existing ABMs on
disaster information sharing was carried out. This review led to the identification
of the phenomenon of interest as disaster information sharing that can support
both coordination and self-organisation in disaster response by satisfying the
continually shifting information needs of individual actors. This calls for an actor-
centred perspective. As such, the unit of analysis chosen for the conceptual
framework is that of an individual person (or actor). A list of relevant system’s
characteristics and attributes was derived from the current literature and existing
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ABMs! for the fields of Multi-Actor Systems, Self-Organisation, and Information
Management as shown in the following sections.

4.2.1. MULTI-ACTOR SYSTEMS

Multi-Actor Systems research is rooted in Systems Thinking and focuses on com-
plex socio-technical systems, in which the perspectives and interests of many
stakeholders need to be considered. Multi-actor systems are composed of actors
that act at least to some extent autonomously. Typically, there is no central author-
ity that can coordinate all the actors. Therefore, to achieve a common goal, the
actors have to coordinate by mutually adjusting their activities [16]. Humanitarian
disaster response is a multi-actor system as a great diversity of autonomously
operating actors assuming one or more roles in or for different groups, contribute
to the response [10, 17].

These actors are individuals that work in the field or remotely, and have personal
characteristics that affect their work, such as knowledge, experience, skills and
preferences [18]. For instance, an actor that has received professional training in
urban search and rescue will act differently from an untrained community member
who is rescuing his/her neighbours, even though their role is the same.

The roles of the actors are the positions they assume in a particular operation
or process [19]. Roles are characterized by the associated responsibilities and
capabilities, their information needs and access, domain of expertise, and status.
Responsibilities are the specific tasks or duties related to a role [19]. Such respon-
sibilities are often translated into norms and rules that describe how activities
should be carried out. Capabilities refer to the activities that an actor can carry out
as part of her/his role. Roles establish the types of problems to be addressed and
therefore also the information needs [20]. Additionally, a role can in some cases
give access to information. The same role can be carried out in different domains
of expertise, e.g. an information sharing Officer can work in health or logistics.
Roles are formal when explicitly mandated by an authority, while informal roles
are usually assumed based on necessities [4, 20].

Actors can belong to and have roles in different groups. A group is an ensemble
of two or more actors that feel a sense of belonging [21]. Examples of groups are
families, communities, and organisations [22]. The groups involved in a particular
disaster response can change greatly depending on the characteristics of the
disaster faced. Typically, the variety and number of groups, together with the
complexity of their coordination, increases with the magnitude of the disaster,
growing from involving solely local communities to including also other local,
national and even international organisations and groups. Within groups the
actors have weak or strong (social) ties constituting networks that enable them
to exchange information and mobilize resources [23, 24], possibly facilitated by
information technology [25]. Groups can have coordination structures?, that are
based on established hierarchical and functional divisions of roles, with clear

LFor instance, the conceptualization of the environment in a crisis as a series of cascading shocks
producing information needs was introduced as in [15].
2Called structures from this point on.




64 4. Conceptual framework for actor-centred disaster information sharing

responsibilities and mandates following standardized operating procedures [26,
27]. Structures can be within a group or across different groups. Additionally, the
actors operate in an environment that can influence their activities [28].

Lastly, operations are the activities carried out by actors in the field that in-
volve physical interaction with the environment. This includes for instance the
movement of an actor through a disaster-affected area who is e.g. searching and
rescuing victims of a disaster [22]. Operations could be intentionally meant to
carry out other activities such as collecting information from actors in the field (e.g.
aid needs of affected communities). Or, they could unintentionally trigger other
activities, such as when information is unexpectedly found in the environment
(e.g. the water level is rising).

In sum, the following characteristics and related attributes are identified:

e Actors: skills, experience & knowledge, preferences;

* Roles: responsibilities with related rules & norms, capabilities, domain of
expertise, status (formal or informal), information (needs and access);

e Groups with their structures & networks;
¢ Environment;

e QOperations.

4.2.2. SELF-ORGANISATION

Self-organisation is the spontaneous emergence of order [29] or recognizable
patterns in a system, in which multiple entities operate autonomously. In multi-
actors systems, these entities are actors and self-organisation takes place as a
consequence of their decisions [30].

Self-organisation is typical for disaster response [30]. Actors tend to change
and assume new roles according to what is needed, even if this is not in line with
their mandate, skills, or knowledge [20, 31]. The groups and their structures and
networks change as actors create new connections [25], form and join groups,
and establish or modify structures within and across groups [32, 33]. While self-
organisation has always been characteristic for disasters, it has become prominent
in the last decades due to the introduction of new information technologies and
social media [3, 4]. Although self-organisation provides an opportunity for faster
and better tailored response, it can also create fragmentation and inefficiencies
[4, 6, 22]. Coordinating the emergent activities of the actors and groups is hence
essential for efficient disaster response and resilience [34]. Information is crucial
for supporting coordination [10, 28]. Whether actors obtain the information they
need depends on the way information flows are collectively managed in the system
[10, 35]. Such information flows change through self-organisation, e.g. when the
actors adjust the way they share information [5, 36]. In sum, role & structural
change and networking (building new connections, and establishing or joining
groups) are identified as self-organisation and coordination activities, considered
as a key characteristic of disaster information sharing.
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4.2.3. INFORMATION MANAGEMENT

The goal of information management in disaster response is to orchestrate infor-
mation flows so that the information required is provided to the actors that need
it by the time they need it [20, 35]. Much research has been carried out in the
field of information quality to define what characterizes information needs [9, 37].
Some of these characteristics have been included in the humanitarian information
management principles adopted by the United Nations Office for the Coordination
of Humanitarian Affairs (UN-OCHA) [38]: Relevance, Timeliness, Accessibility,
Interoperability, Sustainability, Reliability, and Verifiability. Information is reliable
if it is justified in terms of its content or source [39]. The volume and velocity of
information can cause information overload, which makes it difficult for the actors
to find the information they need [11, 12], or even contributes to discarding or
neglecting relevant information [6].

Information management activities are all those tasks carried out to collect,
evaluate, process and share information [35]. Collection occurs when actors inten-
tionally or unintentionally acquire or receive information. Information Evaluation
assesses, by looking at the information quality characteristics, the extent to which
the information collected addresses an actor’s information needs. Processing
aims to produce information that can fulfil information needs. Processing activities
could be filtering, aggregating, or translating information. Information Sharing
is carried out to exchange information with others and Storing (or preserving)
information for later use during or after a crisis.

The following characteristics and their attributes are identified:

* Information Management Activities: collecting, evaluating, processing, shar-
ing & storing;

* Information Characteristics: Information quality (Relevance, Timeliness,
Accessibility, Interoperability, Reliability, and Verifiability)®, and Load;

4.3. REQUIREMENTS DESIGN

The requirements design entails the formulation of the system mission and the
related functional, behavioural and structural requirements (Cf. Section 3.4.4).
The design process took place considering and building on the characteristics and
attributes identified in Section 4.2.

4.3.1. MissioN

The mission is the purpose of the system. For ACDIS that aims at supporting
coordinated self-organisation, the goal is to facilitate both coordination and self-
organisation via information. As information is key for coordination (Section
4.2.2), the mission of ACDIS was derived from (i) the general goal of information
management to provide the information required to the actors who need it, when

3Compared to the information quality characteristics as in [38]1, Sustainability is not considered as it
is most relevant for longer term crises, which are out of scope for this study.




66 4. Conceptual framework for actor-centred disaster information sharing

they need it, and (ii) considering the characteristics of such information needs
resulting from Section 4.2.3, leading to the following definition:

Mission of ACDIS: to provide relevant, reliable and verifiable information to
the actors who need it, when they need it in an accessible manner.

4.3.2. FUNCTIONAL REQUIREMENTS

Functional requirements describe the functions that a system has to perform to
fulfil its mission, taking into account the relevant system’s characteristics and
their attributes. To this end, the following requirements were designed by deriving
the functions needed to achieve the desired 'information characteristics’ as in
Section 4.2.3.

Relevance: irrelevant information contributes to overload. The actors should
therefore receive information that matches their intended use;

Timeliness: due to the dynamic nature of disaster response, information re-
ceived and made available for the actors should be kept up to date to keep
decision making and coordination attached to reality;

Accessibility (& Interoperability)*: information shared with the actors should be
accessible for them in terms of language and format;

Reliability: information should be justifiable;

Verifiability: actors should have the means to determine the verifiability of
information.

Load: the cognitive load associated with information should be limited;

Further, the groups and actors involved in disaster response change for different
disasters, typically increasing in diversity and number with the magnitude or scale
of a disaster (Cf. Section 4.2.1). ACDIS that supports coordinated self-organisation
is required to do so for the broadest range of disaster events faced and the
associated diversity of actors, roles and groups. As such, a framework for studying
disaster information sharing is required to capture such diversity and the way it
impacts the activities of the actors. The following requirement is inferred.

Diversity: the system has to cater for the great diversity of actors, roles and
groups involved in and affected by the disaster, and to consider the way this
diversity affects the activities carried out by the actors.

4Called accessibility from this point on.
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4.3.3. BEHAVIOURAL REQUIREMENTS

Behavioural requirements define (i) the desired system behaviour associated
with the fulfilment of the functional requirements and (ii) the KPIs for measuring
the extent to which the desired behaviour is achieved. Therefore, behavioural
requirements were designed from the functional requirements and developed into
measurable system behaviours. Each behavioural requirement is derived from
the homonym functional requirement. The behavioural requirements are shown
in the following.

Relevance: the degree to which the information that reaches the actors matches
their intended use;

Timeliness: the degree to which the information received by actors is up to date;

Accessibility: the degree to which information is provided in such a way that
the actor can easily use its content;

Reliability: the degree to which information is justified;

Verifiability: the degree to which the actors have the means to verify the infor-
mation;

Load: the degree to which actors are loaded with information, possibly impairing
them from retrieving relevant information.

4.3.4. STRUCTURAL REQUIREMENTS

Structural requirements are the components of the system and their relationships
putin place in order to fulfil the behavioural requirements. Structural requirements
were derived by considering the characteristics and attributes of ACDIS found in
literature (Cf. Section 4.2) that are required to achieve the desired behaviour. In
the following paragraphs, the behavioural and functional requirements from which
each of the structural requirements found is derived are shown in brackets.

In self-organizing response systems, actors cannot be associated with fixed
roles as these can change (Section 4.2.2). Moreover, the characteristics of the
actors also influence how particular roles are carried out (Section 4.2.1). Therefore,
a framework for the study ACDIS that support coordinated self-organisation is
required to distinguish between actors and roles, and to capture their individual
diversity. The following requirements are inferred.

Distinction between Actors and Roles (Diversity): Actors can change roles
and assume additional ones. The way roles are carried out depends on the
personal attributes of the actors who assume them;

Actors (Diversity): Actors are characterized by their Skills, Experience, Knowl-
edge, and Preferences (e.g. willingness to share information);
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Roles (Diversity, Relevance, Timeliness, Accessibility, Reliability and Verifiability):
Roles are characterized by the Responsibilities and Capabilities to carry
out specific activities, the Information needs (characterized by Relevance,
Timeliness, Accessibility, Reliability and Verifiability) and access, the domain
of expertise, and status (officially mandated or not);

Further, actors typically operate in groups (such as as NGOs, companies, com-
munities, and families) that can present a wide diversity. As such, groups can
be formally structured or not, and present informal networks. Structures can
be of different types based on the presence of authority and on whether they
cross the boundaries of groups (Section 4.2.1). These considerations lead to the
requirements below.

Groups (Diversity): Actors can belong to and have roles in one or more groups.
Groups are characterized by the sense of belonging of the actors who are
part of it. Groups have networks and can have structures.

Distinction between Structures and Networks (Diversity): Structures define
the formal way roles and their relationships are set within a group and the
procedures to be followed (e.g. standards of operations). Networks are
constituted by the informal connections (or ties) formed within groups and
can be used to mobilize resources (including information) both within and
outside structural relationships;

Structures (Diversity): Structures establish the roles in place, their relationships
(in terms of the responsibilities, and norms and rules roles have towards one
another), and the procedures adopted to address the envisioned contingen-
cies. There are two types of structural relationships: vertical relationships
establishing decision making authority and reporting lines, and horizontal
relationships establishing lateral coordination across different functions (or
domains). Structures can be intra-group or inter-group when such relation-
ships cross the boundaries of groups;

Moreover, actors can perform a range of activities. These include adjusting their
roles and groups according to arising necessities (Section 4.2.2). Additionally,
actors manage information with the goal of fulfilling information needs (Section
4.2.3), but also operate physically in the environment. The environment can on
turn influence the activities actors carry out (Section 4.2.1). The above leads to
the following requirements.

Coordination (Relevance, Timeliness, Accessibility, Reliability, Verifiability): Ac-
tivities that change the configuration of the (coordination) structures and
networks: networking (new connections and groups are formed) and role
& structural change (change in roles and their relationships). These activ-
ities are carried out by the actors to adjust to the current conditions and
necessities;
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Information Management (Relevance, Timeliness, Accessibility, Reliability, Ver-
ifiability): Activities such as collecting, evaluating, processing, sharing and
storing information carried out by the actors e.qg. to satisfy their own or other
actors’ information needs;

Operations (Relevance, Timeliness, Accessibility, Reliability, Verifiability): ac-
tivities carried out by the actors in the field. These can lead the actors
to perform further activities such as information collection (e.g. from the
environment) or exchange (when other actors are encountered);

Environment (Relevance, Timeliness, Accessibility, Reliability, Verifiability): the
external conditions that can affect the actors’ activities.

4.4. CASE STUDY

This section validates and refines the requirements obtained from theory based
on the case study of Jakarta. The following sections introduce the case study,
illustrate the data collection and analysis procedures, and outline the findings in
the form of a list of validated and refined requirements.

4.4.1. THE CASE OF JAKARTA

Jakarta is a typical case for studying the phenomenon of ACDIS as (a) the city
is affected by frequent flooding due to its rapid subsidence and urbanization
processes [40], (b) because of such frequent floods, many self-organized initiatives
have been initiated, often aided by social media and messaging apps [41], and (c)
the city presents a great diversity of actors, groups, roles and activities relevant
for the development of a conceptual framework than can capture such diversity.

Another reason for choosing Jakarta was that at the time of data collection (in
2018) many international organisations were in the city due to the humanitarian
response to the Sulawesi Earthquake. This provided the opportunity to interview
their representatives in person.

Finally, Jakarta was selected as it has been extensively studied by many scholars,
increasing the likelihood of accessing additional findings and relevant data if
needed (see e.g., [41-45]).

4.4.2. DATA COLLECTION

First, an exploratory interview was carried out to design the field research, includ-
ing finding relevant actors and communities to be included in the study. Based on
the above, the data collection activities were planned. These included interviews
and focus groups, but also documented sources of information. Retrospective

5Case-study research in the field of disaster management has to often take advantage of the opportu-
nities that arise when new cases occur (see for instance [7, 8]).
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interviews and focus groups allow participants to answer questions from their own
experience®.

Given that the Jakarta case study is intended to validate and refine the require-
ments for designing the conceptual framework, event and participant selection
was guided by the previously identified requirements to ensure that the data
collected would effectively serve this purpose (Cf. Section 4.3).

First, to ensure 'Diversity’ (Cf. Section 4.3.2), events of different magnitude
were covered, involving in some cases only local communities, and in others
also national and international actors and groups’. Participants were selected
among those who responded to or were affected by the considered events. These
participants included actors assuming different roles and representing various
groups, including both community members and formal organisations involved
in disaster response. These choices were made to validate if the framework
was able to cover the broad diversity presented by the case study®, or judge
if further adjustments were required. Second, the 'Distinction between Actors
and Roles’ requirement (Cf. 4.3.4) was addressed by selecting participants likely
to shift roles over time, with particular attention to communities where such
transitions are common (e.g., individuals becoming community responders)—a
dynamic also observed, though less frequently, among professionals [22, 31].
Third, the participant selection reflected the 'Distinction between Structures and
Networks’ requirement (Cf. 4.3.4), ensuring the inclusion of participants operating
within formal structures, informal networks, or across both. Finally, additional
participants were found during the data collection based on suggestions by the
participants themselves and through documented information such as emergency
plans. These documents were also often indicated and shared by the participants.

The field study took place across October and November 2018. In total, 9
semi-structured interviews and 3 focus groups were carried out, involving 25 par-
ticipants. The data collection with the local communities (Marunda and Kampung
Melayu?) took place in the neighbourhoods and involved various members of the
community including leaders, teachers, factory workers, and representatives of

5These data collection procedures were approved by the Ethical review board of the Open University,
UK and by TU Delft, The Netherlands.

"While many interviewees among the international actors were humanitarian responders working
remotely on the Sulawesi earthquake response from Jakarta, the interviews did not focus on this
event. Rather, they were focused on past events that occurred in the city of Jakarta. As such,
the informants could retrospectively think about these events. The unfolding Sulawesi disaster
naturally came up when discussing previous disasters, but this occurred only in a few instances.

8This broad inclusion of participants also served as a sampling strategy aimed at limiting biases
introduced by retrospection and ensuring the sample was representative of the case study context
[46, 47].

9Marunda and Kampung Melayu share key characteristics, as both are frequently affected by flooding
in Jakarta and rely on effective information exchange—within the community and with external
actors such as NGOs and authorities—to support coordination, self-organization, and strengthen
their resilience. This is reflected in their comparable community-wide evacuation plans and
the development of informal yet effective information-sharing practices. The selection of these
communities was initially supported by an exploratory interview and later corroborated through
data analysis. Given their similarities, the two communities can be treated as a single case, without
the need for an embedded design that separates and subsequently integrates their analysis.
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the local response team. The participants covered a broad range of demographics.
Table 4.1 shows the types of participants, the number of data collection activities
(interviews and focus groups) carried out for each of them, their total number and
affiliation. Given that most local community members did not speak English, trans-
lators were hired to interpret in real time the questions posed by the researchers
and the responses from the interviewees.

Table 4.1: Data collection, including the participant type, the number of interviews
and focus groups carried out for each type, and the affiliation of the
participants.

- . Focus Groups Total I
Participant Type Interviews (Participants) Participants Affiliation
Community Leader Marunda, Kampung
(L) 2 00 2 Melayu
Community 3 1(4) 7 Marunda, Kampung
Member (CM) Melayu, other
Community
Responder (CR) 0 1(8) 8 Marunda
Information a
: o Unoce e
Officer (IMO) '
Community Liaison UN-OCHA,

(CLN) 2 00 2 Petabencana
Total Participants 9 3(16) 25 N.A.

@ United Nations Office for the Coordination of Humanitarian affairs.
b International Federation of Red Cross and Red Crescent.

The interview protocol followed four stages, each aimed at soliciting the intervie-
wees to discuss the key characteristics of DMISs (see Table 4.2). The first two focus
groups with Community Members and Information Management Officers followed
the same protocol. However, the focus group with Community Responders aimed
at explicitly capturing events of different magnitude. It was therefore structured
according to three (flood) scenarios of increasing magnitude. In this case, stage 1
was discussed in the beginning of the focus group, and stage 2 was represented
by the flood scenarios. For each scenario, stage 3 and 4 were discussed.

Stage

Contents

Targeted DMIS characteristics

Stage 1: Biographical

Stage 2: Situations

Stage 3: Information

Stage 4: Obtaining In-

formation

Introduction, Biographical Information &
Role of the Interviewee

Selecting a specific (disruptive) event
that triggered the need for information.

Information needed to address the situa-
tions, as well as the information available
that could be shared.

How was the information obtained? From
what sources and which activities, meth-
ods, and tools were involved.

Actors, Groups, Roles, Environment

Environment, Activities

Information Quality (Relevance, Timeli-
ness, and Accessibility) and Load.

Activities, Groups, Roles (formal and in-
formal), Operations, and Environment

Table 4.2: Stages of the interview protocol, their contents, and & DMIS character-

istics they target.
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4.4.3. DATA ANALYSIS

The recordings from the interviews and focus groups were then transcribed and
analysed using a platform for qualitative data management and analysis'®. A
hybrid deductive and inductive coding approach was adopted. First, an initial
coding scheme was designed to capture the requirements designed based on
literature (Cf. Section 4.3). This approach was meant to validate the requirements
designed via their occurrence in the collected data (deductive approach). Further,
while thematically analysing the interviews, also open coding was carried out in
parallel to refine the existing requirements and possibly find new ones (inductive
approach). Code counting was carried out to have an overview of number of the
code instances found. Further, sample quotes were selected from the interviews
and focus groups to show supporting evidence for the validated and refined list of
requirements and sub-requirements.

The codes were divided into requirements (first order) and their sub-requirements
(second order). Requirements were distinguished from sub-requirements by rec-
ognizing that sub-requirements offer more detailed guidance on specific aspects
within the broader scope of a requirement. For instance, a requirement like 'Actors’
presents sub-requirements such as 'Skills, Experience, Knowledge, and Prefer-
ences,” which outline the specific attributes of actors that need to be considered.

4.4.4. FINDINGS

Compared to the initial 6 first order codes and 22 second order codes distinguished
from the requirements, no new codes were found via open coding. However, some
discrepancies were encountered between theory and the data regarding the
definitions assigned to some of the sub-requirements. In such situations, the
definitions associated with these sub-requirements were modified accordingly.

The list of codes obtained in the data analysis, together with their updated
definition is provided in Table 4.3. The table also includes the code count, the
sample quotes and their IDs.

Table 4.3: Findings from the field: list of requirements, sub-requirements, code
count, sample quotes, and quote IDs. The attributes whose definitions
were modified via open coding are shown in bold.

Requirem. Sub-requirements # Codes Sample Quotes Quote
ID
Skills: ability to carry out 30 'l think it was a kind of a natural pro- 1
activities within a given gression to then take some of that
time. Skills can be trans- work and apply it (...) it just made a
Actors ferable across roles. lot of sense. Because the skills were
(Structural) transferable’ UN-OCHA CLN
Experience: procedural 31 ‘'we just can wait for food from the | 2
knowledge from previous public kitchen, from the volunteers.
disasters or training. They will come’ Kampung Melayu CM

Whttps://www.dedoose.com/
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Requirem. Sub-requirements # Codes Sample Quotes Quote
ID
Knowledge: non- | 30 'if the height in Depok is three me- 3
procedural knowledge ters there will be no flood in here’
from info gathered dur- Kampung Melayu CL
ing disasters or from
education.
Preferences: personal 10 ‘She would rather talk to people 4
preferences of the actors. around here. There are some people
here who always gather.’” Marunda
CM
Responsibilities,  Rules 84 'if somebody notices that the sea 5
and Norms an actor level rises, they directly inform it
should comply with given by sending text through WhatsApp’
Roles his/her role. Marunda CM
(Structural) Capabilities:  activities 64 'if it gets worse, we will directly in- 6
that an actor can perform form the sub-district government of-
given a role. ficer to directly handle it’ Marunda
CL
Domain (of Expertise): | 24 'l worked on the Ebola response, that 7
same role can be carried was mostly on emergency informa-
out in different domains. tion. (...) And, | worked in Greece
(...) with refugees and migrants’ UN-
OCHA CLN
Status (Formal or Infor- | 35 'So yes, the government is helping 8
mal): availability of a us, but more than that communi-
mandate or not. ties (...) and also NGOs’. Kampung
Melayu CM
Information: actors have 29 'We can always provide you with 9
information needs and ac- information for example on assess-
cess because of the roles ment registry. What kind of assess-
they assume. ment has been done, where is it,
what sort of sector did they do the
assessment’. UN-OCHA IMO
Info. Sharing Structures: 74 'There are 17 community leaders 10
roles, their relationships here.” Marunda CL
and procedures adopted
Groups within and across groups
(Structural) to perform activities with
the goal of addressing in-
formation needs.
Info. Sharing Networks: 100 'There is a WhatsApp group for all 11
ties or connections that community leaders (...) All people
actors have within and here, including regular people are in
across groups, which fa- a WhatsApp group’. Marunda CL
cilitate information ex-
change.
Networking: build new 40 ‘'sometimes after the meeting | need 12
connections and create to chase people that have so much
new groups. information (...). after the meeting
Activities | approach them to talk’. UN-OCHA
(Structural) IMO
Role & Structural Change: 13 'l was becoming a reference for ev- | 13
assume roles or change eryone for asking about mailing lists,
structural relationships who is working in certain area or
among them. what sort of maps are available {(...)
So that’s the role that | have done.’
UN-OCHA IMO
Information Management: 132 'l check information updates through 14

Collect, Evaluate, Process
and Share info.

Twitter. If, there is still no electricity |
stay at home’. Other Community CM
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Requirem. Sub-requirements # Codes Sample Quotes Quote
ID
Operations: activities in 37 'We need the operational agencies 15
the field that require to report to us (...) measuring and
physical interaction with documenting observations from the
the environment. field’. IFRC IMO
Relevance: the degree 50 'When you open the map, you might 16
to which the information not click on every point. But you
Information received by the actors would immediately have a sense of
characteristics | matches their intended the areas that are flooded, enabling
(behavioural) use, required level of ag- you to make decisions about areas
gregation, and spatial lo- to avoid.’. Petabencana CLN
cation.
Timeliness: the degree 18 'Sometimes we don’t know when- 17
to which information ever the flood finishes and then we
reaches the actors before can clean up our house. Then sud-
the expiration of their denly it floods again. We don’t have
information needs. any information’. Kampung Melayu
CM
Accessibility: the degree 26 ‘In a lot of the communities I've 18
to which information is in worked with there’s no literacy and
a language and format that’s why face to face and oral com-
that can be used by the munication is much more effective’
actors. UN-OCHA CLN
Reliability: the degree to 16 ‘| talked to my landlord, based on his 19
which information is jus- experience from three or four years
tified (e.g. based on the before the time, it can take a week.'.
source). Other Community CM
Verifiability: the degree to 18 'if we can get people on the ground 20
which the actors have the to go and connect that virtual pic-
means to verify the infor- ture with the ground truth (...) we
mation (e.g. based on va- can validate what we think from the
lidity and consistency) remote sensors’ IFRC IMO
Load: the degree to which 5 'We don’t overload the platform with 21
the continuous informa- too much information, because an
tion stream and time pres- overflow of information can cause
sure hinder the ability confusion and paralyse the ability
of the actor to find and for residents to make decisions."".
process relevant informa- Petabencana CLN
tion.
Environm. Environmental cues can 29 'If she sees that a storm is coming, 22
(Structural) L
cause actors to perform she will just run away to the safest
activities. place’. Marunda CM

Two of the behavioural requirements, namely relevance and timeliness had to
be updated as their definitions from literature did not match the views of the case
study participants (Cf. Table 4.3). Relevance is the degree to which information
by the actors matches their intended use. The case study showed that such a
definition is valid. However, two additional factors were found that determine
the relevance of information. Such factors are (a) the level of aggregation of
information (e.g. summarized for a region or, point by point) and (b) the spatial
location to which the information refers. For example, when asked about the way
information is displayed in their crowdsourcing platform®!, the Community Liaison

11 This platform is provided by PetaBencana, an NGO that develops and maintains it as an open-source
tool. Information concerning the platform is available at the link https://info.petabencana.
id/
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officer from the NGO Petabencana mentioned how information is provided as a
summary over an area in order to give an overview. The user is also able to zoom
to areas of interest in order to get the information required at specific locations
(Cf. Quote 16, Table 4.3). As such, the definition of Relevance was extended to
include the aggregation and spatial location of information as shown in Table 4.3.
In the case of Timeliness, the definition was completely revisited based on the
findings from the case study. The literature points to timeliness as the degree
to which information is up to date as designed in Section 4.3 based on e.g. [9,
38]. Such definition is independent from the context in which the receiver is
placed and only depends on the currency of information. However, the data
analysis revealed how the participants mentioned timeliness as the need to obtain
information by the time they require it given the context in which they are placed.
For instance, when asked about the way information quality could be improved,
one of the community members from Kampung Melayu shared that in some cases
a second wave of flooding can occur after they already started their recovery
activities (clearing their house from debris) (Cf. Quote 17, Table 4.3). In this
context, information concerning a second flood wave would be timely if provided
by the time community members start their recovery activities. To match this
perspective, the definition of timeliness was updated as shown in Table 4.3.

4.5. FRAMEWORK DESIGN

As introduced in the Section 3.4.1, a conceptual framework that enables the analy-
sis of an existing system or construct an abstract one to inform the development of
ABMs for studying a phenomenon of interest should include the system’s charac-
teristics and their attributes, relationships among characteristics, and criteria for
assessment (Cf. Figure 3.2). This section shows how a conceptual framework with
its system’s characteristics, attributes, relationships, and criteria for assessment
was designed based on the refined and validated list of structural and behavioural
requirements obtained in the previous sections.

Firstly, structural requirements provided the characteristics of the system to
be captured in the conceptual framework, and the sub-requirements provided
the attributes of such characteristics. Each characteristic was included as an
independent component of the conceptual framework with the associated at-
tributes. For instance, "actors" and "roles" are characteristics that were included
as conceptual framework components. The attributes of the "actors" characteristic
include "skills" and "knowledge" given these were found to be sub-requirements
of "actors" (Cf. Table 4.3).

Secondly, structural requirements also provided the relationships among char-
acteristics. When the relationships were vertical as in the case of "belongs to" or
"can have one or more" then the characteristics were organized hierarchically. For
instance, actors and roles have a vertical relationship dictated by the "distinction
between actors and roles" structural requirement according to which actors "can
have one or more" roles (Cf. 4.3). Conversely, when the relationships were hori-
zontal as in "affects" or "performs", then such relationships were linked with an
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arrow and labelled with the corresponding relationship. For example, the actor’s
activities may lead to the emergence of new groups, and coordination structures
and networks for information sharing'?. As such, actors’ activities "affect" groups.

Thirdly, behavioural requirements provided the criteria for assessment neces-
sary to evaluate the extent to which the system performs according to the desired
behaviour or performance. Specifically, the criteria for assessment are information
relevance, timeliness, accessibility, reliability, verifiability, and load.

The following new definitions were introduced and used in the design process.

e Information Sharing Structures: represent the ways roles and their relation-
ships are organized, and the procedures and information sharing channels
adopted to perform activities that aim at addressing information needs such
as information collection, sharing, storing, and processing.

* Information Sharing Networks: are composed of the connections that actors
have with other actors within and across groups, which enable information
sharing activities.

e Current Practice of Disaster Information Sharing: composed of the Informa-
tion Sharing Structures and Networks in place within and across the groups
involved in disaster response, together with the associated actors, their
characteristics, roles they assume, and activities they carry out.

e analysing the current practice: requires to (a) study its configuration in terms
of the actors, groups, roles, information sharing structures and networks,
(b) study the way changes occur in the system and how that leads to self-
organisation, and (c) assess to which extent the current practice supports
coordinated self-organisation via information.

» Criteria for the assessment: criteria used to analyse the extent to which
the current practice supports coordinated self-organisation via information.
Such criteria are designed based on the behavioural requirements and are:
relevance, timeliness, accessibility, reliability, verifiability and load (see
Section 4.3.3 for the definitions).

The design process resulted in the framework shown in Figure 4.1. This concep-
tual framework has the threefold purpose of providing the means to analyse (a)
the current practice of disaster information sharing in a case study representing
the way information is collectively managed (shared, collected, processed, and
stored) in a system (system’s configuration), (b) the way such practice changes
through self-organized bottom-up processes (system’s change), and (c) the extent
to which the current practice supports coordinated self-organisation as measured
by the criteria for assessment (system'’s performance).

12Here called information sharing structures and networks.
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Figure 4.1: Developed Conceptual Framework. The criteria for assessment are
information relevance, timeliness, accessibility, reliability, verifiability,
and load.

4.6. DiscussioN AND CONCLUSION

This chapter fills a gap in the literature by proposing a framework for studying
ACDIS that supports coordinated self-organisation. The framework is designed
to enable the analysis of the current practice of disaster information sharing in
terms of its configuration, change through self-organisation, and performance as
the ability to support coordinated self-organisation via information.

A literature review enable to define the characteristics of ACDIS. These informed
the design of the mission, and the associated functional, behavioural and structural
requirements for ACDIS. Such requirements were then validated and refined based
on the case study of disaster information sharing in Jakarta. More specifically
the behavioural requirements "timeliness" and "relevance" were adapted to the
findings from the case study. The result informed to design an actor-centred
conceptual framework for disaster information sharing.

As shown in Table 1.1, this chapter addresses RQ1 and contributes to addressing
RQ3. It addresses RQ1 by developing an actor-centred conceptual framework for
disaster information sharing, capturing its key characteristics and requirements.
Additionally, the chapter contributes to answering RQ3 by illustrating how phase
one of the methodology developed in Chapter 3 enables the rigorous development
of a conceptual framework based on qualitative case study research and existing
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literature. Furthermore, the chapter demonstrates that the first part of this
methodology also provides flexibility to study phenomena lacking an existing
conceptual framework by enabling the development of such a framework.

In the next, chapter the conceptual framework is applied to the case of Jakarta
to inform the development of an empirical ABM of ACDIS.
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DEsIGN oF AN ABM OF
ACTOR-CENTRED DISASTER
INFORMATION SHARING

Agent-based modelling and simulation enable the investigation of emergent dy-
namics arising from complex relationships across multiple levels of analysis, such
as micro, meso, and macro. This modelling paradigm is particularly well-suited for
studying disaster information sharing that supports coordinated self-organisation
from an actor-centred perspective, which considers the interplay between individ-
ual behaviour (micro), group characteristics (meso), and the institutional context
in which groups operate (macro). Effective information exchange across groups
is especially crucial at the boundary between professional responders and com-
munities. However, an ABM that simulates ACDIS among professional response
organisations and communities from an actor-centred perspective is currently
lacking.

This chapter addresses this gap and answers RQ2 by developing a descriptive,
empirical ABM that enables to study inter-group information exchange between
professional response organisations and communities during disasters, using
Jakarta as a case study. The ABM is developed by applying the second phase of
the methodology proposed in Chapter 3, demonstrating how this phase enables
the development of empirical ABMs for studying specific phenomena of interest.
The chapter concludes by discussing how Chapter 4 and this chapter demonstrate
the rigour, ability to balance flexibility and comparability, and versatility of the
methodology proposed in Chapter 3, thereby answering RQ3.

5.1. INTRODUCTION

Agent-based modelling is a paradigm well-suited for studying dynamics that
emerge from interactions across multiple levels (e.g., micro, meso, and macro)

Parts of this chapter are based on: [1, 2].
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within a system [3, 4]. For example, [5] uses this approach to examine how
micro-level networking behaviours influence the emergence of inter-group in-
formation exchange at the macro level among professional responders during
disasters. Additionally, [6] develops an ABM to investigate how individual decision-
making at the micro level affects disaster evacuation patterns and fatalities at
the macro level. Given its ability to capture multi-level interactions, agent-based
modelling is well-suited for studying disaster information sharing that supports
coordinated self-organisation from an actor-centred perspective. This perspective
considers complex interactions across micro-level individual behaviours (e.g.,
information-sharing preferences and capacity), meso-level group characteristics
(e.g., incentives for information sharing [7]), and macro-level institutional arrange-
ments among multiple groups (Cf. Sections 1.3).

This dissertation focuses on fostering inter-group information exchange between
communities and professional response organisations, as this boundary is partic-
ularly prone to fragmentation and requires effective communication to support
coordinated self-organisation between these two macro groups [8-11]. However,
an ABM that enables the study of actor-centred information exchange between
communities and professional response organisations during disasters, supporting
their coordinated self-organisation, is currently lacking (Cf. Section 2.2.1).

To address this gap and answer RQ2, this chapter develops an empirical ABM
of actor-centred disaster information exchange between communities and pro-
fessional response organisations, based on qualitative research conducted for
the Jakarta case study (Cf. Section 4.4). The model serves a descriptive purpose
[12], providing a non-reductionist formalization of knowledge gathered from case
study research and previous literature, with the goal of supporting future research
in the field of ACDIS. This ABM is designed following the steps outlined in the
second phase of the methodology introduced in Chapter 3. For this purpose,
the conceptual framework developed in Chapter 4 is applied to the Jakarta case,
revealing the system’s configuration, its changes through self-organisation, and
its performance in terms of information quality and load. These findings are orga-
nized and interpreted using a generic model, specifically the Generic Agent Model,
which guides the systematic development of the ABM.

The following sections describe the steps involved in the second phase of
the methodology (see Section 3.5), namely Framework Application, Problem For-
mulation, System ldentification and Composition, Concept Formalization, Model
Narrative Development, Software Implementation, and Model Evaluation. Finally,
the last section discusses the findings of this chapter and presents the conclusions.

5.2. FRAMEWORK APPLICATION

Even though the specific purpose of the model was not clear yet at this stage, the
authors already decided to develop an empirical model. As such, the conceptual
framework was applied to the case study. The authors relied on the previously
collected data that had already been used during the conceptual framework
development phase. The data analysis consisted in going back to the codes
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assigned during the requirements validation to find instances of the characteristics,
attributes, relationships, and criteria for assessment found in the conceptual
framework. This allowed the authors to identify the system’s configuration (current
practice of Disaster IM), change (alteration of the practice) and performance (in
terms of the criteria for assessment) as briefly shown in the following.

The analysis of system’s configuration enabled to identify the instances of
the characteristics and attributes that represent the current practice of disas-
ter information sharing. The characteristics identified were the key actors and
roles they assume, groups they belong to, information sharing structures and
networks through which they share information, activities they carry out, and the
environmental factors that play a role in disaster information sharing (shocks and
announcements) (Cf. Fig. 4.1). For instance, the data showed how the community
members in Marunda rely on their informal connections (IM networks) to exchange
information e.g. aided by a WhatsApp group (Cf. quote 3 in Table 4.3).

During the analysis of system’s configuration, one system characteristic was
found that had not been included in the conceptual framework, namely that of
objects. Objects are any non-human entities that can support information sharing
and coordination activities of the actors both within and across groups. Examples
of objects found in the considered case study are social media (Cf. Quotes 8,
Table 4.3) and a WhatsApp group used to share and receive flood warnings in the
Marunda community (Cf. Quote 3, Table 4.3).

The analysis of system’s change was carried out by analysing the way the
activities of the actors affect the configuration of the groups and the actors’ roles
(Cf. relationship "affect" in Fig. 4.1). The analysis showed how role change can
occur not only because of a deliberate choice of the actors, but also through a self-
organized process triggered by interactions among the actors. The Information
Management Officer (IMO) from UN-OCHA observed how s/he assumed the role
of an Informational Boundary Spanner or IBS (Cf. Section 1.4) that would provide
the information requested by other actors (belonging to different organisations
or groups). However, this role change did not occur via a direct choice, but
because of gradually increasing requests for information made by other actors
(Cf. Quote 7 in Table 4.3). When other actors realized that the s/he had access to
information (Cf. Quote 5 in Table 4.3) and knowledge on the type of information
available, they gradually required more and more of the IMO’s "services". In other
words, the actors learned that the IMO could provide high quality information and
adapted their information collection activities accordingly. Through this learning
process, the IMO gradually assumed the (informal) role of IBS across different
organisations?.

Concerning the analysis of system’s performance, the performance of the sys-
tem related to information reliability, verifiability, accessibility and load were found
to be acceptable from the perspective of the case study participants. However,
the timeliness and relevance criteria were found to be unsatisfactory. For example,

lindividually learning who provides high quality information and adjusting information collection
activities accordingly is tested in Chapter 6 as a candidate mechanism potentially leading to the
emergence of IBSs.
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one of interviewees mentioned how in some cases information concerning flood
warnings was not received on time (Cf. quote 10 in Table 4.3). Specifically, the
analysis of performance showed that the relevance and timeliness of information
were lacking especially for those information needs of which the actors were not
aware (e.g. flood warnings). To capture the discrepancy in performance among
information needs of which the actor were aware or not aware of, a distinction was
drawn between latent and known information needs. Known information needs
are those that the actors are aware of (e.g. an update on the current water level in
a flooded area). As such, actors can search for the information they need. In the
case of latent information needs this is not possible as the actors are not aware
that they need information (e.g in the case of a flood early warning).

5.3. PROBLEM FORMULATION

A model with a descriptive purpose was chosen to capture some of the main
characteristics and dynamics of the current practice of disaster information sharing
in the considered system through an actor-centred perspective. This is a first step
in building a simulation environment that can be used for designing and evaluating
actor-centred information sharing strategies aimed at supporting coordinated self-
organisation in the considered system.

Given the findings of the analysis of system’s performance (Cf. Section 5.2),
information relevance and timeliness were chosen as the assessment criteria
representing the relevant system’s performance to be captured in the model
output. Further, the analysis of system’s performance highlighted the need to
distinguish between latent and known information needs. As such, the model
output includes indicators of information relevance and timeliness for both latent
and known information needs.

5.4. SYSTEM IDENTIFICATION AND COMPOSITION:

The purpose of the model is to capture disaster information sharing practices
within a community, and its interactions with other relevant actors and groups
(the professional responders) through an actor-centred perspective. The Marunda
community and specifically its most affected community units RW 07, 10, and 11
were chosen as the conceptual framework application revealed that these units
presented a rich array of information sharing practices during disasters. Further,
to capture other relevant actors the system boundary was extended to include
also the governmental and non-governmental organisations and groups that (may)
exchange information with the community.

The system composition was designed based on the results of the analysis of
system’s configuration and change refined and focused within the chosen sys-
tem’s boundaries (narrower compared to those of the system considered for the
initial conceptual framework application). As such, only the system’s characteris-
tics, their attributes and relationships found within the system boundaries were
accounted for. For instance, only deliberate role change was considered for the
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Marunda community, as no evidence was found that emergent role change occurs
within the chosen system’s boundary (Cf. Section 5.2). Deliberate role change can
occur when community members become aware of a given shock and decide to
change their to role to that of responder. Through the analysis, information was
also found on the number of the actors in the considered community units (RWs)
and their administrative subdivisions or neighbourhood units (RTs).

The system composition also included modelling choices informed by literature
and previous models e.g. regarding the level of abstraction at which particu-
lar system'’s characteristics needed to be captured in the model. For instance,
according to the conceptual framework, the environment generates disruptive
events (shocks and announcements). Shocks represent the cascading effects that
occur in the disaster-affected area where the community members are located
[13] (e.g. community members are stuck on their roofs without food or water).
Announcements represent information produced outside the disaster affected
area (e.g. a flood early warning) [14, 15]. Capturing shock and announcements is
key as they provide the information that the actors need. However, while shock
and announcements could have been captured in a more detailed way e.g. by
distinguishing among different types of announcement and shocks found in the
data, this was not considered relevant for the model. As such, only the two generic
types of information, namely shocks and announcements were included in the
ABM. Such a choice was based on previously existing disaster information sharing
ABMs that consider only one generic type of information e.g. [5, 13, 16]. Further,
the number of events occurring every day of simulation were conceptualized
as environmental turbulence defined as the "as the frequency with which new
information is introduced into the environment" [17]. The frequency of shocks
and announcements per day represent two parameters in the model capturing
environmental turbulence.

Figure 5.1 shows the resulting system composition for the Marunda community
2 with the exception of the activities of actors, objects, and the environment which
are shown in Table 5.1.

5.5. MODEL CONCEPT FORMALIZATION:

At this stage, a generic model was used to guide the design of the concept formal-
ization based on the system composition from the previous step. GAM was chosen
as the generic model to be specialized an instantiated for this application. This
choice was made as the more specialized generic models available in [18] were
not found to the be suited for the particular case of disaster information sharing>.
The concept formalization was obtained by specializing and instantiating GAM

2The attributes of these characteristics are not presented at this stage, but directly in the model
conceptualization due to limitation in space.

30ne of GAM's applications, namely the Generic Cooperative Agent Model (or GCAM) presented in
[18-20], has similarities with the distributed and (partly) cooperative nature of disaster information
sharing. However, while disaster response is intrinsically characterized by urgency, GCAM is meant
for non-urgent problems in which the agents have time to make joint plans. As such, GCAM is not a
suitable generic model for developing ABMs that focus on capturing disaster response situations.
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Figure 5.1: System ldentification and Composition: configuration of the current
practice of Disaster information sharing in Marunda, Jakarta.

through the knowledge captured in the system composition and by analysing the
results of the conceptual framework application through the lens of GAM. Special-
ization and instantiation proceeded in parallel through subsequent refinement and
iterations. In the following, an example of specialization and instantiation of GAM
based on the system composition is shown with respect to three of the generic
model’s abstracted tasks, namely "Own Process Control" (OPC), "World Interaction
Management" (WIM), and "Maintenance of World Information" (MWI) (Cf. Appendix
A).

A specialization of GAM was developed to individuate a task hierarchy, tasks
input and output, information exchange among tasks, and task delegation to
different agent types. First, a task hierarchy was designed by specializing the
abstract categories of tasks included in GAM (a) through the activities (i.e. agent’s
actions and interaction) found in the system composition (Cf. Table 5.1) and
(b) by individuating the internal processes required to support such activities.
For instance, an activity from the system composition that was chosen to be a
specialized task of the OPC was "Manage Responder Role". This task defines
whether an actor who was not directly involved in crisis response decides to do
so. The choice of specializing the OPC with "Manage Responder Role" was made
as this activity can alter an actor’s goal, a task that is typically associated with
the OPC in GAM (Cf. Appendix A). In other cases, further activities were added
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Entity Activity Cate- Activity Sub-activities
gory
Collect info from Environment, Actor or Object
Receive info from actor
Evaluate Info Check addressed info needs, track shocks
Information found, track info gaps.
Management Process Info Choose from info pile
Share & Preserve Share to actor, Store in Object, Maintain Info
All Actors Info needs
Coordination Networking Manage Collection
. Move in field -
Operations
Become Affected -
Actor: NGO & Role & Structural Deploy field Operator

BNPB Leader

Coordination

Change

Join Response as group

Actor: Field . Deploy to field -
Operations

Operator Leave field -

Actor: Information Evaluate Info Assess if required assistance

Community M t -

Leader anagemen Share & Preserve  Request Assistance to BPBD
info

Actor: Commu-  Coordination Role & Structural Manage Responder Role

nity Member Change

Object:  Tradi- Information Process Info Filter Info

tional Media Management

Object: Social Information Share & Preserve Publish Noise (irrelevant info)

Media Management Info

Environment

Generate Event

Generate Shocks

Release shocks in affected areas

Generate An-
nouncements

Release announcements (e.g. info from (flood)
monitoring posts)

Table 5.1: System Identification and Composition: activities and sub-activities
carried out by the actor and object entities according to the categories
of activities introduced in the conceptual framework (Cf. Figure 4.1),
and by the environment.

which were not directly found in the system composition, but that provided the
internal processes required to support the activities and interactions found in
the system composition. For instance, a task was missing among those found
in the system composition to make decisions with respect to when and how to
carry out the Information Management (IM) tasks "Collect info", "Process info",
and "Share & preserve info" (Cf. Table 5.1). To this end, a new task was introduced
as a sub-task of the OPC called "Determine IM Actions". This task was further
specialized with the sub-tasks "Determine IM focus" and "Prepare Information
Collection". "Determine IM focus" decides whether the actor agent focuses on
processing the received information # or on collecting new information. "Prepare

4The design choice of having a backlog of information that the actor can access and process at will
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Information Collection" assesses whether the actor actually collects information on
the basis of the availability of known information needs (Cf. analysis of system’s
performance in Section 5.2). Further, "collect information”, "process informa-
tion, and "share & preserve information" were added as sub-tasks of the world
interaction management component of GAM. The result is shown in figure 5.2.

Actor Agent

. . Determine IM focus
Determine IM Actions

A pro—rTT—
Own Process Control 1 Prepare IM Actions

Manage Responder Role

Collect Info.
World Interaction Management | Process info.

Share Info.

Maintain Events found
Maintenance of World Information ~————
=1 Maintain Info. Needs

Figure 5.2: Task hierarchy obtained through specialization of the GAM components
"Own Process Control", "World Interaction Management", and "Mainte-
nance of World Information" (highlighted in grey in the picture) based
on the system composition.

Next, the tasks input and output information were designed respectively by
considering (a) the information required by each task and (b) the information
that the task provides (potentially to other tasks). In the case of "Determine IM
actions", the required inputs were the currently known information needs of the
actor as actors can only look for information associated with known information
needs (Cf. analysis of system’s performance in Section 5.2). The output infor-
mation provided by "Determine IM actions" were the decisions made in terms of
information collection, processing, and sharing. Then, to capture the information
exchange among tasks, information links were designed by connecting the tasks
that provide particular outputs with the tasks that require such information as
an input. For instance, in the case of "Determine IM Actions", information had to
be provided concerning the currently known information needs of the actor. This
information is provided by the task MWI and, specifically, by its sub-task "maintain
information needs". As such, information links were added to connect "maintain
information needs" with "determine IM actions". First, an information link called
"known information needs to output" was added between "maintain information
needs" and the output of its parent task MWI. Second, the link between MWI and
OPC was already included as part of the generic model GAM (Cf. Appendix A).
Third, another link called "known info needs to dim" was added between the input
of the OPC and the input of the OPC’s sub-task "Determine IM Actions". With

was made to capture asynchronous communication e.g. through instant messaging apps.
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regards to task delegation, the tasks were assigned to the entities or agents i.e.
the actors, objects, and environment that were found to carry out the specific
activities in the system composition as shown in Table 5.1. For instance, "Manage
Responder Role" is a task that is delegated to community members as found in the
system composition. All the other tasks discussed in this section are associated
not only with community members but with all agents representing an actor (Cf.
Table 5.1). Figure 5.3 shows the resulting specialization of GAM with respect to
its OPC, WIM, and MWI components and for the specific case of a community
responder.

The instantiation of GAM was carried out by defining domain-specific instances
of the of generic information types included in GAM (namely, world information,
agent information, agent identification, domain actions, domain agent characteris-
tics). This was carried out by analysing the (a) the system composition, (b) the
specialization presented above, and (c) the results of the conceptual framework
application through the lens of the generic information types. For example, the
conceptual framework application showed that, in the considered system, two
types of information are generated by the environment (or world) namely, "shocks"
and "announcements" (Cf. Section 5.2). As such, shocks and announcements
were introduced as instances of the information type "world info" in GAM (this
is the type of information shared and collected by the agents in interaction with
other agents and the environment). Additionally, the information type "domain
agent characteristics" was instantiated (refined) by assigning state variables and
properties to the agents. States (or state variables) were introduced when a task
required a particular variable to keep track of the dynamic state of an agent e.g.
associated with its goals (information needs), condition (e.g. affected by a flood),
or roles (responder or not). In other cases, state variables were included to store,
receive and share information according to the devised information flows (e.g. in
the case of the list of known information needs). Properties of the agents were
also introduced to account for the static characteristics of the agents necessary to
determine how particular tasks were going to be carried out by given agents (e.qg.
group). Table 5.2 shows the result.

Generic information types from GAM Instances for the domain of disaster IM

World info Shock, Announcement, Noise®

Other agent info Connections

Other agent identification N.A.

Domain actions N.A.

Domain agent characteristics Known information needs (state), Latent information needs

(state), Responder? (state), Affected? (state), IM actions
(state), IM focus (state), Group (property), Altruism (prop-
erty)

Table 5.2: Instantiation of the domain-specific information types from GAM for the
community member agent.

Given the agents, their tasks, states, properties, and interactions a model
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Example of tasks specialization for community member agents. The example shown focuses specifically on the
specialization of GAM’s generic tasks "Own Process Control" (OPC), "World Interaction Management" (WIM), and
"Management of World Information" (MWI). In the figure, the dashed line is used to highlight the specialization
of the task "Determine IM actions" with the sub-tasks "Determine IM Focus" and "Prepare IM Actions". The full
lines in the picture show the links used for information exchange among tasks.
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conceptualization was built. When the agents had common tasks, properties and
states and could therefore be seen as instances of a more abstract entity, a new
entity was introduced with the given common tasks, properties and states. Figure
5.4 shows the resulting conceptualization including both the general entities and
their instances for the specific case of Marunda.

Then, quantitative data on the number of population per age in the Marunda
administrative subdivisions (RT and RWs Cf. Figure 5.1) was used to capture in
the model the number of residents that actually live in Marunda and their spatial
locations.

Next, to capture the relevant system’s performance selected in the problem
definition (Cf. Section 5.3), the authors developed direct indicators of informa-
tion quality and specifically of timeliness and relevance to be provided as the
model output. These quantitative indicators were designed based on the def-
initions obtained through qualitative inquiry during the conceptual framework
development (Cf. Table 4.3). Developing direct indicators of information quality
is a novel approach as the existing ABMs capturing disaster information sharing
rely on indirect (or proxy) operational indicators such as the correct and timely
allocation of resources to measure information quality [5, 16, 21]. Using direct
indicators of information quality has the advantage of allowing to focus on the
information sharing challenges at hand while abstracting from the context of a
specific operational problem. Additionally, the authors chose to measure the gap
in information relevance and timeliness rather than relevance and timeliness, as
this was found to be a better measure of the on-going performance of the system
(or lack thereof) during the response to a disaster. Specifically, information gaps
represent the average amount of information needs that the actors were not yet
able to address at a given time of simulation. In the case of relevance, this gap
is measured without considering when the information needs were addressed.
Conversely, the timeliness gap takes into account time and it can only be reduced
when the information needs were addressed before their expiration. Given these
consideration the indicators for relevance and timeliness gaps were defined as
follows.

Z‘;“f“‘(info needs i (t) — info needs addressed  (t))
Nqctors

Relevance Gap (t) = (5.1)

Z‘:"l"”(info needs i (t) — info needs addressed on time ;. (t))

Nactors

Timeliness Gap (t) =

(5.2)
Where:

* Ngeors = total number of actors in the simulation;

* info needs ;. (t) = total information needs received by the actor k at the
simulation time (t)
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* info needs addressed ;. (t) = total information needs addressed for the actor
k at the simulation time (t)

* info needs addressed on time . (t) = total information needs addressed before
their expiration for the actor k at the simulation time (t)

From this definition it follows that the timeliness gap is always higher than or
equal to the relevance gap. This is due to the fact that the number of information
needs addressed on time "info needs addressed on time ;. (t)" is always less or
equal to the information needs owned by the actor "info needs addressed  (t)".
The timeliness and relevance gap indicators were computed as a total and with
specific reference to known and latent information needs as discussed in the
section "Conceptual Framework Application".

MODEL NARRATIVE DEVELOPMENT:

Starting from the general conceptualization and the conceptual framework ap-
plication (specifically the analysis of system’s change and performance Section
5.2) from the previous steps, a narrative was developed by specializing the task
control knowledge and instantiating the knowledge bases included in GAM. In the
following, the narrative development is illustrated through the example of the OPC
and one of its sub-task "Determine IM actions" as shown in Section 5.5.

First, task control knowledge was specialized for each of the tasks intro-
duced in the model conceptualization that have sub-tasks (Cf. Appendix A). This
included for instance the OPC with its sub-tasks manage_responder_Role and
determine_IM_actions. Task control knowledge had to be provided also for deter-
mine_IM_actions to manage the execution of its sub-tasks determine_IM_focus and
prepare_IM_actions (Cf. figure 5.3). In the case of the OPC, task control knowledge
was specialized as in the following.

if start
then next—component-state (determine_IM_actions, awake)
and next—target—set (determine_IM_actions, IM_actions)

The above means that if the OPC is started by the task control knowledge of
the community member agent, the sub-task determine_IM_actions is activated
with the target (or goal) to provide the IM_actions as its output. Similarly, also the
manage_responder_role task is managed by the task control knowledge of the
OPC, as shown in the following.

if start
then next—component-state (manage_responder_role, awake)
and next—target—set (manage_responder_role, responder?)

In the above, it can be noticed how the information type "responder?" obtained
through instantiation of GAM in Section 5.5 is used by the task control knowledge
of the OPC to set a target for the sub-task become_responder.

Next, the task control knowledge of the the task "determine IM actions" was
specialized as in the following.
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if start
then next—component-state (determine_IM focus, awake)
and next—target—set (determine_IM focus, IM_focus)

The above determines that when the determine_IM_actions task is awakened
by the task control knowledge of its parent task (the OPC), the sub-task deter-
mine_IM_focus is awakened with the target of producing the information manage-
ment focus as its output.

if evaluation (determine_IM focus, IM focus, succeeded)
then next_component_state (prepare_IM_actions, active)
and next—target—set (prepare_IM_actions, IM_actions)
and next_link_state (IM_focus_to_pima, awake)

The task control knowledge shown above determines that, once the deter-
mine_IM_focus task succeeded in its target, the prepare_IM_actions task is awak-
ened with the target of providing the IM_actions as its output. It must be noted
that the IM_actions are transferred from the task determine_IM_focus to the task
prepare_IM_actions via the link IM_focus_to_pima. Such information exchange
is possible given the link is awakened by the task control knowledge (see the
"next_link_state" statement above).

Second, knowledge bases were instantiated for each of the tasks that do
not have sub-tasks. Task control knowledge looks at the sub-tasks of a task as
black boxes that need to be managed based solely on their inputs and outputs.
Knowledge bases define the rules implemented within a task once it is activated
by the task control knowledge. Specifically, the knowledge bases define the
way a task’s output information is obtained given the input information (if any).
Knowledge bases were instantiated based on the concept formalization and on
the results of the analyses of system’s change and performance (Cf. Section
5.2). For example, the knowledge base used by the task Prepare_IM_actions was
defined based on the analysis of system’s performance. Two distinct types of
information needs, namely latent and known information needs were found (Cf.
analysis of system’s performance in Section 5.2). These two types of information
needs present implications not only for the performance of the system, but also for
the information collection behaviour of the actors. Specifically, actors can collect
information only when they have information needs of which they are aware i.e.
when they have know information needs. As such, the knowledge base for the
task Prepare_IM_actions enables the actors to collect information only when their
list of known information needs is not empty. This knowledge base is defined as in
the following.

if (IM_focus, collect)
if not (known_info_needs_list, empty)
then (IM_actions, collect)
if (known_info_needs_list, empty)
then (IM_actions, process)

if (IM_focus, process)
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then (IM_actions, process)

The knowledge base above specifies that when the IM_focus obtained through
the determine_IM_focus task is that of collecting information, then two options are
available. If the agent’s list of known information needs is not empty, then the
agent proceeds to collect information by setting the IM_actions information type to
"collect". However, if the list of known information needs is empty, then the agent
proceeds to process the received information by setting IM_actions to "process".
Additionally, when the IM_focus obtained through the determine_IM_focus task
is that of "processing”, the agent will again proceed to process the received
information by setting IM_actions to "process".

Next, a narrative was assembled. Firstly, the task control knowledge in-
formed the order of execution of the tasks in the narrative. Starting from the
most abstracted tasks and gradually proceeding to their sub-tasks, it was possible
to delineate the sequences of tasks triggered by particular events or activation
conditions (Cf. "Task control knowledge" in Appendix A). However, it must be
noted that the occurrence of task-triggering events was not known. The order
of occurrence of task-triggering events was a deliberate choice of the modeller.
For the case of a community member agent, the most abstracted tasks were the
OPC, WIM and MWI. Among these, MWI was chosen as the initial task. MWI, and
specifically its sub-task maintenance_of _information_needs, is triggered every
pre-defined amount of time® to check whether a new shock or announcement
is generated by the environment, and possibly add an information need when
such an event is relevant for the considered actor. Next, the actor determines
what kind of information management activities to execute through the OPC’s
sub-task determine_IM_actions (and its sub-tasks determine_IM_focus and pre-
pare_IM_activities). The task determine_IM_focus chooses whether to collect new
information or process the received information. Then, determine_IM_actions
assesses whether the actor has known information needs before proceeding to
collect information, or proceeds to process the received information otherwise.
Once the agent has collected or processed information, the agent proceeds to
share information. The knowledge bases provide the rules executed by the most
elementary tasks (i.e. those that do not have sub-tasks). The resulting narrative
for the considered example of a community member agent is shown in figure 5.5.

5.6. SOFTWARE IMPLEMENTATION:

The model was implemented in NetLogo 6.1.1 as this modelling environment
provides the means to implement reasonably complex models with a relatively
low time investment required for the software implementation [22]. Figure 5.6
shows part of the GUI of the resulting implementation. Appendix B illustrates the
ODD description of this model. Additionally, the peer-reviewed source code, input
data, and its description based on the ODD protocol [23-25] can be found on the
COMSES Net Computational Model Library at this link [26].

6This is another deliberate choice of the modeller. It could be executed e.g. at every time step.
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Figure 5.5: Developing a Model Narrative: narrative for the community member
actor agent developed based on the model conceptualization, the
specialization of the task control knowledge, and on the instantiation of
the knowledge bases included in the generic model GAM. In the figure,
the task control knowledge is represented by the order of execution of
the tasks shown by the full arrows. An example of a knowledge base is
also illustrated for the task "prepare IM Actions" through dashed lines.

MODEL EVALUATION:

The empirical model was verified thoroughly through single agent, interaction, and
multi-agent testing as suggested in [27]. To provide an example of multi-agent
testing the model was run a total of 1215 times considering different scenarios
of environmental turbulence. Environmental turbulence was conceptualized as
the amount of shocks and announcements occurring during one day of simulation
(Cf. Section 5.4). The results of the data analysis are shown in the following. In all
figures below, the confidence levels were calculated via bootstrapping.

Firstly, it can be noticed that the information gaps associated with both time-
liness and relevance tend to increase over time (see Figure 5.7). This shows
that, while the number of information needs grows due to the occurrence of more
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Figure 5.6: GUI resulting from the software implementation of the concept formal-
ization and narrative.

disruptive events (shocks and announcements), the actors are not receiving all the
information they need, leading to the cumulation of information gaps. However, it
can also be observed that in some cases (e.g. after 10 hours of simulation) the
gap is being reduced as the actors’ information needs are being addressed at
a rate that’s higher compared to the increase in information needs due to new
disruptive events.

—— Timeliness Gap
Relevance Gap

g 5
U]
| =1
o
B4
3
£ 34
b
o
521
s
()
Sl_
7~
0_
0 3 6 9 12 15 18 21 24

Time (hours)

Figure 5.7: Comparison between the median of the timeliness and relevance in-
formation gaps at each time step across all simulations. The vertical
axis represents the number of pieces of information that the actors
still need on average.

Secondly, the data analysis confirmed that, as follows from definition, the
median of the timeliness gap is always equal or above that of the relevance
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gap (Cf. Section 5.5). Further, at some point of the simulation the information
needs of the actors start to expire. When this occurs, it becomes possible for
the actors to address their information needs not on time. As such, the value of
"info needs addressed on time . (t)" in equation (2) becomes smaller than "info
needs addressed i (t)" in equation (1), leading to an increase of the timeliness gap
compared to the relevance gap and thus to their divergence as shown in figure
5.7. For the same reason, it can be observed that in some cases the relevance
gap is reduced to a greater extent compared to the timeliness gap.

Further, the data analysis demonstrated that both the number of shocks per day
and announcements per day contribute to increasing the cumulative relevance
and timeliness gaps (see Figure 5.8). These results confirm the expectation that
higher levels of environmental turbulence (i.e. more things to keep track of) make
it more difficult for the actors to address their information needs and thus reduce
the information gaps. It can also be observed that the confidence intervals around
the median are much wider at specific points of the simulation compared to others.
This uncertainty in the median can be attributed to the stochasticity used to (a)
initialize the model’s the structures and networks (connections Cf. figure 5.4), and
(b) make the agents choose which other agents to collect information from and
share information to. The fact that this uncertainty varies over the simulation
is a consequence of the model structure. Specifically, it is only after a given
disruptive event is released, that information needs are assigned to the actors,
which on turn increases the information gaps. How rapidly (if at all) the associated
information needs are addressed will depend on the connections available and on
how effective the random chains of information exchange across the actors turn
out to be.

Additionally, latent and known information needs were compared in terms of
the associated relevance and timeliness gaps. The results show that information
gaps associated with latent information needs have medians higher than those
of known information needs (see Figure 5.9). Such a system’s performance is
also consistent with the authors’ expectations that latent information needs are
more difficult to address as the actors are not aware of them and therefore cannot
actively search for the related information (Cf. analysis of system’s performance in
Section 5.2). Figure 5.9 also shows that the difference between information gaps
associated with latent and known information needs is particularly pronounced
for the timeliness gap. This behaviour is exemplified by the information gaps for
latent needs occurring after 18 hours of simulation. The relevance gap peaks
and then start decreasing, while the timeliness gap simply keeps growing. This
suggests that the impact of being unaware of the information needed affects more
heavily the ability of actors to get such information on time, rather than simply
receiving it at any time.

Finally, the extent to which communities and professionals address their in-
formation needs was examined for both relevance and timeliness gaps. The
results in Figure 5.10 show that communities address a larger portion of their
information needs, resulting in consistently lower information gaps than those of
professionals for both relevance and timeliness. Moreover, the difference between
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Figure 5.9: Comparison between the median of information gaps for latent and

known information needs. The figure shows such a comparison for both
the relevance gap (left figure) and the timeliness gap (right figure).

professionals and communities is more pronounced for the timeliness gap than
for the relevance gap (Cf. Figure 5.10, right and left panels, respectively). This
indicates that communities not only fulfil a larger share of their information needs
but also do so in a more timely manner compared to professionals, enabling them
to maintain a much lower timeliness gap. This observation is further supported by
the minimal difference in communities’ relevance and timeliness gaps, suggesting
that they meet most of their information needs on time. In contrast, professionals
exhibit a significantly larger timeliness gap than relevance gap, highlighting that
they address fewer information needs overall and in a less timely manner than
communities.

The justification and evaluation of a model—through verification, calibration,
and validation—depend on its intended purpose [12]. As a descriptive model, the
one developed in this study aims to formalise and integrate insights from the
considered case study with existing theory on crisis information management.
Accordingly, the model’s structure was specified to reflect both empirical findings
and theoretical foundations. Evaluation involves (1) confirming that simulations
with the model produce the theoretically expected behaviour (verification); (2)
ensuring that the model’s structure can reproduce observed macro-level pat-
terns in terms of the system’s behaviour and performance (calibration); and (3)
assessing—using independent data not employed during model specification or
calibration—whether the model’s structure and the behavioural patterns it re-
produces align with the real-world system it aims to represent (structural and
behavioural validation, respectively) [28].

The results illustrated in Figures 5.7, 5.8, and 5.9, along with their accompa-
nying discussion, demonstrate that the model has been verified and calibrated.
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Figure 5.10: Comparison between the median of information gaps for professionals
and communities for both the relevance gap (left figure) and the
timeliness gap (right figure).

Regarding verification, Figure 5.7 shows that the timeliness gap is consistently
equal to or greater than the relevance gap, as expected based on the definitions
of these gaps (Cf. this section below Equations 5.1 and 5.2). Additionally, Figure
5.8 shows that under conditions of increased environmental turbulence, both the
relevance and timeliness information gaps increase. This finding aligns with the
theoretical expectation that a higher frequency of new information introduced
into the system makes it more difficult to deliver such information to those who
need it, thereby increasing the information gaps. In sum, the model is considered
verified as it reproduces theoretically expected behaviour in terms of information
relevance and timeliness at varying levels of environmental turbulence.

With respect to calibration, Figure 5.7 shows that the simulated results reflect
the empirical finding that the relevance and timeliness of information are not
satisfactory—that is, the relevance and timeliness gaps are not adequately ad-
dressed—particularly in the case of timeliness (Cf. Section 5.2). Furthermore,
Figure 5.9 illustrates that information gaps are greater in the case of unknown
information needs, another finding from the data analysis (Cf. Section 5.2). As
such, the model can be considered calibrated, as it reproduces the observed
system-level patterns in information relevance and timeliness and known and
unknown information needs.

Structural and behavioural validation have not yet been conducted in this study;
these will be addressed in future work. Structural validation will aim to ensure
that the model’s conceptualisation and narrative align with how information is
actually managed at the micro level in the case study. This will involve discussing
the model’s structure and assumptions with members of the Marunda commu-
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nity, as well as with representatives of other organisations included in the model.
Behavioural validation will aim to confirm the observed patterns regarding informa-
tion relevance and timeliness, ensuring that the patterns reproduced in the model
reflect those occurring in reality. To this end, new data on information relevance
and timeliness will be collected from the Marunda community and professional
response organisations operating in Jakarta focusing on new flooding events that
occurred after the original case study data collection period (2018).

5.7. ITERATIVE CONCEPTUAL FRAMEWORK DEVELOPMENT:

In the model development phase a new system characteristic was found, namely
that of "Objects". Objects represent non-human (technological) entities that can
support the actors belonging to one or more groups in their information sharing
and coordination activities. Given this definition obtained through the conceptual
framework application (Cf. Section 5.2), the following relationships are found
between objects and other system’s characteristics. Activities can be carried out
through objects. Additionally, objects connect the actors within a group and also
actors that belong to different groups so that they can exchange information and
coordinate. The objects and their relationships with the system’s characteristics
"Activities" and "Groups" were integrated in the conceptual framework as shown
in figure 5.11. This updated conceptual framework can be used in substitution of
the one developed in Chapter 4 (fig. 4.1).

5.8. DIscussiON

This chapter addresses both (a) RQ2 by developing an ABM for studying ACDIS
across groups and (b) RQ3 by demonstrating the second phase of the methodology
introduced in Chapter 3 and discussing the overall methodology’s rigour, ability to
balance comparability and flexibility, and versatility (Cf. Table 1.1). The following
sections discuss how the chapter addresses these research questions.

5.8.1. DEVELOPING AN ABM or ACDIS

This chapter aimed to address RQ2 by developing an ABM for supporting the study
of actor-centred disaster information exchange among different groups and specif-
ically between professional response organisations and communities. This model
takes an actor-centred perspective to disaster information sharing across groups
by considering the impact of micro-level behaviour of the actors on information
exchange between communities and professional response organisations, as dis-
cussed below. At the micro level, the model incorporates individual factors such
as the actors’ shifting roles in response to changes in their environment, which
affect the actors’ information needs. For example, community members may
decide to become responders upon learning of the disaster’s occurrence. When
they do, they begin to require information about shocks (Cf. Appendix B, Section
8.1). Another micro-level factor is the type of information needs (i.e., latent or
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Figure 5.11: Updated conceptual framework with the new systems characteristics
and relationships (highlighted in the figure).

known), which significantly influences actors’ information-sharing behaviour. This
is because actors can actively seek information only when they are aware of their
needs — that is, when these needs are known rather than latent (Cf. Section 5.5).

This model studies the impact of these micro-level factors on inter-group infor-
mation exchange. The two groups - i.e., communities and professional response
organisations - have access to mutually relevant information that they need to
exchange to meet their information needs. Specifically, professionals have direct
access to announcements needed by communities, while communities have more
direct access to shocks (occurring in the disaster-affected area where the commu-
nity is located), which are needed by professionals (Cf. Appendix B). For effective
information exchange, these groups must share information about shocks and
announcements; that is, a two-way communication must be established between
communities and professional response organisations to ensure both groups can
address their information needs. The effectiveness of inter-group information
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exchange is measured by the information gaps of the actors —i.e., the extent to
which their information needs remain unmet at a given point in the simulation. The
smaller the information gaps, the greater the system'’s ability to meet information
needs and thereby provide effective inter-group information exchange.

The findings from simulations with this model provided an actor-centred insight
into the impact of micro-level behaviour on disaster information sharing across
professionals and communities. Specifically, the presence of latent information
needs at the micro level shapes the information collection behaviour of actors,
as they cannot actively seek information if they are unaware of their needs.
This micro-level characteristic results in higher information gaps for information
associated with latent needs (particularly in terms of timeliness) compared to
needs that actors are aware of. This finding is actor-centred, as it emerges from
the micro-level types of information needs and the associated information-sharing
behaviours, which in turn affect information exchange across groups, as shown by
the difference in information gaps associated with the two types of needs.

In sum, this chapter developed an ABM that provided the means to study of
disaster information sharing across different groups (specifically communities and
professional response organisations) from an actor-centred perspective, providing
insights into disaster information sharing. In doing so, this chapter addressed
RQ2.

Although their impact on inter-group information exchange is not assessed in this
chapter, the model developed also considers factors at the meso and macro levels.
At the meso level, the model incorporates group-specific characteristics, such
as hierarchical structures and scale-free social networks used for information
exchange within groups (Cf. Figure 5.1 and Appendix B, Section 6). At the
macro level, the model includes vertical information-sharing structures between
communities and governmental disaster management organisations, reflecting
the institutional settings and networked interactions within which groups operate
(Cf. Figure 5.1 and Appendix B, Section 6). Another macro level factor considered in
the model is the level of environmental turbulence (associated with environmental
volatility, Cf. Chapter 6).

Studying the interplay between micro-level behaviour and these meso- and
macro-level factors, as well as the resulting impact on inter-group information
exchange, offers avenues for further research in actor-centred disaster informa-
tion exchange across groups. First, findings from this chapter show that higher
environmental turbulence hinders actors’ ability to meet information needs and
maintain low information gaps. This is likely due to the actor’s bounded rational-
ity, i.e., limited capacity to process information. Future research will investigate
how bounded rationality at the micro level interact with increasing levels of en-
vironmental turbulence and volatility at the macro level to impact inter-group
information exchange. Second, future research could also focus on explaining
from an actor-centred perspective another finding obtained in this chapter, which
shows that communities address more of their information needs in a timely
manner compared to professionals. This explanation may stem from the interplay
among micro, meso, and macro-level factors represented in the descriptive ABM
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developed in this chapter. For example, at the meso level, network characteristics
differ among the two groups: the Marunda community relies on a centralized
WhatsApp group that connects nearly all members, enabling more efficient in-
formation flow. In contrast, professional responders lack a similarly centralized
structure, which may hinder coordination. At the micro level, information needs
also differ: while all professional responders require both announcement- and
shock-related information, only a subset of community members assume respon-
der roles and need information about shocks, whereas the majority require only
announcement-related information. Consequently, the overall information needs
within the community are lower, making it easier for them to meet their needs on
average.

5.8.2. METHODOLOGY FOR DEVELOPING ABMS OF A PHENOMENON OF
INTEREST

This section discusses how the findings from Chapters 4 and 5 (this chapter)
address RQ3. Specifically the findings of these two chapters address RQ3 as they
show that the methodology introduced in Chapter 3 provides the means to (a)
strike a balance between the comparability of framework-based methodologies
and the flexibility of case-based methodologies while maintaining rigour and
(b) to provide versatility by enabling to develop ABMs with both theoretical and
empirical purposes. The methodology is structured in two phases. In the first
phase, a conceptual framework centred on a specific phenomenon of interest is
designed based on literature and the findings from one or more case studies. In
the second phase, the conceptual framework together with generic models are
used to guide the development of an ABM for studying the phenomenon interest.

The two-phase methodology was illustrated through a case study of Jakarta
(Indonesia), focusing on ACDIS as the phenomenon of interest. Chapter 4 demon-
strated the first phase of the methodology, showing that it enabled the devel-
opment of a conceptual framework for the phenomenon of interest (Cf. Section
4.6).

Second, this chapter (Chapter 5) illustrated the second phase of the methodol-
ogy. The conceptual framework developed in Chapter 4 was applied to the case
study of Jakarta to carry out the analyses of system’s configuration, change, and
performance based on the qualitative data collected via interviews and focus
groups and presented in Chapter 4. These analyses were instrumental in the
development of a conceptual model (the system’s composition) capturing the
agents, their interactions and performance in the Marunda community (i.e. the
current practice of disaster information sharing) that are key for the considered
phenomenon. Next, the Generic Agent Model (GAM) was chosen given that other
more specialized generic models such as GCAM were not suited for the considered
phenomenon of ACDIS. GAM was used to structure and interpret the results of
the conceptual framework application, and the system composition to design the
internal processes driving the agents’ interactions. This process, called specializa-
tion and instantiation, enabled the formalization of the system composition in a
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software-implementable manner (or model concept formalization) and the devel-
opment of a model narrative (or model narrative development), resulting in an
empirical descriptive ABM. Finally, during model development new systems char-
acteristics and relationships were found. These were integrated in the conceptual
framework for future use.

The case study showed how the proposed methodology enabled the translation
of qualitative data into an empirical ABM by balancing comparability and flexi-
bility while maintaining rigour. Firstly, the methodology enabled to retain some
degree of comparability with future studies by developing and centring the model
development process on a conceptual framework tailored to the phenomenon
of ACDIS. Such a conceptual framework provides a clear mission, categories of
meaning, and criteria for the assessment of performance so that future simulation
studies focusing on ACDIS will be able to interpret and build upon the results of
this study through the same conceptual framework. However, while future simula-
tion studies focusing on the same phenomenon will be able to rely on the same
conceptual framework, these studies may potentially choose different generic
models compared to the one used here (GAM). As such, comparability with future
studies was retained only to a certain degree. Other methodologies such as [29]
that fully rely on the same framework across different studies (framework-based)
provide a greater level of comparability. However, this comparability comes at the
cost of flexibility i.e. the researchers are not able to choose among different agent
theories or architectures that e.g. are adequate for the particular phenomenon
considered.

Secondly, the proposed methodology provided some degree of flexibility. Firstly,
the methodology enabled to capture a novel phenomenon of interest (ACDIS) for
which an adequate conceptual framework was not initially available (Cf. Chapter 4,
Section 4.6). Secondly, the methodology provided the means to choose a generic
model capturing a particular agent architecture that was suited to the considered
phenomenon of interest and modelling purpose (this chapter). However, flexibility
was provided only to a degree as the model development process was constrained
by the use of the conceptual framework developed in the first phase of the
methodology. Methodologies that tailor an ABM to a particular case without
relying on a common framework (case-based) as in [30] provide a higher degree
of flexibility in that they can capture the nuances and details that characterize a
particular case study without being limited by the availability and constraint of
pre-existing frameworks or agent architectures. However, such methodologies are
not designed to retain common ground that can be used to compare the results of
different case studies focusing on the same phenomenon.

Thirdly, the proposed methodology enabled to maintain rigour by systematically
(a) developing a conceptual framework for the considered phenomenon of interest
(Cf. Chapter 4, Section 4.6) and (b) structuring and interpreting qualitative data
through the lens of two frameworks [31], namely the conceptual framework
developed in Chapter 4 and the GAM generic model (this chapter).

In sum, while the methodology proposed in this article does not provide the
same degree of flexibility of case-based methodologies, nor the same level of
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comparability provided by framework-based methodologies, it enables to provide
both flexibility and comparability to a certain degree, thus striking a balance
between them while maintaining rigour. Such a balance is obtained by providing
some standards (the conceptual framework developed to capture a particular
phenomenon of interest and the use of generic models) but not too many (i.e. the
researchers can choose different generic models for the same phenomenon of
interest).

With regards to versatility, the process of designing policies supported by ABMs
may involve the development and use of a series of models with different the-
oretical and empirical purposes [12]. In this chapter, an empirical ABM with a
descriptive purpose was developed which is meant to capture and formalize the
knowledge gathered on the current practice of disaster information sharing in
the Marunda Community of North Jakarta. Based on this model, another empir-
ical model with an explanatory purpose could be developed at a later stage to
support the study of ACDIS (Cf. Section 5.8.1). Theoretical models may also be
needed e.g. with the purpose of illustrating the implications of given information
sharing strategies in an abstract system prior to testing them empirically. While a
theoretical model was not developed in this chapter, the proposed methodology
provides indications for such a model to be designed via the conceptual framework
obtained in phase 1 and generic models. Specifically, instead of being used as
tools to structure and interpret qualitative information, the conceptual framework
and generic models provide templates for the design of the agents, their interac-
tions, performance, and internal processes. As such, the proposed methodology
is versatile as it enables to develop both theoretical and empirical ABMs [12] for
studying a given phenomenon of interest.

The proposed methodology presents the following implications for the develop-
ment of ABMs for studying a phenomenon of interest through qualitative inquiry.
Firstly, the methodology enables to uncouple the analysis of the system including
the key agents, their activities, and interactions (captured through the system
composition) from the analysis of the agent’s internal processes and behaviours
that drive their activities and interactions (captured through generic models).
As such, via this methodology, researchers can rigorously interpret the same
system composition through the lens of different generic models representing
e.g. different agent architectures. This can enable for instance to systematically
develop a series of comparable ABMs for the same case each including a different
agent architecture. A potential application could be testing alternative (or rival)
explanations for a particular system’s change or performance of interest that is
relevant for the phenomenon under study (as in [6]). Secondly, in the absence of
other more refined generic models that are suited to the considered phenomenon
of interest, the researchers can rely on the Generic Agent Model [18]. GAM only
assumes general features that characterize an agent [32, 33], and as such it can
be widely applied to different phenomena.

Further, when a generic model is used in the model concept formalization
and narrative development, additional tasks and knowledge structures may be
introduced that can be abstracted to develop a new generic model tailored to the
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considered phenomenon of interest [19]. Such an abstraction process requires
additional effort from the researchers. However, it has the advantage that future
studies focusing on the same phenomenon are able to rely on a generic model
that is refined for the considered phenomenon (instead of e.g. using GAM).

Finally, according to the proposed methodology not only empirical but also
theoretical models are developed on the basis of a conceptual framework that is
designed empirically (through qualitative inquiry). Then, while theoretical mod-
els are not specific with respect to any case study [12], those developed with
this methodology still reflect empirically-embedded system’s characteristics, at-
tributes, relationships and criteria for assessment of performance that are relevant
for the considered phenomenon and are captured in the conceptual framework.
While the findings of these theoretical models e.g. hypotheses regarding the
effectiveness of particular policies still require to be tested empirically, these
models are more likely to reflect issues that are relevant for phenomenon of
interest compared to models developed through conceptual frameworks that are
designed in a purely inductive manner.

Despite its advantages, the methodology introduced in this article presents limi-
tations providing ground for further research. Firstly, the proposed methodology
requires a considerable investment in time and resources required to develop a
novel conceptual framework and possibly a new generic model before actually
developing a model.

Secondly, the proposed methodology focuses solely on the use of qualitative
inquiry. However, combining the current qualitative approach with quantitative
research methodologies provides an opportunity for enhanced rigour in the devel-
opment of empirical models [30, 34]. For instance, the model conceptualization
and narratives designed through the use of generic models could inform the design
of quantitative research tools (e.g. surveys) that aim at capturing the choices
made by the actors statistically.

Further, in the context of empirical models, the methodology does not offer
a concise way to trace which qualitative sources of evidence support specific
model development choices. This limitation is particularly relevant when writing
scientific papers, where space to present such evidence is often constrained. To
address this, future research could explore integrating the findings generated at
various stages of the methodology with the RAT-RS protocol introduced by Achter
et al. [35].

Additionally, this methodology prescribes to begin the model development
process with a conceptual framework that incorporates numerous factors and
relationships. This carries the risk of introducing excessive detail, which can
hinder the model’s utility for research purposes. As noted by [12], it is essen-
tial to choose the level of detail and complexity carefully, aligning it with the
model’s intended purpose. For instance, in a descriptive model, capturing the
nuances of the specific case under study is important. Conversely, in a theoretical
model aimed at illustrating a particular concept or emergent mechanism, sim-
plicity is often more effective to ensure clarity and focus on the core dynamics.
Given that the methodology proposed in this study does not provide detailed
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guidance on the appropriate level of detail to include at each stage of the model
development process—from system identification and composition to software
implementation—future research should aim to address this gap.

Next, generic models such as GAM are primarily developed to standardize and
facilitate the programming of multi-agent systems, rather than to specifically
represent human behaviour. Previous studies have shown that GAM can be
extended using established theoretical frameworks relevant to the study of human
behaviour (e.g., normative theories), illustrating the potential of this approach to
capture the complexity of human behaviour [18]. Nonetheless, a more thorough
investigation of the ability of such models to capture human behaviour must be
critically assessed through further research.

Finally, while this study has demonstrated how the proposed methodology
can lay the groundwork for achieving a degree of comparability with future re-
search—by developing and centring the model development process around a
conceptual framework tailored to ACDIS—a true test of comparability can only
occur when at least two case studies are conducted using this methodology. This
was not possible in the current research, as only one case study was undertaken.
Ensuring comparability requires the consistent application of the same theoretical
foundations across cases—both in terms of inter-agent interactions captured in
the conceptual framework and intra-agent processes embedded in the generic
model used. In qualitative research, this also depends on researchers interpreting
these frameworks in a consistent manner. While such consistency is easier to
maintain when a single researcher conducts all case studies, it becomes more
challenging when multiple researchers are involved. To address this, comparison
must include a careful examination of how categories of meaning are interpreted
by different researchers within both the conceptual framework and the generic
model. Alignment of key concepts at both the conceptual and computational levels
is essential. This involves systematically comparing categories of meaning during
system identification and composition, concept formalization, and the construction
of the model narrative. Finally, comparability can also be assessed empirically by
configuring computational models developed for different cases to simulate the
same conditions and evaluating whether they yield similar outcomes, at least in
qualitative terms.

5.9. CONCLUSIONS

This chapter addressed a gap in the literature and answered RQ2 by developing
an agent-based model (ABM) to study information sharing between professional
response organisations and communities during disasters from an actor-centred
perspective. Additionally, together with Chapter 4, this chapter answered RQ3 by
illustrating the flexibility, comparability, and rigour of the methodology introduced
in Chapter 3 (Cf. Table 1.1).

First, regarding the ABM developed and this chapter and RQ2, the findings
demonstrate that this ABM effectively facilitated the study of information ex-
change among different groups from an actor-centred perspective. Specifically,
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the results indicate that addressing latent information needs (i.e., information
needs of which actors are not aware) proved more challenging than addressing
known needs, leading to the accumulation of higher information gaps. This occurs
because, in the case of latent information needs, actors cannot seek informa-
tion they do not realize they require. These findings are actor-centred, showing
how micro-level factors, such as the type of information needs, affect inter-group
information sharing between different groups (specifically communities and profes-
sional response organisations). Thus, the ABM developed in this chapter provided
the means means to study and gain insights into disaster information sharing
between different groups through an actor-centred lens, thereby addressing RQ2.
Avenues for future research include (a) examining the interplay of bounded ratio-
nality with environmental volatility in sharping inter-group information exchange
and (b) investigating why communities may be more successful than professionals
in addressing their information needs through an actor-centred perspective.

Second, with respect to the methodology and RQ3, this chapter adds to the find-
ings from Chapter 4 regarding the first phase of the methodology, by illustrating
the second phase of the methodology. Chapter 4 showed that the first phase of
the methodology enabled to rigorously develop a conceptual framework for the
phenomenon of interest (actor-centred information sharing). It also provided the
flexibility to develop a novel conceptual framework when it was not available for
the considered phenomenon of interest.

This chapter (Chapter 5) showed that, through the second phase phase of
the methodology, qualitative data was systematically structured and interpreted
through the lenses of the conceptual framework developed in Chapter 4 and the
generic model GAM, thereby rigorously translating this data into the ABM. Further-
more, the second phase of the methodology ensured a level of comparability with
future case studies by prescribing the consistent use of the conceptual framework
across cases, even though the generic models may vary. It also introduced a
degree of flexibility by allowing for the selection of a generic model suited to
the considered case and phenomenon of interest, while keeping the conceptual
framework fixed (this chapter). In this way, the second phase of the methodology
achieves a balance between comparability and flexibility. Additionally, this chapter
demonstrates that the methodology provides the means to develop empirical
ABMs. Combined with the methodological steps provided in Chapter 3 for devel-
oping theoretical ABMs, this enables the methodology’s versatility in supporting
both theoretical and empirical ABMs.

In sum, the findings from chapter 4 (for the first phase of the methodology)
and this chapter (for the second phase) demonstrate the rigour, ability to balance
flexibility and comparability, and versatility of the methodology introduced in
Chapter 3, thus answering RQ3.
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LEARNING TO CONNECT IN ACTION

Coordinated self-organisation relies on effective information exchange among
diverse groups, especially in volatile environments. Informational Boundary Span-
ners (IBSs) act as key information exchange "hubs,’ but the mechanisms driving
their emergence are not well understood. This study aims to fill this gap by devel-
oping a method to identify and measure the emergence of IBS and by proposing an
Agent-Based Modelling (ABM) framework to understand the mechanisms that drive
the emergence of IBS. Among these mechanisms, the ability to learn who provides
high-quality information is thought to be critical, but lacks rigorous testing. This
learning mechanism is formalized using our ABM framework. The ABM’s outputs
are analysed using the proposed IBS measurement method. A case study on
information sharing in disasters illustrates the method and learning mechanisms.
Results indicate that effective IBSs emerge through learning in (a) low-volatility
environments with low uncertainty and (b) high-volatility environments with rapid
change, provided there are sufficient inter-group connections. By introducing and
testing a method to measure and understand the emergence of IBSs from an actor
centred-perspective, this chapter answers RQ4. Finally, with the method and ABM
framework, this chapter advances coordinated self-organisation and collective
intelligence by laying the groundwork for understanding the mechanisms behind
IBS emergence and by studying the impact of learning in volatile environments.

6.1. INTRODUCTION

Policies and practices for ensuring a sustainable, resilient, and climate-adaptive
future rely on collective intelligence across diverse groups [2-5]. Collective in-
telligence is defined as the shared problem-solving ability that arises from the
interaction and combined efforts of a group of individuals, leading to the effective
accomplishment of goals even when the environment changes [3, 6, 7]. Fostering
collective intelligence strongly relies on the exchange of information among the
individuals belonging to the different groups [8-11]. The need for information

Parts of this chapter have been published in the pre-print [1].
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sharing is even more prominent in volatile (i.e., rapidly changing and uncertain)
environments, where the groups (e.g., governmental organisations, NGOs, and
communities) must continually adapt while maintaining coordination of their activ-
ities; i.e., coordinated self-organisation is needed. Disaster response exemplifies a
situation in which multiple groups operate in a volatile environment and need to
exchange information to support coordinated self-organisation [12-14] (Cf. Section
1.1).

Actors within these groups exchange information with each other and with actors
in other groups. Some actors do so more successfully than others: over time
they become hubs for inter-group information exchange or Informational Boundary
Spanners (IBSs) [9, 15-23]. Levina and Vaast [24] find that the formal appointment
of this role as IBS, such as through a mandate, does not suffice to ensure effective
information exchange. Instead, the role of IBSs in facilitating information sharing
among groups emerges through dynamic interactions within and between these
groups. More specifically, fostering the emergence of IBSs requires consideration
of the interplay between individual group members (micro level), their groups
(meso level), and networked interactions among groups (macro level) [20, 25], i.e.,
it requires an actor-centred perspective (Cf. Section 1.4). This emergent process is
contingent on specific conditions at the different levels. For example, it is key that
at the micro level an IBS develops an interest in carrying out boundary spanning.
Further, the formal nomination of an actor as an IBSs at the group (meso) level
can support his/her emergence as such but is not mandatory. And, finally, formal
or informal recognition of boundary spanners’ authority to negotiate on behalf of
their group also plays as key role in the emergence of boundary spanners when
considering networked interactions among groups (macro level).

While there are some initial empirical insights into the emergence of informa-
tional boundary spanning at the micro, meso, and macro levels and mechanisms
that drive their emergence, there is thus far no quantitative formalization and ana-
lytical modelling framework that studies the emergence of IBSs via computational
experiments. This chapter argues that there are three major gaps in the literature:
(i) a formalized method to quantitatively analyse how IBSs effectively conveying in-
formation across groups emerge; (ii) an analytical modelling framework to analyse
and understand the mechanisms behind the emergence of effective IBSs under
different conditions of environmental volatility; and (iii) a deeper understanding of
the effects of learning on the emergence of IBSs in volatile environments.

Case study research has been invaluable to study boundary spanning [17, 20, 24,
26]. Yet, Agent-Based Modelling (ABM) can complement and enhance case study
research by facilitating the systematic analysis and comparison of results from
several case studies by capturing interactions from micro to macro levels within
a unified modelling framework. This is particularly relevant when investigating
emergent mechanisms resulting from complex interactions across multiple levels
[27, 28], as seen with IBSs [20]. For instance, by incorporating insights from
case studies on individual behaviour at the micro level into an ABM, researchers
can simulate a system’s macro-level behaviour, assessing whether the simulated
emergent patterns replicate and explain empirical observations from other studies
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[27]. This approach enables the replication, testing of consistency, and extension
of case study research findings and provides directions for further case studies
[29, 301.

A fundamental step in enabling a combination of case study research and ABM
when studying the emergence of IBSs from an actor-centred perspective is to
design a quantitative method for measuring boundary spanning on an individual or
micro level. This involves identifying individuals who emerge as IBSs by effectively
providing the information needed to the groups who need it. Identifying emergent
IBSs is vital for examining the interplay between the micro, meso, and macro level
conditions that promote such emergence [24]. While several quantitative methods
for IBSs have been provided for measuring informational boundary spanning [17,
20, 31-33], these methods typically focus on boundary spanning at the level of
one or multiple groups rather than at the level of the individual actor. Specifically,
some methods focus on assessing the volume of boundary spanning (e.g., through
the frequency of communication) vis a vis operational performance (e.g., time
required for project completion) at the group level [19, 31, 32]. Other methods,
directly measure the success of IBSs in retrieving information for their group in a
timely manner [17, 25, 33]. However, none of these approaches measures how
many and which individual agents emerge as effective IBSs. As such, a method to
measure the emergence of effective IBSs at micro-level is missing, leading to a
lack of understanding in the mechanisms behind the emergence of IBSs.

Such a method provides a basis to build an ABM framework enabling to simulate
inter-group information exchange and capture the simulation outputs required
to systematically analyse, test, and understand at micro-level mechanisms for
the emergence of IBSs under varying circumstances. The characteristics of the
external environment, in which the groups operate, are likely to play a crucial
role in shaping the emergence of IBSs [34, 35]. The environment consists of
factors external to a group’s boundary that affect the decisions of individuals
within the group and thereby affects the group’s ability to achieve its goals [36,
37]. Especially in volatile environments information sharing has been shown to be
essential to achieve coordinated self-organisation [14]. Volatility is defined as the
level of turbulence and uncertainty that characterize changes in the environment,
where turbulence indicates the frequency of change [35], and uncertainty denotes
the unpredictability in the occurrence of change [37]. The emergence of boundary
spanning (or lack thereof) has been primarily studied for non-volatile environments
[17, 24, 26, 38]. Even though volatile situations such as social unrest, crises, or
conflicts are increasingly common, little research is available on the conditions
that foster the emergence of IBSs in volatile environments. Hazy et al. [35]
propose an ABM framework and use it to study the effectiveness of different
numbers of IBSs for varying levels of environmental volatility. However, their
modelling framework and study assume a predefined number of IBSs and does
not account for how and why they emerge. Further, Zagorecki et al. [19] propose
an ABM to study the emergence of inter-group information exchange in volatile
environments. Yet, their model does not focus on capturing the emergence of IBSs
at the micro level. As such, an ABM framework to study the emergence of IBSs at
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the micro level in volatile environments in missing.

Further, empirical studies have shown that actors in volatile conditions actively
learn who among their contacts provides high-quality information, subsequently
adjusting their information collection preferences to align with these sources [39]
(Cf. analysis of system’s change in Chapter 5, Section 5.2). Preliminary evidence
from Chapter 5 shows that this learning behaviour can lead to the emergence
of IBSs the volatile environment of a disaster (Cf. analysis of system’s change,
Section 5.2). However, the concrete mechanisms between learning and the
emergence of IBSs remain poorly understood.

In sum, there are several gaps in the understanding of IBSs. First, a method
is needed for measuring the emergence of IBSs at the micro level as key to
analyse the underlying mechanisms that drive their emergence. Second, an ABM
framework is missing to systematically study mechanisms for the emergence of
IBSs at the micro level in volatile environments. Third, a better understanding
is required of the effects of learning and the volatility of the situation on the
emergence of IBSs.

To address these gaps, this chapter develops a method to measure the emer-
gence of IBSs at the micro-level and introduces an ABM framework enabling to
study the emergence of IBSs in volatile conditions through the method. Then, the
method and ABM framework are used to analyse and understand learning as a
mechanism that potentially results in the emergence of IBSs. To this end, two
mechanisms are introduced and compared in the ABM: in the first mechanism,
agents exchange information randomly. In the second mechanism, agents con-
tinually learn which sources provide the most relevant information and adjust
their information collection preferences accordingly. Both mechanisms are studied
for different levels of volatility and numbers of connections enabling information
exchange among the considered groups during the response to a disaster.

The remainder of this chapter is structured as follows. Section 2 introduces
our case study of disaster response in Jakarta as an example of a situation that
requires coordinated self-organisation. Section 3 introduces the method pro-
posed for measuring the emergence of IBSs based on existing literature. Section
4 formulates three propositions concerning learning mechanisms for the emer-
gence of IBSs and their impact on inter-group information exchange in volatile
environments. Section 5 describes the development of an ABM that captures
inter-group information exchange and provides the output required to study the
emergence of IBSs through the proposed method. Section 6 illustrates the model
parametrization and experimental design aimed at testing the method for captur-
ing the emergence of IBSs and study the propositions through the ABM. Section 7
presents the results of the experiments. Section 8 discusses the implications of
these results, leading to considerations regarding the correctness of the method
proposed for measuring emergent IBSs, the extent to which the results support the
formulated propositions, and what the findings imply for information management,
coordinated self-organisation, and collective intelligence in volatile environments.
This section also presents directions for future research. Section 8 concludes the
chapter.
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6.2. CASE STUDY: DISASTER RESPONSE IN JAKARTA

In disaster response, typically multiple and loosely connected organisations (e.qg.
governmental organisations and NGOs) and groups (e.g. communities) collec-
tively operate in a highly volatile environment. These groups need to exchange
information to respond effectively [12-14, 40]. Information exchange in these
conditions is particularly challenging as, given the sheer volume and frequency
of new information produced during a disaster, the actors are likely to become
overloaded with information, which impairs their ability to share and retrieve
relevant information [41, 42]. Further, disaster response is typically characterized
by high uncertainty, meaning it is often difficult to predict when and from which
sources relevant information will become available. As such, disaster response
presents an ideal case study to understand the emergence of IBSs in volatile
environments.

This research focuses on the case study of Jakarta, Indonesia. Situated on
the northwest coast of Java, the world’s most populous island, Jakarta is subject
to frequent flooding, primarily attributed to its rapid subsidence and ongoing
urbanization processes [43, 44]. Jakarta also hosts diverse stakeholders including
governmental organisations, NGOs, and community initiatives that need to coor-
dinate, collaborate, and exchange information effectively. Additionally, Jakarta
was chosen because, during the data collection period in 2018, numerous inter-
national organisations were present in response to the humanitarian response to
the Sulawesi Earthquake. The details on the case study including data collection,
analysis, and discussion are available in Chapter 4 (Cf. Section 4.4).

6.3. MEASURING THE EMERGENCE OF INFORMATIONAL BOUNDARY

SPANNERS

While several functions can be attributed to boundary spanning including infor-
mation processing, external representation, negotiation, and brokering [17, 34,
45], this chapter focuses on information processing. Information processing or
informational boundary-spanning is defined as the activity of searching for infor-
mation that lies outside the boundary of a group (i.e. that originates in the group’s
external environment) to find, process, and share new and relevant information
that can enhance the knowledge of the group [17, 33, 46, 47]. Boundaries are the
delimitation of a group or organisation from its environment [48]. Often external
information needed by a group is available from other groups. As such, performing
the informational boundary spanning function entails fostering the exchange of
information among groups.

IBS candidates (actors that can become IBSs), are those who have connections
across group boundaries, or ‘inter-group ties’. As such, they can potentially
search, find, process, and share information across groups, thus performing the
informational boundary spanning function.

One approach to measuring the emergence of IBSs may be to simply count the
number of IBS candidates that carry out the informational boundary-spanning
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function. However, while this function may be performed occasionally by many
or all potential IBSs, only a few of these actors consistently perform this function
and thus contribute significantly to fostering the exchange of new and relevant
information across groups [24]. As such, simply counting the number of IBS can-
didates that perform the informational boundary-spanning function occasionally
(e.g. once or a few times) is expected to overestimate the number of IBSs that
emerge. Then, measuring the emergence of IBSs requires identifying those actors
that not only carry out the informational boundary spanning function but also do
so with sufficient consistency to significantly enhance the exchange of new and
relevant external information among groups.

6.4. UNDERSTANDING THE EMERGENCE OF INFORMATIONAL

BOUNDARY SPANNERS

This section presents insights from the literature and the Jakarta case study (Cf.
Chapter 4, Section 4.4.4) that were used to formulate propositions and design the
ABM for testing the propositions.

64 1. MECHANISMS FOR THE EMERGENCE OF INFORMATIONAL BOUNDARY
SPANNERS

Insights regarding potential mechanisms for the emergence of IBSs were gained
in the case study of Jakarta. In the words of an information management officer
interviewed during the field work in Jakarta (Cf. Chapter 4, Table 4.3):

"I was becoming a reference for everyone asking about mailing lists,
who is working in a certain area, or what sort of maps are available. So
that’s the role that | have played". UN-OCHA Information Management
Officer. Collected in October 2018.

This quote shows that an actor can emerge as an IBS not because of direct
choice, but through an emergent process resulting from the collective choices
and adjustments in the information collection preferences of a multitude of actors.
This finding hints at the ability of actors to /earn the contacts that consistently
provide relevant information and adjust their information collection preferences
to match such contacts over time. This learning process constitutes a mechanism
that occurs at the micro (agent) level, and can lead to the emergence of IBSs at
the macro level (Cf. analysis of system’s change in Chapter 5, Section 5.2). Such a
mechanism is referred to as 'LearNing’ or LN in the following. In this study, learning
is compared to another mechanism in which actors collect information randomly
among their contacts without developing information collection preferences (called
'Random Collection” or RC).

Agents relying on LN develop a preference for collecting from contacts that
share relevant information frequently. This significantly increases their chances of
finding relevant information. For IBS candidates with inter-group contacts, these
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preferences tend to favour external contacts, who provide access to external
information not readily available within the their own groups. Consequently, IBS
candidates relying on LN are more likely to engage with sources outside their
group boundaries, accessing new and relevant information more effectively than
those using RC, who lack such targeted preferences. Therefore, IBS candidates
influenced by LN are more likely to fulfil the informational boundary spanning
function (Cf. Section measuring the emergence of IBSs) and emerge as effective
IBSs compared to those that rely on RC. This has two consequences. First, a larger
portion of IBSs candidates become emergent IBSs, resulting in a higher number of
emergent IBSs with LN compared to RC. Second, as a whole, the IBSs that emerge
are more effective in finding external information that is relevant and new for their
groups with LN compared to RC. The following proposition is formulated.

Proposition 1 (Learning VS Random Collection):When actors learn by adjust-
ing their preferred information sources based on the past quality of information
provided by such sources, a higher number of informational boundary spanners
emerge that are more effective in retrieving external information than in the case
in which actors collect information randomly among their contacts.

6.4.2. THE EFFECT OF ENVIRONMENTAL UNCERTAINTY

In disaster response, there are typically two types of events in a group’s external
environment that need to be detected by individuals belonging to the group
to inform decision making, namely shocks and announcements (Cf. Chapter
5, Section 5.2). Shocks are unexpected disruptive events such as cascading
effects generated by infrastructural failures (e.g., blackouts), riots, or natural
disasters. Announcements represent the release of information that is produced
and consistently shared by particular groups or agencies such as flood early
warnings [49, 50], evacuation orders [27], or needs assessments.

In this study, uncertainty can be associated with the event itself (e.g., concern-
ing the nature and timing of the event) and the source from which information
regarding the event is released or made available (i.e. the information origin).
Shocks and announcements differ in terms of their uncertainty in the source of
information associated with them. In the case of shocks, it is not known when and
where a shock will occur, and who will be affected and communicating about it.
Consequently, the origin (or source) of information becomes uncertain. As such,
shock-related information has an unstable origin. In contrast, announcements
are consistently generated from the same source within an information exchange
network (e.g., weather forecasting agency in the case of early warnings, or the
village leader in the case of evacuation orders). As such, while the time and type
of announcement is still uncertain (it is not known when an early warning will
be necessary), the source of announcement information is known. Therefore,
announcement information is referred to as information with a stable origin.

The combined effect of the stability in information origin and learning on the
emergence of IBSs can be conceptualized from the perspective of information
flow paths. Information flow paths (or simply information flows) represent the
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contact-to-contact information exchanges through which information spreads
within and across groups. These paths originate once information is created from
unstructured data, and then routed to one or more of the actors belonging to the
groups considered (as shown in Figure 6.1).

Group’s boundary Group’s external environment
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Figure 6.1: Information flow paths illustrating the spread of information from its
origin (i.e. node in the network in which new information is introduced)
through a series of information sharing activities carried out by the
network nodes representing the actors.

The configuration of information flows and whether they reach groups depend
on several factors. This study accounts for the following three: (1) information
flows depend on the structure of the network through which information can be
exchanged within and across the boundaries of different groups (as introduced by
[19, 21]). In this case, the network is considered to be constant. (2) information
flows are affected by the locations of the network, in which new external informa-
tion is introduced i.e. the origin of the information. The origin of information can
be stable (announcements), or unstable (shocks). (3) The paths depend on the
information exchange behaviour and preferences of the actors constituting the
nodes in the network.

Whether learning impacts the emergence of IBSs and the ability of groups to
retrieve external information is related to the stability of information origin. When
the information origin is stable (announcements), the information flow paths
originate in the same node. If that information is perceived to be relevant (as
assumed for this study), the actors directly connected to the origin will learn
and develop a preference towards choosing it as their source. Other actors who
are only indirectly connected to the origin (i.e. via other contacts) are likely
to develop a preference for the actors among their contacts that are the most
directly connected to the origin (i.e. through the lowest number of ties), given
they are more likely to consistently receive and share such information earlier
than other contacts. Then, at each information exchange along the path, actors
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are likely to collect from the contacts that are the most directly connected with the
information origin. As such, learning is expected to generate shorter information
flow paths from the origin of information to the group that needs such information
compared to the case in which actors collect information randomly and do not
develop preferences.

Conversely, if information has an unstable origin (shocks) the source of in-
formation changes, and, thus, agents cannot learn which sources continually
provide relevant information. The actors therefore will benefit less from develop-
ing information collection preferences. These considerations lead to the following
proposition:

Proposition 2 (Stability of information origin and learning): Learning leads
to more effective inter-group information exchange if and only if relevant informa-
tion is consistently generated by the same actors. If relevant information becomes
available from continually changing and uncertain sources (unstable origin) learn-
ing has no effect in terms of improving inter-group information exchange.

643 THE EFFECT OF ENVIRONMENTAL TURBULENCE

Environmental turbulence is the frequency of environmental change [37]. Specifi-
cally, turbulence in this study is defined as the frequency of occurrence of events
(i.e., shocks, and announcements) representing changes in the environment. In
order to detect and adapt to such changes, actors need to find information re-
garding these events. As such, the higher the level of turbulence the higher the
volume of external information that agents need to manage and find. However,
actors have a limited capacity to process information [51]. In the case of disasters,
the volume and speed of information can be so prominent that actors reach the
limit of their cognitive capabilities and become overloaded with information, which
impairs their ability to retrieve and exchange the information needed [41, 42].
As such, the authors of this study posit that, for higher levels of turbulence, the
performance of the system decreases. Performance is measured as the amount of
information concerning environment-altering events that is collected or received
by the groups that need such information.

The number of actors that can explore the external environment was shown
to play a crucial role in helping groups to detect environmental change [35]. In
their study, the actors able to explore the external environment are those with
inter-group ties. An increased number of inter-group ties entails a greater number
of IBSs candidates who can emerge as IBSs and contribute to detect information
concerning events marking environmental change. This is particularly relevant
for high levels of turbulence, in which the high volume of information needs to
be distributed among a higher number of IBSs to reduce the risk of information
overload and enhance system’s performance.

Additionally, LN is expected to increase the number of IBSs and improve their
performance compared to random collection for high levels of turbulence. Consid-
ering that IBSs tend to process and exchange a high volume of information across
different groups, they are likely to become overloaded with information. When
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the available IBSs are no longer able to provide relevant information because
of information load, the actors requiring information from them will adapt their
information sources through LN to find other actors able to provide the informa-
tion they need. This may lead the actors to develop preferences towards IBSs
candidates that are not yet as overloaded and that thus can support the exchange
of information. As such, the adaptability introduced by learning is anticipated to
enable actors to collectively distribute the volume of information across a higher
number of IBSs, and thus improving overall system’s performance compared to
the case of RC. This performance increase is dependent on the agents’ capacity to
select from various IBS candidates resulting from a high number of inter-group
ties, leading to the following proposition.

Proposition 3 (Interplay of turbulence, inter-group ties redundancy, and
learning): A higher number of ties among groups results in a higher number
of emergent IBSs, enhancing a group’s ability to retrieve external information
even in highly turbulent environments. This enhanced ability to retrieve external
information is particularly pronounced when actors rely on learning to adjust their
information collection preferences.

6.5. MODEL DESIGN

Agent-based modelling is the modelling paradigm of choice as it enables re-
searchers to explore the collective consequences of individual behaviour [52].

An ABM was developed based on the methodology and ABM proposed in Chapter
3 and 5 and modified to include the learning mechanism found for the Jakarta
case study in Chapter 4. The goal of the model is to assess the validity of the
method for measuring the emergence of IBSs and to study the mechanisms that
influence the emergence of IBSs. A graphical overview of the results of this ABM
is shown in Figure 6.2. Further, a conceptual diagram of the entities, states, and
tasks included in the model is shown in Figure 6.3. Entities represent essential
features of the model with their properties, states, and tasks as presented in the
legend of Figure 6.3.

Two main groups of agents are considered in the ABM, namely communities and
professional response organisations or simply professionals (including governmen-
tal and non-governmental organisations). The system’s performance is measured
in terms of the percentage of external information needed by each of these two
groups that is found by at least one of the actors belonging to the group. Each
group has direct access to the information that the other group needs. There-
fore, sharing information across group borders is vital. Specifically, communities
have direct access to information about shocks, which represent the information
needed by professionals. Conversely, professionals can send announcements,
which represent the external information needed by communities. The exchange
of information among the two groups is enabled through the emergence of IBSs.

Information exchange within and across the two groups takes place via networks
of informal and formal ties or contacts (Cf. Figure 6.2). Informal ties are obtained
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Figure 6.2: Graphical overview of the Agent-Based Model (ABM) developed for this
study. The model involves two distinct groups, namely professional
responders (on the left, in black) and communities (on the right, in
blue) that exchange information. The grey lines represent the formal
and informal ties used for information exchange. The ties that cross
the border between professional responders and communities are the
inter-group ties.

through preferential attachment algorithms based on [53]. Formal ties repre-
senting hierarchical structures are introduced within the professional response
organisations according to three levels, namely strategic, tactical, and operational.
Within such networks, IBS candidates (i.e., those that can potentially emerge as
IBSs) are those that have at least one connection with an actor belonging to a
group different from their own (Cf. the ties connecting Professional Responders
and Communities in Figure 6.2).

The following paragraphs discuss the key features introduced in the model to
measure the emergence of IBSs and explore each of the propositions.

Measuring the emergence of IBSs: emergent IBSs are those that consistently
provide new and external information to a group thus playing a key role in fostering
information exchange across the groups (Cf. Section "Measuring the emergence
of informational boundary spanners"). To apply such a definition, it is crucial to
measure each agent’s contribution to information sharing across groups. This
measurement is facilitated by the introduction of the 'number of informational
boundary-spanning Function Executions’ or FEs, where an actor agent increases
its FE count each time it provides new and external information to any group that
requires it. The number of FEs accumulated by agents are then used to study
which of the IBS candidates emerge as IBSs.

Understanding emergence: the first proposition focuses on studying the emer-
gence and effectiveness of IBSs by comparing random information collection (RC)
with learning (LN). RC and LN are characterized by different information collection
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Figure 6.3: Graphical description of entities, their properties, states, and tasks
in the developed ABM. The actors and environment are agents in the
ABM given they carry out tasks.

preferences. Such preferences are modelled as non-uniform distributions in the
probability that agents have to collect from each of their contacts, denoting that
some of the agents’ contacts are preferred compared to others. For RC, the infor-
mation collection probabilities assigned by an agent to its contacts are equally
divided among all contacts, indicating that the agent has no preferences (uniform
distribution). For LN, each agent develops and adjusts its information collection
preferences over time (possibly leading to a non-uniform distribution). Specifically,
a reinforcement learning algorithm is used to adjust preferences over time for
each agent based on the relevance of the information provided by each of the
agent’s contacts from the beginning of the simulation up to the current time step.
The adopted reinforcement learning algorithm is Q-learning (see Appendix C).

The second proposition considers the interplay of learning and uncertainty. To
test the impact of stability in information origin, announcements (with a stable
information origin) and shocks (with an unstable information origin) are introduced
in the model. The degree of uncertainty is determined by the parameters shocks
per day and announcements per day. For instance, if shocks per day is set to
0 and announcements per day is set to a value greater than 0, environmental
uncertainty is considered to be low, as only stable-origin announcements are
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considered.

The third proposition focuses on studying the combined effect of learning, tur-
bulence, and number of inter-group ties on the emergence and performance of
IBSs. Varying levels of turbulence are captured by the different frequencies in
the number of shocks and announcements (parameters shocks per day and an-
nouncements per day) considered. The number of ties across communities and
professional responders are specified by the parameter number of inter-group ties.
The inter-group ties are introduced in the model with a preferential attachment
algorithm modified to choose pairs of agents belonging to different groups with a
likelihood that depends on their current degree (i.e. number of ties). Bounded ra-
tionality is captured by limiting the amount of information that actors can process,
share, and collect to 3 pieces of information within each simulation step (set the
'info. processing limit’ parameter in the model).

Regarding the temporal and spatial scales considered in this model, the time
step of simulation is 10 minutes, while the duration of the simulation is 4 days.
Spatial scale is considered at an abstract level in this model as the actors exchange
information through networks. As such, a specific spatial scale is not assigned in
this case.

6.6. METHODS

This section describes the way the model parameters were set and the experi-
ments that were run to test the propositions.

MODEL PARAMETRIZATION

Three parameters were constant for all experiments namely: duration of a simula-
tion, the learning rate, and the information processing limit. The duration of each
simulation was set to 4 days to simulate information exchange in the early stages
of disaster response, a phase in which volatility is especially pronounced and rapid
inter-group information exchange and coordination are particularly crucial [54,
55]. The learning rate was set to a relatively low value (assumed to be 0.1) as
the time step in the simulation is small (10 minutes) compared to the chosen
duration of the simulation, requiring a smaller learning rate to compensate for the
high frequency with which information exchange preferences are updated (up to
every 10 minutes). Finally, the information processing limit was set to a value of
3, representing humans’ limited ability to process information per unit of time (in
this case every 10 minutes) [51].

EXPERIMENTAL DESIGN

In total, four batches of experiments were designed to study (a) the method for
measuring the emergence of IBSs and (b) each of the 3 propositions as shown
in Table 6.1. Experiment 0 focuses on testing the approach for capturing and
measuring the emergence of IBSs. The simulations are run for varying numbers of
inter-group ties. Experiment 1 focuses on simulating the impact of the two different
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information collection mechanisms to study Proposition 1. Next, Experiment 2
studies Proposition 2 and thus investigates the interplay between learning and
varying levels of uncertainty (stability in information origin) by combining different
levels of shocks per day and announcements per day. Finally, Experiment 3
explores Proposition 3 and thus focuses on the interplay between varying levels
of environmental turbulence (established with the parameters shocks per day and
announcements per day), learning (LN VS RC), and the number of inter-group ties
(established with the homonym parameter). These experiments are run through
the service provided by the Delft High Performance Computing centre [56].

Parameters Experiment 0 Experiment 1 Experiment 2 Experiment 3
(method): (Proposition 1): (Proposition 2): (Proposition 3):
Measuring emer- Comparing LN and Effect of Environ. Effect of Environ.
gent IBSs RC Uncertainty Turbulence

Info.  Collection RC LN, RC LN, RC LN, RC

Mechanism

shocks per day 10 10 0, 10, 20 1*, 5% 10%, 15*, 20*

announcements 10 10 0, 10, 20 1*, 5%, 10%, 15*, 20"

per day

number of inter- 1,2,5,10, 20, 30 20 20 1,2,5,10, 20, 30

group ties

duration of the 4 4 4 4

simulation (days)

learning rate N.A. 0.1 0.1 0.1

info. processing 3 3 3 3

limit

number of repeti- 80 40 40 20

tions

total simulations 480 80 720 1200

Table 6.1: Parameters setting for the simulation experiments aimed at testing
each of the propositions. The experiments were full factorial with the
exception of the values marked with an asterisk "*’. The use of * for
experiment 3 indicates that for each simulation in the experiment an
equal value of shocks per day and announcements per day is considered
(e.g. 10 shocks per day and 10 announcements per day) rather then
their full factorial combination. LN = LearNing, RC = Random Collection.

6.7. RESULTS
This section illustrates the results of the experiments shown in Table 6.1.

6.7. 1. EXPERIMENT 0: MEASURING THE EMERGENCE OF INFORMATIONAL
BOUNDARY SPANNERS

Figure 6.4 illustrates the distribution of the number of instances where agents with
inter-group ties (IBS candidates) effectively contribute new and relevant external
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information to the groups that need it, earning them informational boundary
spanning Function Executions (FEs).
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Figure 6.4: Frequency of occurrence of # FEs (number of informational boundary-
spanning Function Executions) obtained by the IBS candidates, and the
threshold used to capture the emergent IBSs.

The distribution reveals that several IBS candidates attain relatively few FEs,
while only a few candidates achieve a high number of FEs. This finding illustrates
that a few IBS candidates contribute to a great extent to inter-group information
exchange by providing new and relevant information to the groups who need it,
while many other candidates do not contribute significantly. The candidates that
contribute significantly to inter-group information exchange qualify as emergent
IBSs. One approach to identify these candidates is to assume that those that
achieve a number of FEs above a given threshold contribute effectively also at
the inter-group level and thus qualify as emergent IBSs (Cf. the red vertical line
in Figure 6.4). Such threshold or thresholds should be high enough to avoid
capturing those IBS candidates that obtain only a few FEs (and as such do not
considerably improve inter-group information exchange), but also not too high to
avoid not capturing agents that may not have the highest FEs but still contribute
significantly to inter-group information exchange. However, it is unclear how to
select a threshold that satisfies these conditions.

To investigate the effects of the choice of this threshold, Experiment 0 focuses
on studying the implications of adopting different thresholds, namely the 1st, 10th,
20th, 30th, 40th, 50th, 60th, 70th, 80th, and 90th percentiles in the frequency
distribution shown in Figure 6.4. For each of these thresholds, the number of IBSs
emerged is plotted against their effectiveness at the inter-group level, measured
as the % of external information needed found by the groups. Figure 6.5 illustrates
the results for selected thresholds (i.e. the 1st, 30th, 60th, 90th percentiles)
to enhance clarity of representation. These results show that for all considered
thresholds a higher number of emergent IBSs corresponds to a higher performance.
Further, the number of emergent IBSs grows considerably when increasing the
threshold. This figure, however, does not consider the number of IBS candidates
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available, which represents the maximum number of IBS that can emerge. As
such, a more in depth analysis is required that considers not only the threshold
adopted, but also the number of IBS candidates available.

©
S 80+ L~
8 /\//
S 60
£
© Threshold (percentile)
qE) 401 1st
g 30th
w209 —— 60th
> —— 90th
0 10 20 30 40 50

# Emergent IBSs

Figure 6.5: Relationship between the number of IBSs that emerged and the %
of external information found by the groups who need it for different
values of the threshold set as a percentile in the distribution of FEs
from Figure 6.4.

To analyse emerging IBSs across varying numbers of IBS candidates and thresh-
old settings, it is key to consider that the number of IBSs candidates depends
on the number of Inter-Group Ties (# IGTs) available among groups. Precisely,
the number of IBS candidates is twice # IGTs given that each connection ties two
agents who can both emerge as IBSs. As such, the analysis depicted in Figure
6.5 is expanded to consider not only different thresholds (in this case all of those
between the 1st and 90th percentiles), but also different # IGTs. Figures 6.6.A
to 6.6.) depict the results. A comparison of these figures reveals that, at low
thresholds, as depicted in Figures 6.6.A to C, nearly all IBS candidates transition
into emergent IBSs. For instance, with 10 inter-group ties (meaning 20 IBS can-
didates), the emerging number of IBSs tend to be around 20, underscoring the
high conversion rate of IBS candidates into actual IBSs (Cf. Figure 6.6.A, B, and
C). Furthermore, the simulation results cluster in specific areas of the plot when
holding the number of inter-group ties constant. This clustering suggests minimal
variability in both the number of emerging IBSs and the overall system perfor-
mance. Such lacking variability shows the little sensitivity in capturing emergent
IBSs provided by low thresholds. Conversely, for high thresholds such as the 90th
percentile (Figure 6.6.D), there is significant variability in the number of emergent
IBSs, yet the percentage of external information remains relatively constant, as
shown by the horizontal lines. This shows that the emergent IBSs captured with
high thresholds do not contribute significantly to effective inter-group information
exchange. Thresholds between these extremes, like those between the 30th and
80th percentiles (Figures 6.6.D to 6.6.1), show variability in the number of IBSs



135

6.7. Results

0€ —
0 —
0T —

ssg| Jusbiswy #

ssg| Jusbiswy #

sgg| usbiawg #

sgg| usabiawg #

(SLOI #) so1L
dnoJb-123u] JO SISQUINU JUSIDHIP 10} pUR PAJSPISUOD SPIOYSaIY] BY3 JO Ydes 4o pabiawa 1ey) ssg| 40 Joaquiny :9'9 ainbiy4

sgg| uabiawg #

3|13uad43d Yot '3

a|uasad Y10€ 'a

ajnuadtad Y10z >

a|nuadsad Y301 ‘g

a|13uaiad 35T 'Y

9 4 z 0 ot S 0 St ot S 0z ot 0 o€ 0z ot 0
ot ot or
\ o0z \ oz o o
L [0E \ 0¢ 13 3 \
ot \/\ or o ob
\\\ 0s 0s ‘\ 0s \\ 0s \\
09 09 09 09
/\\ oL \ o /\/ oc o) o
,\\IAl\\\’ 08 \\l/h’\/ 08 ﬁ 08 /\%\/\ 08
06 06 06
3|13uad.1ad Y306 [ 3|13uad.4ad Y308 | 3|13uadiad Y10 'H 9|13ua43d Y309 'O 3|13uad.ad y30§ o
ssg| yusbiawg # ssg| yusbiawg # ssg| usbiawg # ssg| usbiawg # ssg| usbiawg #
o€ 0z ot 0 oy o€ 0z ot 0 oy 0z oy 0z 0 oy 0z 0
ot ot
ot \ ot \
0z N oz \
0z 0z \
o \ o¢ o€ o€
op ob or oy
oc \/ 05 'S 05 V' tos
09 09 09 09
\/\<k/\ oL /\.\ oL A oL \< oL ad
A o | ATV gJ\ii/ w e Y w |y TV
06 06 06 06

0T
0z
o€
or
0s
09
0oL
08

06

0z

0€

o

0s

09

0oL

08

06

punoj "ojul |eulalxy %

punoj "ojul |[eulalx3y 9%



136 6. Learning to connect in action

emerged. Further, for an increase in the #IBSs, the % of external information
found also increases, showing how the additional emergent IBSs captured posi-
tively contribute to fostering inter-group information exchange. One exception to
such an increase is observed for the 80th percentile and 20 IGTs when the number
of emergent IBSs found is 3. This is most likely an outlier given that the plot does
not show a confidence interval around the value.

These findings illustrate that the method proposed in this chapter captures the
number of emergent IBSs that significantly contribute to providing new and exter-
nal information to groups, thereby supporting effective inter-group information
exchange.

However, for this method to be effective, thresholds need to be carefully chosen
according to two criteria. First, adequate thresholds are not too low, thus pre-
senting sensitivity to the emergence of varying numbers of IBSs across different
simulations. Second, such thresholds are not too high, meaning that when the
number of IBSs captured through the threshold increases, also their effectiveness
in fostering inter-group information exchange increases.

These two criteria are sufficient to find multiple adequate thresholds rather than
a single one (in this case those between the 30th and 80th percentiles), leaving an
open question as to whether adopting different adequate thresholds will provide
different results when studying the emergence of IBSs. As such, rather than simply
choosing one of the adequate thresholds, it is key to use multiple thresholds and
assess the consistency of the findings obtained. The remaining experiments (1 to
3) are analysed with six thresholds, namely the 30th, 40th, 50th, 60th, 70th, and
80th percentiles. For brevity, the following sections show the results for the 60th
percentile. However, a comparison of the IBSs emergence results obtained with
the six percentiles chosen are presented in Appendix D.

6.7.2. EXPERIMENT 1: LEARNING VS RANDOM COLLECTION

Proposition 1 is composed of two parts. The first part indicates that when actors
learn and adjust the information collection preferences based on the quality of
information provided by their contacts (LeaRning mechanism or LN) this leads
to the emergence of more IBSs compared to the case in which actors collect
information randomly (Random Collection mechanism or RC). The second element
of the proposition states that when actors learn (LN), this leads to the emergence
of IBSs that are more effective in fostering inter-group information exchange
compared to random collection (RC). In the following these two parts are assessed
against the results of experiment 1.

Figure 6.7 shows the results of experiment 1 including the emergence of IBSs
(left) and their performance (right) respectively for the information collection
mechanisms LN and RC.

First, Figure 6.7 (left) illustrates how, compared to RC, LN results in an average
increase of about two emergent IBSs. The 5th, 25th, 75th, and 95th percentiles
and the median are also shifted towards higher values in the case of LN compared
to RC. The interquartile range of the number of IBSs emerged is larger for LN than
in the case of RC, showing that learning also increases the variability of the results.
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Figure 6.7: Results of Experiment 1: Effect of the information collection mech-
anisms Random Collection (RC) and LearNing (LN) on the # IBSs
emerged (left) and the % of external information found by the groups
that need it (right). The white dots represent the averages.
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Figure 6.8: Results of Experiment 2: Interplay between the information collection
mechanisms Random Collection (RC) and LearNing (LN), and varying
environmental uncertainty. The effect of such an interplay is assessed
for (a) the emergence of Informational Boundary Spanners (IBSs) (up-
per row) and on (b) the effectiveness of such IBSs in enabling groups to
retrieve external and relevant information (lower row). The varying en-
vironmental uncertainty is characterized by stable (20 announcements
per day - left column), mixed stable and unstable (10 announcements
per day and 10 shocks per day - middle column), and unstable (20
shocks per day - right column) origins of external information.The white
dots represent the averages.

However, the 5th percentile is closer to the median in the case of LN compared
to RC, illustrating how, despite its higher variability, the distribution is skewed
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towards higher values of # IBSs emerging in the case of LN compared to RC. These
results supports the first part of Proposition 1 by showing that the number of IBSs
emerged tends to increase with LN compared to RC.

Second, according to Figure 6.7 (right) the effectiveness of IBSs measured
as the percentage of external information retrieved by each group increases
roughly by 7.5% on average with LN compared to RC. The 5th, 25th, 75th, and
95th percentiles, and the median shift towards higher values in the case of
LN compared to RC. Additionally, the interquartile range for LN is considerably
reduced compared to RC, illustrating how, in combination with the higher median,
the retrieval of external information is more likely to be higher in the case of LN
compared to the case of RC. These results support the second part of proposition
1 by showing that when agents learn (LN) the IBSs that emerge are able to find
and provide higher percentages of the external information needed by groups
compared to the case in which information is collected randomly (RC). In sum,
both parts of Proposition 1 are supported by the results.

6.7.3. EXPERIMENT 2: THE EFFECT OF ENVIRONMENTAL UNCERTAINTY
(STABILITY OF INFORMATION ORIGIN)

Figure 6.8 shows the results of Experiment 2 regarding the emergence of IBSs
(upper row) and their performance (lower row) for both LN and RC. These results
include different combinations of frequencies in shocks and announcements,
namely 20 announcements per day (left column), 10 shocks per day and 10
announcements per day (middle column), and 20 shocks per day (right column).
In all three cases the number of events (shock, announcements, or combinations
of them) amount to a total of 20 for each day of simulation to ensure comparability
among them.

The results show that, in the case of announcements (Cf. left column of Figure
6.8), LN increases the # IBSs emerged (by roughly 7 IBSs) and their performance
(by around 15%) compared to RC.

When announcements and shocks are combined, as illustrated in the middle
column of Figure 6.8, LN leads to an average emergence of 2 additional IBSs and
a performance increase of 7% over RC. However, these gains are modest when
compared to scenarios solely involving announcements. For announcements only
(see left column of Figure 6.8), there was a notable rise of 7 emergent IBSs and a
15% performance improvement.

Next, in the case of shocks (Cf. right column of Figure 6.8), the number of IBSs
that emerge and their performance does not change significantly with LN or RC.

These findings support Proposition 2 by showing that the effect of learning
depends on stability of the information origin. If the information origin is stable
(announcements), then learning leads to an increase in the number of IBSs and in
their effectiveness in improving inter-group information exchange. Conversely, if
the source of information is unstable (shocks), learning has little effect.
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6.7.4. EXPERIMENT 3: THE EFFECT OF ENVIRONMENTAL TURBULENCE

This experiment focused on the emergence of IBSs and their effectiveness un-
der different levels of turbulence and numbers of Inter-group Ties (# IGTs). The
level of turbulence consists of the frequency of disruptive events (shocks and
announcements) occurring every day of simulation and generating external in-
formation needs for the groups (measured as external information needed per
day). In other words, the turbulence level is set as the sum of shocks per day and
announcements per day. An equal number of shocks and announcements per day
is considered in all experiments. As such, a Turbulence level of ten corresponds to

five announcements per day plus five shocks per day. The results are shown in
Figure 6.9.
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Figure 6.9: Results of experiment 3: Effect of increasing environmental turbulence
on the number of Informational Boundary Spanners (IBSs) emerged
(left) and their collective performance in exchanging external relevant
information across groups (right) for different numbers of Inter-group
Ties (# IGTs) between communities and professionals, and for the two

information collection mechanisms LN (LearNing) and RC (Random
Collection).

Figure 6.9 on the left shows that for higher turbulence a higher number of IBSs
emerges. The number of IBSs that emerge grows with the # I1GTs, and it does not
change significantly with the information collection mechanism considered (LN or
RC).

Figure 6.9 on the right shows that for higher levels of turbulence (and corre-
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sponding increasing information needs), the share of the external information that
is retrieved decreases. However, a higher number of inter-group ties increases the
performance of the system at all levels of turbulence. Further, such performance
increases with LN compared to RC for high levels of environmental turbulence (10
or more events per day) if the number of inter-group ties is also high (20 or more
IGTs).

In sum, these findings support proposition 3 for two reasons. First, independently
from the information collection mechanism, more inter-group ties are associated
with the emergence of more IBSs that more effectively convey information across
groups. Second, for high numbers of IGTs and levels of environmental turbulence,
the performance of the IBSs emerged increases with LN compared to RC.

6.8. DiscussioN

This section discusses the implications of the findings, and suggests directions for
future research.

6.8.1. MEASURING EMERGENT IBSs

This study introduced a method for measuring the emergence of IBSs. Compared to
previous work that measures the emergence of informational boundary spanning
at the level of a group or groups [17, 19, 20, 31-33], the method introduced
here directly measures the individual agents that emerge as IBSs. Emergence of
IBSs can thus be tracked in greater detail, and the heterogeneous characteristics
of those that emerge as IBSs can be observed at the micro level. Further, the
interplay between the individual, group, and inter-group levels and its impact
on the emergence of effective IBSs can be studied through this method. These
aspects are crucial to inform the design of effective information management
strategies that foster the emergence of IBSs, enhance inter-group information
exchange, and support coordinated self-organisation and collective intelligence
[24].

To qualify as IBSs, the IBSs candidates need to fulfil a minimum "number of
informational boundary spanning Function Executions" or FEs (i.e. a minimum
threshold) that enables them to significantly improve information exchange among
groups. To ensure the correctness of this method, thresholds must be carefully
selected based on two criteria: they should not be too low to maintain sensitivity
to varying occurrences of IBSs in different simulations, and not too high to ensure
that as more IBSs are detected, their collective ability to enhance inter-group
information exchange also increases. Here, inter-group information exchange is
measured as the percentage of the total external information needed found by
the groups.

Experiment 0 showed that this method enables to measure emergent IBSs by
individuating those actors that effectively contribute to inter-group information
exchange. Further, multiple adequate thresholds were found to satisfy the two
criteria mentioned above. To clarify whether adopting different adequate thresh-
olds lead to different results when studying the emergence of IBSs, the results of
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Experiments 1 to 3 were analysed and compared with six adequate thresholds:
the 30th, 40th, 50th, 60th, 70th, and 80th percentiles of the FE distribution for
IBS candidates. The results of this comparison in Appendix D show that adopting
different adequate thresholds does not change the conclusions of the experiments
as Propositions 1 to 3 remain supported by the findings independently of the
thresholds considered. However, Appendix D also shows that it is still essential
to consider a wide range of adequate thresholds when studying the emergence
of IBSs. Specifically, a discrepancy was found in Experiment 2 in the results
observed with the minimum and maximum thresholds (respectively, the 30th and
80th percentiles). These results were considered as outliers and thus discarded
given their extreme value, inconsistency in the effects found, and the fact that
the majority of the other thresholds indicated consistent results (Cf. Appendix
D). This process illustrates the importance of considering multiple thresholds and
carefully analysing any discrepancies that may arise. Such an analysis allows
one to determine whether discrepancies indicate inconsistencies in the findings
that require reconsideration or modification of the conclusions, or if they simply
represent outliers resulting from the adoption of extreme thresholds (i.e., too low
or too high).

In sum, this method enables the study of the emergence of IBSs at the micro (or
individual) level. To ensure the method’s correctness, it is first crucial to select
thresholds that are neither too low nor too high, thereby effectively capturing
emergent IBSs that contribute to inter-group information exchange. Second, a
wide range of adequate thresholds should be considered to test consistency across
results on the emergence of IBSs and to assess whether any discrepancies are
outliers or if the conclusions need to be reconsidered and modified in light of such
discrepancies.

6.8.2. UNDERSTANDING EMERGENT IBSs

First, this chapter introduces a novel agent-based modelling (ABM) framework
that enables to study the emergence of IBSs in volatile environments. This ABM
simulates inter-group information exchange and outputs the number of times
IBS candidates fulfil the informational boundary spanning function at the micro
level, as well as their overall effectiveness. This provides the basis to identify
those that emerge as IBSs through the proposed method and to systematically test
mechanisms for their emergence in volatile conditions. Compared to previous ABM
frameworks introduced to study inter-group information exchange and boundary
spanning in volatile conditions [19, 35], this framework measures the emergence
of IBSs rather than imposing a predefined number of IBSs a priori [35], and
captures this emergence at the micro or individual level rather than solely at the
macro level [19].

Second, this study furthers the understanding of learning for the emergence of
IBSs. Learning entails that each agent develops information collection preferences
over time based on the past quality of information provided by the agent’s contacts.
This mechanism was compared to the case in which actors collect information
randomly. As posited in Proposition 1 and supported by the results of Experiment 1,
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learning leads to the emergence of more IBSs as compared to random information
collection, and these IBSs contribute to more effective inter-group information
exchange. Learning therefore is a micro-macro mechanism as learning at the
micro level leads to the emergence of IBSs and effective inter-group information
exchange at the macro level. This finding confirms the results of the study
by Levina and Vaast [24] and extends it to volatile environments by showing
that effective boundary spanners emerge through a process resulting from the
decentralized interactions among actors belonging to different groups. It also
adds to the work by Marrone et al. [20] by showing how micro level antecedents
such as learning and the availability of connections with other groups can lead to
macro level outcomes through an emergent process.

Third, this study highlights the necessity to consider environmental volatility,
i.e. the uncertainty and turbulence of the environment, for studying the emer-
gence of IBSs. As posited in Proposition 2 and corroborated by the findings from
Experiment 2, the effect of learning on the emergence and efficiency of IBSs is
contingent on environmental uncertainty and specifically on the stability of the
information source or origin. If the information origin is stable, as in the case of an-
nouncements, the number of IBSs and their performance in enhancing inter-group
information exchange increases when the agents adopt learning. In contrast, an
unstable information source, as in the case of shocks, renders learning ineffec-
tive. This difference can be explained by the differences of information origin
and network structures: while announcements are constantly originating from
the same location of the network, shocks originate from random locations in the
disaster-affected area of the model. Under learning, announcements propagate
through the network following increasingly strong preferential channels. In con-
trast, the way shocks propagate continually changes depending on where the
shock occurred and which nodes/actors in the network find this information and
share it with others. These results explain why learning has little effect on shocks
or more generally information of unstable origin: when information can come
from ever-changing locations of the network, developing information collection
preferences for the contacts that provided the most relevant information in the
past has the same effect as collecting information randomly given that none of
the agents tends to consistently provide relevant information due to the instability
of the information origin.

Proposition 3 is supported by the findings of Experiment 3 and suggests that
an increased presence of inter-group ties leads to the emergence of a higher
number of IBSs that, as a collective, can more effectively facilitate the exchange
of information between groups. This effect occurs even for high turbulence and
when considering the actors’ limited information processing and sharing capability.
Further, for high levels of inter-group ties and environmental turbulence, learning
leads to higher performance than in the case of random information collection.
Such an improvement is negligible for low numbers of ties and becomes evident
for 20 and 30 inter-group ties. This pattern can be attributed to the agents’
collective capacity to discern through learning the most effective IBS candidates
for relaying external information (e.g., those that are exposed to less information
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load) as they change over time. Further, the fact that learning has an effect only
for 20 or more inter-group connections illustrates that a sufficiently extensive
network of inter-group ties is crucial for enabling agents to choose from various
IBS candidates through learning.

In summary, this chapter demonstrates how the proposed method enables
the measurement (Cf. Section 6.8.1) and understanding of IBS emergence from
an actor-centred perspective 6.8.2), thereby answering RQ4. First, the method
facilitates the measurement of IBS emergence at the micro level (see previous
section). Second, when combined with the developed ABM, the method supports
the study and understanding of an actor-centred mechanism for IBS emergence.
This mechanism is actor-centred as it considers the interaction among factors at
the micro level (i.e., learning and bounded rationality as the limited capacity to pro-
cess information over time), meso level (i.e., inter-group connections), and macro
level (i.e., groups involved in disaster response operations and environmental
volatility).

6.8.3. IMPLICATIONS FOR COLLECTIVE INTELLIGENCE AND COORDINATED
SELF-ORGANISATION

This study contributes to the collective intelligence literature by illustrating how
a cognitive process at the individual level (i.e., learning [57]) can support the
collective selection of actors (the IBSs) that effectively convey information across
multiple groups to support their coordinated self-organisation [58, 59]. This can
be considered to be collective intelligent behaviour given that the groups are
able to select actors that are more effective than others at carrying out particular
tasks or activities - in this case fostering inter-group information exchange - thus
possibly improving the system’s performance (groups’ retrieval of the external
information needed for decision making and coordination) [60]. While Chapters
1 and 2 discussed how coordinated self-organisation is required for collective
intelligence in volatile environments (Cf. Sections 1.1 and 2.1.3, respectively), this
chapter shows that some forms of collective intelligence, i.e., collective learning
and selection of effective IBSs that foster inter-group information exchange, can
support coordinated self-organisation.

Further, this study illustrates that this collective intelligent behaviour is contin-
gent upon the characteristics of the environments in which groups operate [36,
61] and specifically its volatility (characterized by uncertainty and turbulence).
When environmental uncertainty is very high and, as such, information presents
unstable information origins, learning does not lead to a collectively intelligent
behaviour. This effect is reversed when at least some of the information has
as stable origin. Additionally, when the turbulence of the environment is very
high, learning produces a collectively intelligent behaviour only for high levels of
inter-group connectivity.
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6.8.4. IMPLICATIONS FOR INFORMATION MANAGEMENT

Understanding the learning mechanism and its interplay with environmental un-
certainty, environmental turbulence, and the number of inter-group ties available
can provide useful insights for the design of information management strategies
that foster inter-group information exchange, coordinated self-organisation, and
collective intelligence in volatile environments. Two main indications for policy
can be drawn from this study respectively related environmental uncertainty and
turbulence.

Concerning environmental uncertainty and the associated stability of informa-
tion origin, this research shows that learning increases the number of IBSs that
emerge and the external information they retrieve only in the case of stable origin.
However, in this chaotic and unpredictable world marked by increasing volatility,
the environments in which groups operate are often characterized by high levels of
environmental uncertainty and thus information with an unstable origin (shocks).
As such, effective strategies for managing this type of information are required
to support effective information exchange across groups that fosters coordinated
self-organisation and collective intelligence in volatile environments. If information
with an unstable origin can be re-directed to stable origins which consistently
provide it to other actors, this will enable the actors develop an information col-
lection preference for this source through learning and more effectively retrieve
the external information needed. Such a change in stability could be achieved by
gathering shocks through crowdsourcing and sharing them widely through a fixed
node in the information exchange network such as an online platform, website, or
social media account (thus establishing a stable information origin) [62].

With regards to environmental turbulence, a higher number of inter-group ties
was consistently found to be a key element in fostering the emergence of IBSs,
especially at high levels of environmental turbulence and at any level of environ-
mental uncertainty. To enable the availability of such inter-group ties it is key to
build trusted relationships across groups that can be leveraged when external
information needs to be retrieved by the group from its environment, also known
as bridging social capital [63]. This aligns with previous research indicating that
bridging social capital supports inter-group information exchange and resilience
in volatile settings such as disaster response [64-66] and supply chain operations
[67-69]. Additionally, this study shows the importance of the degree of bridging
social capital (measured by the number of trusted inter-group ties available) in
facilitating effective information exchange via emergent IBSs, even amidst high
volatility and uncertainty. Thus, policy interventions should prioritize establishing
bridging social capital through initiatives that build trusted connections among
different groups, such as between communities and professional responders [2,
70].

6.8.5. FUTURE RESEARCH

This study focused on theory building by advancing propositions concerning the
emergence of IBSs that effectively convey information across groups in volatile
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environments. These propositions are designed based on the literature, empirically
grounded in the case study of disaster response in Jakarta, and systematically
explored through an empirical ABM. Despite this grounding, the propositions still
result from exploratory research on one case study. As such, generalizing the
propositions will require further investigation and testing e.g. via additional case
studies and experiments. Future studies should extend beyond disasters (as in
this research), to include other volatile environments such as supply chains during
rapid market shifts.

Moreover, this study focused on the emergence of boundary spanners, and was
agnostic to the specific information technology that was used. At the same time,
evidence suggests that information technology can play a key role in information
sharing and the emergence of inter-group information exchange in volatile envi-
ronments [71] and also interplay with the emergence of IBSs [24, 72]. Such an
interplay, is still poorly understood in volatile environments and requires further
research.

Additionally, agents in this study exhibit non-strategic behaviour in information
exchange, lacking consideration for long-term goals or personal agendas (i.e., they
are myopic, Cf. Appendix C). However, previous research indicates that strategic
information exchange occurs, for example, to persuade others to reciprocate with
valuable information, to obfuscate or withhold information, or to spread misinfor-
mation to advance personal or organisational interests [14, 73]. This strategic
sharing can alter recipients’ information collection preferences and impact the
flow of information, thereby influencing the emergence of IBSs. Future research
should investigate how strategic sharing, combined with learning and adaptation
in information exchange preferences, affects the emergence of effective IBSs.

Next, this study assumes a constant information exchange network, however,
establishing new connections to retrieve relevant information external to a group
is often considered as one of the tasks carried out by boundary spanners [17,
25, 74]. As such, the network can also change and develop over time. This
is for example the case in the context of international humanitarian response
operations in which, due to the high staff turnover, few connections across groups
enabling inter-group information exchange are available and new ones need to
be established ad-hoc during the humanitarian response [22]. Zagorecki et al.
[19] studies the emergence of inter-group information exchange when enabling
actors to establish connections that decay over time when unused. Their study
finds that these networking activities lead to the emergence of actors that convey
information across groups. However, the focus of their research is placed on
the quantity of information rather than on its quality (e.g., relevance of the
information exchanged), and it does not measure the emergence of effective IBSs
at the micro level. As such, further research is required to study the impact of
networking activities and contact decay on the emergence of effective IBSs in
volatile environments from the micro level perspective.

Further, this study does not investigate the characteristics that make certain IBS
candidates more likely to emerge. However, it is plausible that specific traits—such
as network centrality—may influence IBS emergence. Highly central agents are
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typically exposed to large volumes of information, increasing their chances of
identifying and disseminating relevant content across groups. This may enhance
their ability to perform the boundary-spanning function repeatedly, making them
more likely to emerge as IBSs. Conversely, in highly volatile environments, high
centrality could lead to information overload, potentially reducing an agent’s
effectiveness and the likelihood of their emergence as an IBS. Therefore, agents
with a moderate level of centrality—sufficient to access information efficiently but
not so high as to become overwhelmed—may be most likely to emerge as effective
IBSs. Additionally, centrality may play a less significant role when agents are
capable of learning, as learning enables adaptation to local conditions and reduces
reliance on network structure compared to random information sharing. As such,
future research should examine the role of centrality and its interaction with
learning in fostering the emergence of IBSs under varying levels of environmental
volatility. Another trait that may influence the emergence of certain IBS candidates
over others is their formal nomination by the organization to which they belong
to assume this role. As demonstrated by [24], formal nomination—although not
sufficient on its own—can facilitate the emergence of IBSs. However, their study
focuses on non-volatile environments. Consequently, further research is needed to
investigate the conditions under which formal nomination supports the emergence
of IBSs in volatile environments.

In addition, while learning was identified as a potential IBSs emergence mech-
anism empirically (via the Jakarta case study), the choice of Q-learning and of
its parameters were educated guesses. Yet, different machine learning algo-
rithms and parameter settings are likely to capture varying learning dynamics
(e.qg., faster or slower adaptation, greater or lesser responsiveness to changing
conditions), possibly leading to different results. Future research will focus on
conducting controlled behavioural experiments to observe how individuals learn
which contacts provide relevant information. By tracking patterns of information
sharing in volatile environments, researchers will collect data across repeated
trials. This data will be used to benchmark various machine learning models
(including Q-learning) in their ability to capture human learning, enabling their
comparison, calibration, and validation. The best-performing models will then be
implemented—either individually or as part of a model committee—within the
ABM to enhance its realism in simulating individual human learning processes.

Finally, the adaptation of information exchange preferences over time can not
only lead to the emergence of IBSs that facilitate information exchange across
groups but also to the formation of information exchange bubbles that isolate
groups from others leading to fragmentation and a lack of coordinated self- organi-
sation [14]. In other cases, fragmentation in the form of pre-defined functional divi-
sion of routine tasks (or differentiation) among different organisations and groups
(e.g., police and fire fighters) can be beneficial for operational efficiency and
coordinated self-organisation as it enables to operate according to pre-established
standards and procedures that require less integration and information exchange
[36]. Such fragmentation can, however, be lost in volatile contexts as actors
and their groups adapt their activities to a continually and unpredictably chang-
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ing environment [75]. In such situations, inter-group information exchange via
IBSs is necessary to reinstate this fragmentation and support coordinated self-
organisation [75]. Further research is required to study the interplay between
the emergence of IBSs on one hand and the formation of information bubbles,
fragmentation, and coordinated self-organisation on the other.

6.9. CONCLUSIONS

In this increasingly chaotic and rapidly-changing world different groups including
governmental and non-governmental organisations, and communities need to
work together effectively while operating in volatile conditions (characterized
by high turbulence and uncertainty). To this end, the prompt exchange of vital
information concerning environmental change across groups is crucial to support
coordinated self-organisation and collective intelligence. This chapter aimed to
propose a method to measure the emergence of Informational Boundary Span-
ners (IBSs) and their effectiveness in fostering inter-group information exchange.
Further, a novel Agent-Based Modelling (ABM) framework was introduced to sys-
tematically study mechanisms that lead to the emergence of IBSs. The proposed
method and ABM are then used to create new insight into one specific mechanisms
that explain the emergence of IBSs in volatile environments: i.e, learning.

Our results show that learning leads to the emergence of effective IBSs when
the information needed has a relatively stable origin (i.e., it is consistently pro-
vided by the same node in the network). Further, a highly turbulent and volatile
environment can easily lead to informational overload. In this situation, retrieving
and sharing all relevant information needed becomes challenging. This chapter
shows that the availability of several contacts (here 20 or more) that can share
information across the groups is essential for facilitating the emergence of more
IBSs, which helps distribute the load of inter-group information exchange and
improves the effectiveness of such exchange. Moreover, when the inter-group
contacts are numerous (20 or more), and the level of environmental turbulence is
high (above 10 disruptive events per day), the performance of IBSs in facilitating
inter-group information exchange is increased with learning.

Implications of this study include the possibility to use the proposed method and
ABM framework to investigate and understand mechanisms for the emergence
of informational boundary spanning from an actor-centred perspective through a
combination of case study research and agent-based simulation. By introducing
such a method, this chapter answers RQ4 (Cf. Table 1.1).

Additionally, in promoting the emergence of IBSs through learning, actors from
different groups exhibit collectively intelligent behaviour by choosing agents that
effectively facilitate information exchange across groups (thereby supporting
coordinated self-organisation). Further, this collective intelligence is contingent on
the volatility of the environment and requires stable sources of information and a
high density of inter-group ties to be effective. These findings illustrate that not
only does coordinated self-organisation support collective intelligence in volatile
environments (as discussed in Chapters 1 and 2), but also that, under the right
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conditions, collective intelligence can in turn foster coordinated self-organisation
in such environments (e.g., by encouraging the emergence of effective inter-group
information exchange).

Policy implications of this research consist of the need to (a) collect and sum-
marize information from unstable origins (e.g., via crowdsourcing) and release
such information from stable sources so that agents can learn where to find the
information they need and (b) build and maintain trusted connections among
groups to ensure collectively intelligent behaviour and effective inter-group infor-
mation exchange, and support coordinated self-organisation even for high levels
of volatility.

Further research will focus on investigating the interplay between the emer-
gence of boundary spanning, learning, and the use of information technology,
strategic information exchange behaviour (e.g. spread of misinformation, obfusca-
tion, and persuasion to share back), and the formation of information exchange
bubbles and fragmentation.
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DISCUSSION AND CONCLUSION

Supporting resilience through collective intelligence during disasters relies on
the coordination and self-organisation of the multiple organisations and groups
operating, including professional response organisations and communities. This
coordinated self-organisation requires the exchange of timely and relevant in-
formation within and across groups. Supporting effective disaster information
sharing is, however, challenging given the rapidly changing and uncertain envi-
ronment and the associated high information load. In disaster response, actors
adapt through self-organisation in the form of swift and unpredictable changes in
organisational patterns and information needs. Therefore, information flows need
to continually adapt to provide the information needed to those who need it while
avoiding information overload.

This dissertation took an actor-centred perspective to disaster information
sharing that accounts for these challenges when studying a system’s ability
to support coordinated self-organisation. This chapter presents the discussion
and conclusion of such research. It begins by re-assessing the research questions,
then illustrates the contributions of this thesis, and finally suggests avenues for
future research.

7.1. RE-ASSESSING RESEARCH QUESTIONS
The overarching research question posed by this thesis was: How can actor-
centred disaster information sharing that supports coordinated self-organisation
be systematically analysed?

This question was answered by dividing it into three sub-questions. In the
following, each of these sub-questions is discussed.

7.1.1. RQ1: DEVELOPING CONCEPTUAL FRAMEWORK FOR ACTOR-CENTRED
DISASTER INFORMATION SHARING

The first sub-question to be answered was: Can an actor-centred framework be
designed to capture the characteristics and requirements for disaster information
sharing that supports coordinated self-organisation, and how?
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Chapter 3 provided the methodological steps necessary to design conceptual
frameworks (and their characteristics and requirements) that enable the study of
a phenomenon of interest from an actor-centred perspective. Chapter 4 applied
the methodological steps from Chapter 3 to the phenomenon of ACDIS. First, the
Chapter carried out a literature review, resulting in a list of characteristics of
ACDIS. Based on these characteristics, the requirements for ACDIS were designed.
These requirements were validated and refined through the case study of Jakarta,
Indonesia. The validated and refined requirements informed the design of an
actor-centred conceptual framework for studying disaster information sharing.
The resulting framework is illustrated in Figure 7.1.

Environment:
Events: Shocks & Announcements

Current Practice of Disaster Information Sharing:

Groups: Activities:
* Info. Sharing Structures Affect
* Info Sharing Networks G
I a. Networking;

Actors: g E
. Skills b. Role and structural change. g
*  Experience & Knowledge Perform 2
«  Preferences » @
Information Management: 5
L
Roles: a. Info Collection; 'g
*  Responsibilities b. Info Evaluation; g

*  Capabilities

*  Information

© Domain

e Status (Formal/Informal)

Info Processing;

d. Info Sharing & Preservation

T Operations

Connect T l Through

Objects

Figure 7.1: Actor-centred framework for the analysis of the configuration of the
current practice of disaster information sharing, its potentially self-
organized changes, and its performance measured through the criteria
for assessment. These criteria measure the extent to which the current
practice supports coordinated self-organisation through information
by looking at information quality (relevance, timeliness, reliability,
verifiability, and accessibility), and load.
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Chapter 5 validated this framework in terms of its ability to enable the study
of ACDIS with the case of Jakarta. The framework enabled this study in three
steps: analysis of configuration of the current practice of disaster information
sharing, analysis of change in the configuration (including self-organized change),
and analysis of performance (i.e., the system’s ability to support coordinated
self-organisation). The analysis of configuration identified the key actors, their
groups, roles, and information-sharing activities during disaster response in
Jakarta. The analysis of change showed how roles could change through emergent,
self-organized processes based on individual information-sharing activities (e.g.,
in the case of IBSs emergence). The analysis of performance analysis revealed
the adequacy of Jakarta’s response and highlighted areas for improvement, such
as information relevance.

The proposed conceptual framework was further validated in an independent
study by [1], conducted in the Bospolder-Tussendijken neighborhood of Rotterdam
during the COVID-19 pandemic. This study showed that the conceptual framework
provided the means to analyse system configurations, changes, and performance
in fostering coordinated self-organisation, offering valuable insights for urban
resilience policy.

7.1.2. RQ2: DEVELOPING ABMS OF ACTOR-CENTRED DISASTER INFORMATION
SHARING

The second sub-question to be addressed in this thesis was: Can an ABM be
developed for supporting the study of actor-centred disaster information sharing
across groups, and how?

ACDIS considers how micro-level behaviours of individual actors, along with
their potential interactions with meso-level group characteristics and macro-level
environmental and institutional factors, shape inter-group information exchange
during disasters (Cf. Section 1.3).

Chapter 5 answered RQ2 by developing an empirical ABM to study ACDIS be-
tween the Marunda community and professional response organisations in Jakarta,
Indonesia. This ABM facilitated the study of ACDIS across these two groups in two
key ways. First, it enabled an exploration of disaster information sharing dynamics
from an actor-centred perspective by distinguishing two types of information
needs in the ABM: known and latent. Latent information needs arise when actors
are unaware of certain information needs. This significantly affects the actors’
information-sharing behaviour at the micro-level, as actors cannot actively seek
information they do not recognize they need. Simulations with the ABM show that
latent information needs and the resulting behaviours impact the effectiveness
of inter-group information exchange, reducing the amount of relevant and timely
information reaching those in need and thus resulting in higher information gaps
(Cf. Section 5.8.1).

Second, the ABM provided a description of the considered case by synthesizing
and rigorously formalizing knowledge from the case and previously available
literature and ABMs [2]. This formalization provided a foundation for further
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research on ACDIS. Specifically, the model developed in Chapter 5 served as the
foundation for the theoretical ABM used in Chapter 6. This new ABM facilitated
the study of ACDIS across groups through IBSs. Simulation results obtained
through this model revealed that when actors learn to identify providers of high-
quality information, this leads to the emergence of IBSs that more effectively
convey information across groups compared to scenarios where learning is absent.
This process depends on environmental volatility — comprising environmental
uncertainty and turbulence — and on the availability of inter-group ties. Notably,
the emergence of effective IBSs through learning occurs when environmental
uncertainty is low (i.e., with stable information sources) and, in conditions of high
environmental turbulence, relies on a high number of inter-group ties.

By demonstrating the impact of micro-level behaviours (i.e., learning) and
their interplay with macro-level factors (i.e., inter-group ties and environmental
volatility) on inter-group information exchange, these findings provide an actor-
centred perspective on disaster information sharing. This supports the conclusion
that this thesis addresses RQ2 by developing ABMs for the study of ACDIS. It also
shows that the descriptive ABM developed in Chapter 5 established a foundation
for future studies on ACDIS across groups.

7.1.3. RQ3: DESIGNING A METHODOLOGY FOR ABM DEVELOPMENT

The third sub-question to be answered was: Can a methodology be designed
to develop ABMs for supporting the study of a phenomenon of interest through
qualitative inquiry, and how?

Chapters 3-5 contributed to addressing this research question, as discussed
in the following. Chapter 3 laid the foundations for addressing this question by
developing a methodology to study a phenomenon of interest using ABMs devel-
oped through qualitative case study research. The methodology aims to balance
cross-case comparability with the flexibility to capture different cases, while also
providing the versatility needed for developing ABMs for various theoretical and
empirical modelling purposes, all while maintaining rigour. The resulting methodol-
ogy is composed of two phases. In the first phase a conceptual framework tailored
to a specific phenomenon of interest is developed. In the second phase, an ABM is
developed based on the conceptual framework and generic models as shown in
Figure 7.2.

Chapters 4 and 5, through the Jakarta case study, demonstrated the effective-
ness of the proposed methodology in rigorously translating qualitative data into
an empirical ABM, while balancing cross-case comparability and flexibility. First,
rigour was maintained through the structured and systematic (a) development of
a conceptual framework tailored to the phenomenon of ACDIS based on qualitative
research (Chapter 4) and (b) interpretation of qualitative data via the conceptual
framework and the GAM generic model (Chapter 5).

Second, this methodology maintained a degree of comparability across the case
study of Jakarta and possible future case studies by prescribing to consistently
centre the analysis of each case on the same conceptual framework tailored to the
phenomenon of ACDIS (developed in Chapter 4). While the consistent use of this
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Figure 7.2: Methodology for developing ABMs through qualitative inquiry to study
a phenomenon of interest while balancing cross-case comparability
and flexibility, and ensuring versatility.

framework ensures a level of cross-case comparability, the adoption of different
generic models for different cases limits the extent of this comparability. This is
because, while each case is interpreted through the same conceptual framework,
it may be analysed using different generic models depending on the specific case.

Additionally, the methodology offered some flexibility to study the novel phe-
nomenon of ACDIS by allowing the development of a new conceptual framework
tailored to this phenomenon (Chapter 4) and the selection of a suitable generic
model (GAM) for the specific case of Jakarta (Chapter 5). Flexibility was provided
only to a degree as the common conceptual framework provides a level of con-
straint across all cases. In sum, while not as flexible as case-based methodologies
that derive agent rules without considering any framework, or as comparable
as framework-based methodologies that employ the same framework across
all cases, this methodology enabled to strike a balance between the two while
maintaining rigour.

In sum, when the objective is to capture the characteristics of a single case (e.g.,
to support decision-making) flexibility becomes essential, while comparability is
secondary. In these situations, case-based methods are the most suitable choice
(see, i.e., [3, 4]). Conversely, when comparability is necessary and flexibility is not
a priority, framework-based methods are preferable. This applies, for instance,
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when studying a phenomenon for which an existing framework, including an
agent architecture, is available to analyse cases and compare results across
them (see, i.e., [5, 6]). Finally, the methodology proposed in this dissertation is
particularly well-suited when both comparability and flexibility are required to
some extent. This applies when investigating a novel phenomenon of interest
(e.g., ACDIS), where comparability is essential for comparing results across cases,
while flexibility is critical due to the absence of established frameworks or specific
agent architectures given the novelty of the phenomenon. In such situations, the
proposed methodology allows for the development of a conceptual framework
tailored to the phenomenon of interest and supports the selection, comparison,
and potential design of generic models incorporating agent architectures suited
to the phenomenon..

The methodology was also found to be versatile, providing a means to develop
an empirical descriptive ABM (Chapter 5) and outlining steps for developing theo-
retical ABMs (Chapter 3). Although this thesis does not illustrate the development
of a theoretical ABM through a specific application of the methodology, as it does
for descriptive ABMs, Chapter 6 presents a theoretical ABM developed by abstract-
ing from the empirical model in Chapter 5. This model was developed by following
the methodology, even though its development process is not explicitly detailed
in Chapter 6. Nevertheless, the procedural steps for developing a theoretical ABM
are provided in Chapter 3.

7.1.4. RQ4: MEASURING AND UNDERSTANDING THE ACTOR-CENTRED
EMERGENCE OF IBSs

The fourth sub-question to be answered was: Can a quantitative method be
designed to measure and understand the emergence of effective informational
boundary spanners from an actor-centred perspective, and how?

Chapter 6 addressed this question by developing a method to measure the
emergence of effective IBSs from an actor-centred perspective. ACDIS focuses on
the impact of micro-level behaviour (i.e., the behaviour of individual actors) and
its potential interplay with meso- and macro-level factors on inter-group disaster
information exchange. Therefore, it is essential that an actor-centred method
captures the emergence of individual actors as IBSs, rather than studying such
emergence at the group level. Focusing on the micro level allows for examining its
interplay with other levels and their impact on inter-group information exchange.

The method introduced in this thesis identifies emergent IBSs based on the
total number of times an actor performs the informational boundary spanning
function by providing new and relevant external information to a group in need.
A threshold defines the minimum number of times an actor must perform this
function to be considered an emergent IBS. An adequate threshold for measur-
ing the emergence of effective IBSs is one that identifies those contributing to
enhanced system performance, with performance measured by the percentage
of external information required by groups that is successfully obtained. Since
multiple thresholds within a range can meet this condition, the emergence of IBSs
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is studied across this range of thresholds rather than relying on a single one. The
consistency of findings is then assessed across multiple thresholds within this
range.

Chapter 6 also developed an ABM of disaster information exchange. This ABM
was then used to test if the proposed method provides the means to (a) measure
the emergence of IBSs that effectively convey information across groups, and
(b) understand mechanisms leading to the emergence of IBSs. This ABM cap-
tures a potential mechanism for the emergence of IBSs found in Chapter 5 - i.e.,
learning who provides high quality information and adjusting information sharing
preferences accordingly.

The analysis of this ABM’s results through the proposed method provided two
conclusions. Firstly, the method enabled the measurement of the emergence of
IBSs, identifying the individual actors who effectively convey information across
groups and contribute to overall system performance. This was evidenced by
consistent findings across various adequate thresholds. However, the results also
suggested the importance of considering a wide range of adequate thresholds
to verify result consistency and determine if any inconsistencies are outliers or if
conclusions should be revised based on these inconsistencies.

Secondly, the findings demonstrated that the method can be effectively com-
bined with an ABM to study the emergence of IBSs. Specifically, this approach
enabled the examination of whether the learning mechanism leads to the emer-
gence of IBSs. First, insights from the Jakarta case study (Chapter 5) and existing
literature were used for theory building, specifically to formulate propositions
regarding IBS emergence. These propositions were then tested using the ABM and
the method, which enabled the simulation and measurement of IBS emergence.

The results supported the propositions, showing that when actors learn to iden-
tify high-quality information sources, they collectively select IBSs who enhance
inter-group information exchange, thereby improving overall system performance.
This collective intelligence occurs in both low-volatility environments with stable
information sources and high-volatility environments with sufficient inter-group
connections, as the propositions suggested.

In practice, in this increasingly complex and chaotic world characterized by
growing volatility, information often originates from unstable sources. Therefore,
to foster the emergence of effective IBS, it is crucial to gather information from
unstable sources (e.g., via crowdsourcing techniques) and share it widely via sta-
ble sources to help actors collectively identify high-quality information providers
through learning. Additionally, building and maintaining numerous trusted con-
nections between different groups, such as professional response organisations
and communities, is essential to distribute the information load evenly and thus
improve the effectiveness of inter-group information exchange, even at high levels
of volatility.

These findings illustrate how the combined use of the method and an ABM
framework enables researchers to measure and understand the emergence of
IBSs, including the conditions that either favour or hinder this emergence. Under-
standing these conditions also leads to practical insights concerning information
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sharing strategies aimed at fostering the emergence of IBSs, thereby supporting
coordinated self-organisation and resilience.

~7.2. CONTRIBUTIONS

This thesis set to study disaster information sharing through an actor-centred
perspective, with the goal of supporting coordinated self-organisation, collective
intelligence, and resilience in disaster response operations involving communities
and professional response organisations. The thesis integrates several disciplines,
such as crisis and disaster management, information management, and complex
systems modelling and simulation. As such, its contributions can be of interest for
researchers in these and related fields.

The contributions of this thesis include methodologies and methods to study
actor-centred information sharing through a combination of qualitative case study
research and ABMs, ABMs, and theoretical insights in ACDIS. In sum, the key
contributions of this thesis are:

1. Methodologies and methods:

* Methodology to develop ABMs to study a phenomenon of in-
terest based on qualitative case study research (Chapter 5, 6).
Compared to existing methodologies that prioritize either cross-case
comparability or flexibility to capture different cases, this approach en-
ables researchers to balance both, while maintaining analytical rigour.
This methodology is also novel in that it enables the versatility to sup-
port both theoretical and empirical model development. The process
begins with the construction of a conceptual framework centred on
a specific phenomenon of interest. This framework, combined with
a generic agent architecture, is then used to develop an empirical or
theoretical ABM to study the phenomenon of interest (e.g., ACDIS). For
empirical applications, the framework and generic model are used to
structure and interpret qualitative data from case study research and
translate it into an ABM in a systematic and transparent manner. For
theoretical modelling, the framework and generic models provide tem-
plates for designing the agents, their interactions, behavioural rules,
and performance indicators. This methodological versatility allows for
theoretical models to be used in developing and inspecting proposi-
tions through simulation (e.g., Chapter 6), which could then inform
the design of empirical studies aimed at validating or refining those
propositions. Conversely, empirical models can be used to capture rich,
context-specific insights (e.g., Chapter 5), informing future research and
potentially contributing to explanatory theory-building through case
study analysis. In this way, the methodology serves a dual purpose:
it acts as a vehicle for developing, inspecting, and refining theories
prior to empirical testing, and also functions as an empirical tool for
learning from case studies. When combined with the ability to balance
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cross-case comparability and contextual flexibility, this versatility sup-
ports the integrated use of ABMs and multiple case studies. Theoretical
models can be used to develop and refine propositions, which then
inform the selection of research questions and case studies. These
theoretical frameworks can be systematically applied to each case and,
when necessary, flexibly adapted in response to empirical findings.
When such frameworks are applied consistently and not overly mod-
ified across cases, they allow for the use of a replication logic. This
makes it possible to test, confirm, extend, refine, or refute theoretical
propositions across a variety of cases to further the understanding of a
phenomenon of interest.

* Method to measure the emergence of IBSs at the micro-level
(Chapter 6). Unlike methods that examine the emergence of IBSs at the
group level, the approach introduced in this thesis offers the resolution
necessary to pinpoint individual IBSs. Once the individual IBSs are
identified, it is possible to consider the interplay between their individual
characteristics and behaviour at the micro level (e.g., network centrality
of IBS candidates), information exchange networks at the meso level
(e.g., number of inter-group ties), and environmental characteristics
such as environmental volatility at the macro level. This approach
helps to understand how factors at different levels foster or hinder the
emergence of IBSs that effectively convey information across groups. In
this dissertation, the method was combined with agent-based modelling
and simulation given its ability to capture complex interactions between
the micro, meso, and macro levels. However, adapted versions of this
method may also be combined with other research methods, such as
controlled behavioural experiments or big data analytics (e.g., social
media feeds), to study the emergence of IBSs.

2. Agent-based models (chapter 5 and 6). Two ABMs were developed in this
thesis that enable to study disaster information sharing from an actor centred
perspective.

* Empirical ABM of actor-centred information exchange in the Marunda
community of north Jakarta (Chapter 5). This model represents a non-
reductionist description [2] of the case of Jakarta, specifically of the
Marunda Community. The model aims to capture the way information
is exchanged within and across communities and professional response
organisations during the response to floods in this specific case. It
was developed based on findings obtained through the collection and
analysis of interviews and focus groups, previous studies, and technical
documents (e.qg., evacuation plans) from the considered area. This ABM
can be used by researchers and practitioners to explore the functioning
of disaster information sharing from an actor-centred perspective in
the specific case of Marunda. It can also be modified to explore the
potential implications of alternative interventions aimed at improving
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inter-group information exchange during the response to floods.

* Theoretical ABM of actor-centred disaster information exchange (Chap-

ter 6). Unlike previously developed models that either fix the number of
IBSs instead of examining their emergence, or focus solely on network-
level characteristics without identifying individual actors who span
boundaries and convey relevant information across groups, this ABM
takes a different approach. It enables, in combination with the method
described above, micro-level analysis of the mechanisms leading to
the emergence of effective IBSs. This emergence can be studied un-
der varying conditions, including the presence or absence of learning,
and across different levels of environmental volatility and intergroup
connectivity. In doing so, the model offers a means to explore the
conditions that foster the emergence of IBSs and support coordinated
self-organization in disaster response.

3. Theoretical insights in ACDIS (chapter 4 and 6):

* Conceptualization of disaster information sharing from an actor-
centred perspective through the framework (Chapter 4). This
conceptual framework enables the study of disaster information shar-
ing from an actor-centred perspective in three steps: analysis of the
configuration of disaster information sharing (i.e., the actors, groups,
roles in place, and how they exchange information), analysis of the
configuration’s change through possibly self-organized adaptation pro-
cesses, and analysis of the performance in terms of the system’s ability
to support coordinated self-organisation through information. This per-
formance is measured in terms of information quality (i.e., relevance,
timeliness, accessibility, interoperability, reliability, and verifiability)
and load.

* Learning as a collectively intelligent mechanism for IBS emer-
gence (Chapters 6). This dissertation shows that learning who provides
high-quality information constitutes a mechanism leading to the emer-
gence of IBSs that effectively convey information across groups thus
supporting coordinated self-organisation (Proposition 1). It also shows
that such a mechanism is only helpful for stable sources of information
(Proposition 2) and a high number of inter-group ties (Proposition 3).
The collective ability to learn best practices, including who is most effec-
tive in a particular role, and to adopt such practices (e.g., by selecting
and facilitating the emergence of effective IBSs) is a central feature of
collective intelligence. As such, collective intelligence plays a key role
in fostering coordinated self-organisation and resilience by facilitating
the selection and emergence of effective IBSs.
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7.3. IMPLICATIONS FOR PRACTICE

This thesis presents the following implications for communities and professional
response organisations such as public agencies and NGOs seeking to improve
information exchange with other groups during crisis response efforts, thereby sup-
porting their coordinated self-organisation, collective intelligence, and resilience:

* Empower communities (Chapter 5). This dissertation illustrated how com-
munity members tend to address a greater portion of their information needs,
including through external information provided by professionals, compared
to the portion of information needs that professionals fulfil, including external
information provided by communities. In other words, communities often
have a better of understanding of current developments that matter to them
compared to professional response organisations. This means that, from a
purely informational standpoint, communities tend to be better informed to
address local needs. Additionally, being often already located in disaster-
affected areas, they can respond more quickly [7]. However, communities
frequently lack the skills or knowledge to respond effectively when faced
with disaster-induced shocks and disruptions, particularly when response
tasks require specialized knowledge and training (e.g., in search and rescue
or fire response operations). Furthermore, communities’ situational aware-
ness tends to be highly localized, lacking the broader oversight necessary to
make decisions that account for the overall disaster response situation. As a
result, community actions may inadvertently disrupt professional response
efforts due to a lack of oversight, knowledge, or expertise [7, 8]. At the same
time, convergence of spontaneously formed volunteer community groups
operating either physically or online in disaster affected areas is inevitable
and it represents both a challenge for coordination, as well as an opportunity
for effective response [7-9]. To foster resilience, governmental agencies and
NGOs should focus on empowering communities with the knowledge, skills,
and resources to either act effectively on the information they receive [10]
or redirect it to those with the necessary expertise and resources, whether
within or beyond the community. This includes facilitating the contribution of
communities to tasks that align with their available knowledge, skills, and ex-
pertise [7, 8]. Additionally, effective disaster response requires merging the
highly localized situational awareness of communities across affected areas
and combining it with the oversight of professional response organisations.
This integration would provide a common operational picture, essential for
supporting coordinated efforts that avoid duplication and gaps in disaster
response operations [11]. Promising avenues to achieve two-way commu-
nication between communities and professional response organisations,
enabling the development of such a common operational picture, include
the use of crowdsourcing platforms such as Ushahidi and Petabengana [12-
15] (with the due limitations, see [16, 17]). In the case of Petabencana,
the platform was co-designed with communities and professional response
organisations, and training activities were conducted with communities to
empower and engage them with the platform.
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* Consider latent information needs (Chapter 5). This thesis has shown

that providing necessary information to actors on time is particularly chal-
lenging when they are unaware of their information needs (i.e., when those
needs are latent). In such cases, actors cannot actively search for the
information they require because they do not know what they need. To ad-
dress latent information needs, tailored 'push’ information sharing strategies
should be developed to notify actors directly about relevant information,
as opposed to 'pull’ strategies where information is accessed on demand
[18]. One option might be to broadcast information suspected to address
the latent needs of some actors through widely distributed push notifica-
tions. However, this approach risks overwhelming actors with excessive,
unsolicited information, without filtering out those who do not need it. When
widely adopted, such a strategy can lead to information overload, impairing
actors’ ability to locate the information they need, even when it is available
[19, 20]. A more refined approach would involve identifying the latent infor-
mation needs of actors and pushing information only to those likely to find it
relevant. Yet, determining information needs of actors, and whether such
needs are latent or not, is challenging®. First, information needs depend on
a number of factors including the criticality of information (when associated
with disruptive events that require immediate action) and the roles assumed
by the actors. Establishing these factors is a challenge. For example, roles
can shift rapidly and unpredictably during disasters due to self-organisation,
making it difficult to map actors’ roles and corresponding information needs
in real time [22, 23]. New technologies, such as Al and Large Language Mod-
els (LLMs), could assist in identifying the roles actors assume (e.g., through
their web searches or LLM prompts) and their corresponding information
needs. Second, once actors’ roles are established, distinguishing between
latent and known information needs becomes another challenge. A potential
criterion for this distinction could be the novelty and relevance of the infor-
mation. Disaster events evolve over time, creating both initial occurrences
or predictions (in the case of early warnings) and subsequent updates. The
initial occurrence or prediction of an event represents a latent information
need for actors in roles for which the event is relevant. In contrast, updates
on the event could be considered known information needs, as actors, once
aware of the event, anticipate further updates. Machine learning algorithms
could be employed to detect events based on information shared on social
media or crowdsourcing platforms, associate updates with such events, and
match event types with roles, thus enabling prediction of the latent and
known (non-latent) information needs of actors once their roles are estab-
lished [23]. Once latent and non-latent needs are identified, information
related to known needs could be made accessible through a 'pull’ strategy,
while information related to latent needs could be ‘pushed’ directly to the
relevant actors. This dual approach would reduce the risk of information

LHowever, in some cases, latent needs can simply be inferred from actors locations (e.g., early
warnings for actors in areas expected to be flooded) [13, 21].
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overload by limiting unnecessary notifications.

* Promising information sharing strategies to support coordinated
self-organisation (Chapter 6). This dissertation found two promising ways
to support effective information exchange in high levels of environmental
volatility. First, it is key to gather information about shocks from unstable
information sources (e.g., via crowdsourcing), summarize it, and distribute
it widely from a single stable source (e.g. via ICT platforms as smartphone
apps, social media accounts, and websites). This helps actors learn where to
get the necessary information, and the system to adjust information flows
in a collectively intelligent manner so that the information needed reaches
those who need it. Second, a high number of inter-group connections was
found to be crucial in fostering effective information exchange in volatile
environments. Therefore, it is essential that communities and professional
response organisations develop and maintain many trusted connections
among groups.

7.4. FUTURE RESEARCH: AN AGENDA ON COLLECTIVE

INTELLIGENCE FOR RESILIENCE

The resilient systems of the future will ensure that institutions and societal actors
have the capacity to prepare for, withstand, recover, and learn from systemic,
compounding, and unpredictable shocks [24-26]. Achieving this goal requires
to foster different capacities of resilience, including absorption, adaptation, and
transformation; while considering multiple scales in time (e.g., the short, medium,
and long term implications of decisions made during crises) and governance (e.g.,
from the national to the local) [27-32].

One of the lessons learned from this thesis is that, to foster disaster resilience,
it is key to support coordinated self-organisation through effective information
sharing, for which collective learning and more generally collective intelligence are
essential. Collective intelligence is the ability of a group or organisation to solve
complex problems in a changing environment [33-35]. Key aspects of collective
intelligence include the following collective capabilities of a group [34, 36, 37]:

* Sensing (or observing): detecting and making sense of information regarding
relevant environmental changes in a timely manner;

* Remembering: preserving information and knowledge and transferring it
from where it is available to where it is needed for coordination and decision
making;

* Learning: recognizing and memorizing knowledge such as best practices
including who is most effective at carrying out particular roles and adapt
accordingly.

From a collective intelligence perspective, this dissertation has shown how
collective learning supports the individuation and selection of actors that are
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effective in fostering inter-group information exchange thus improving the groups’
(a) sensing capability to detect critical changes in their environments and (b)
remembering capability to transfer information from where it is available to where
it is needed. The ability to detect relevant external changes is crucial for the
capacities of resilience namely, to absorb shocks by activating an effective re-
sponse in the short term, and to adapt or transform in the long term [11, 26, 27,
35, 38]. Adaptation and transformation also require collective learning, another
key capability of collective intelligence [26, 28, 38, 39]. Additionally, disaster
response systems are prone to collectively 'forgetting’ knowledge acquired dur-
ing the response due to high staff turnover and the challenges of transferring
knowledge between those leaving and those entering the field. Smarter strategies
for collective remembering, such as storing and making information accessible
through the use of LLMs [40], could address this challenge. These examples high-
light promising synergies between fostering collective intelligence and enhancing
resilience. These synergies have been explored mostly in crisis management (see,
e.g., [41-45]), particularly with respect to the short-term absorption capacity of
resilience. However, the dynamics between collective intelligence and resilience,
especially concerning the capacities for adaptation and transformation and their
interplay with absorption, remain largely unexplored. As such, a research agenda
is proposed in this dissertation focused on studying how Collective Intelligence can
support REsilience (CI4RE). This CI4RE agenda includes the following cross-cutting
themes. For some themes, detailed research directions directly follow from this
dissertation and are discussed within the corresponding theme.

* Collective intelligence for coordinated self-organisation. This theme
focuses on investigating, through an actor-centred perspective, how collec-
tive intelligence can support self-organisation, decision-making, and coordi-
nation by enhancing the capability of governmental agencies, NGOs, and
communities to collectively: (a) detect and make sense of environmental
changes, (b) learn and adapt, and (c) retain and transfer relevant knowl-
edge to where it is needed. This must be achieved while operating in the
volatile environment of a crisis, characterized by continual and unpredictable
changes, including the constant influx of new actors, groups, and organisa-
tions joining disaster response operations (e.g., due to high humanitarian
staff turnover and the involvement of spontaneous volunteer community
groups). This research theme includes refining and expanding the findings
from this dissertation as discussed in the following:

— Further validation of the conceptual framework for studying disaster
information sharing from an actor-centred perspective. While the frame-
work has been developed and validated via two case studies (i.e.,
Marunda in Jakarta, and Bospolder-Tussendijken in Rotterdam), it re-
quires further validation and refinement. This includes considering
environmental complexity, matching the diversity of tasks and informa-
tion managed by groups during disaster response. Capturing complexity
is crucial as it can increase information load, affecting actors’ ability to
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exchange and process information effectively.

- Further validation of the propositions on the emergence of IBSs through
learning. The propositions outlined in this thesis are based on literature,
grounded in the Jakarta disaster response case study, and rigorously
explored through an agent-based model. However, these results are
exploratory and require further investigation and testing to be general-
ized, involving additional case studies in different volatile environments
beyond disaster scenarios. Additionally, controlled behavioural ex-
periments and real-life disaster response simulations could also be
employed to systematically test these propositions.

- Extending the current understanding of IBSs emergence. Several key
factors influencing the emergence of effective IBSs require further
research. First, the current model considers non-strategic agents, over-
looking the impact of personal agendas and strategic behaviours like
persuasion, obfuscation, and misinformation. Second, actors that learn
and adjust their information exchange preferences can lead to both
(a) effective IBSs supporting inter-group information exchange and (b)
poor communication leading to fragmentation, with the interplay be-
tween these elements remaining unexplored. Third, the assumption of
a constant information exchange network ignores the evolving nature
of connections formed by boundary spanners, necessitating further
research into how networking activities and contact decay impact IBS
emergence in volatile environments.

* Hybrid intelligence. Information systems and technologies such as social
media, crowdsourcing platforms, and Al (including large language models)
already shape and show great promise in fostering the collective intelligence
of hybrid human-machine systems [22, 40-42, 46-50]. At the same time,
these technologies have introduced novel challenges that threaten collective
intelligence and resilience, including the spread of misinformation, as well
as knowledge homogenization and the unintended introduction of hidden
biases in Al-supported decision making [40, 51, 52]. This theme focuses
on designing coordination mechanisms that combine information systems,
Al agents, and human groups to enable smarter sensing, remembering,
and learning, while addressing the challenges introduced by these tech-
nologies. The goal is to foster absorption, adaptation, and transformation
within disaster response systems. For instance, this theme includes research
on collective detection of misinformation on social media to distinguish
reliable from unreliable information (sensing), and on using LLMs as tools
for collective learning and remembering, with a focus on avoiding knowl-
edge homogenization and bias [40]. This thesis contributed to this theme
by advancing the understanding of IBS emergence, offering insights that
could enhance inter-group information exchange and collective intelligence
through targeted information sharing strategies involving the use of ICT.
These strategies include summarizing information from unstable sources via




170

7. Discussion and conclusion

crowdsourcing platforms and consistently providing it from stable sources to
help actors learn where to find high-quality information (including its verifia-
bility and reliability) and foster the emergence of IBSs. However, concrete
strategies to achieve this in practice remain unexplored and require further
research. Further research is also needed to study the interplay between
IBS emergence, Al, and ICT, such as traditional and social media, and crowd-
sourcing platforms, which have been shown to shape the emergence of
inter-group information exchange and IBSs [53-55].

Combining agent-based modelling and case study research. This
thesis has shown that studying the way collective intelligence can support re-
silience benefits from the combined use of agent-based modelling and case
study research. While some advancements in this theme were made in Chap-
ter 3, best research practices focused on combining these methods are still
missing. This research theme focuses on studying the way qualitative and
quantitative case study research can complement and be complemented by
agent-based modelling. It includes expanding the methodology for ABM de-
velopment through qualitative inquiry proposed in this dissertation to include
quantitative methods to enhance rigour. For instance, model conceptualiza-
tion and narratives derived from generic models could guide the design of
quantitative tools like surveys, allowing for the statistical measurement of
actors’ choices.

Participatory modelling and model-based sensemaking. The devel-
opment and use of one or more conceptual and computational models is
an essential feature of collective intelligence, illustrating the way a group
(e.g., the government) makes sense of and learns from a crisis [36, 37,
56-59]. This theme focuses on fostering the collective intelligence of groups
of decision-makers, domain experts, and scientists when making sense of,
responding to, and learning from crises [60-64]. It does so by developing and
implementing problem structuring techniques involving the participatory de-
velopment and use of conceptual and computational models and evaluating
their impacts on decision making and sensemaking [57, 65]. While participa-
tory modelling is typically limited in terms of group size (up to 15 participants
[66]), recent developments in Al and group deliberation tools show promise
in up-scaling these techniques [40, 49], which will be further explored in
combination with the use of conceptual and computational models in this
theme. Further, given that fostering resilience requires considering multiple
scales in time and governance, the conceptual and computational models
adopted to support resilience should be able to capture such different scales.
One single model is often not sufficient to consider the complex interplay
among such different scales. The use of multi-models (i.e. combinations
of interacting models) is a promising approach to address this challenge
[67]. Yet, the participatory techniques necessary to design multi-models
in collaboration with groups are currently lacking and are explored in this
theme.
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As this world struggles to cope with increasingly threatening, pervasive, fre-
quent, and compounding disasters and crises, the quest to enhance disaster
resilience becomes paramount. This thesis has demonstrated that harnessing
the capabilities of multiple actors and groups to self-organize, coordinate, and
act in a collectively intelligent manner is a promising avenue for building dis-
aster resilience. By fostering the collective ability of governments, NGOs, and
communities to sense, learn, and remember critical information and knowledge,
systems can absorb, adapt, and transform in response to shocks, improving their
resilience and better addressing both the challenges of today and those of to-
morrow. The insights and methodologies developed in this dissertation, together
with this research agenda, indicate a path forward and provide practical tools for
communities, organisations, and governments striving to build a more resilient
future.
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SUMMARY

When disasters strike, local citizens often act as first responders, stepping in
before public authorities or NGOs can provide assistance. This initial response
gives rise to a disaster response system comprising a fluid network of organiza-
tions and groups, each taking on diverse roles and responsibilities. The disaster
resilience of such systems, particularly their absorptive capacity, hinges on their
ability to function as a cohesive collective. In other words, disaster response
systems must demonstrate collective intelligence — i.e., the capacity to address
complex problems in dynamic and evolving environments. This resilient and
collectively intelligent behaviour depends on a combination of coordination and
self-organization, a process referred to as coordinated self-organization in this
dissertation. Central to this process is the exchange of timely and relevant infor-
mation both within and across the groups operating in these disaster response
systems.

Facilitating effective inter-group information exchange during disasters is, how-
ever, challenging due to their volatile nature. This volatility, marked by rapid and
unpredictable environmental changes, prompts actors to adapt autonomously,
resulting in self-organisation - i.e., the spontaneous emergence of new operational
practices, such as new response groups and roles. These shifting roles lead to
evolving information needs, making it difficult to identify who requires what and
to deliver the right information to the right actors. The high volume of information
generated by environmental volatility exacerbates this challenge, increasing the
risk of information overload. As a result, information is often incomplete or unreli-
able, and even when available, its sheer volume impedes actors’ ability to find
and use the information they need.

Addressing the challenges of shifting information needs and information over-
load requires understanding and leveraging mechanisms that lead to the emer-
gence of effective inter-group information exchange in volatile disaster response
systems. Studying such mechanisms entails investigating how the micro-level
behaviour of actors, together with its possible interplay with meso-level group
characteristics and macro-level inter-group interactions and environmental fac-
tors (e.g., volatility), affects the emergence of effective inter-group information
exchange in disasters. This approach to the study of inter-group disaster infor-
mation sharing is termed Actor-Centred Disaster Information Sharing (ACDIS) in
this thesis, with a particular focus on the implications of micro-level behaviour for
inter-group information exchange. While a few studies have demonstrated the
potential of this approach through case studies, Agent-Based Modelling (ABM), and
disaster simulation exercises, a systematic approach to study disaster information
sharing from an actor-centred perspective is missing. As such, the overarching
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research question addressed by this thesis is: How can actor-centred disas-
ter information sharing that supports coordinated self-organisation be
systematically analysed?.

To answer this question, this thesis develops and demonstrates a methodology
that combines ABM and case study research to study ACDIS across groups in a
systematic manner. To this end, a research through design strategy is adopted,
according to which the main design goal drives a series of design iterations pro-
ducing design artifacts, insights, and directions for the following design iterations.
The following research methods are used throughout these iterations: literature re-
view, interviews and focus groups, content analysis, and modelling and simulation
(ABM in particular).

This thesis addressed four critical knowledge gaps to enable the systematic
study of ACDIS:

(1) An actor-centred conceptual framework that captures the key characteristics
and requirements for disaster information sharing is missing. Such a frame-
work is essential for systematically studying inter-group disaster information
sharing through an actor-centred perspective.

(2) An ABM is missing to study inter-group disaster information sharing through
an actor-centred perspective. This limits the ability to carry out research on
the impact of micro-level behaviour of actors and its potential interplay with
meso and macro level factors on the effectiveness of inter-group information
exchange during disasters.

(3) A rigorous methodology is lacking for developing such an ABM through
qualitative case study research. This methodology is required to balance
the flexibility to capture the nuances of individual cases and phenomena of
interest with the comparability needed to meaningfully compare findings
across cases. The methodology is also required to ensure versatility in
developing both empirical and theoretical models.

(4) The emergence of Informational Boundary Spanners (IBSs) as inter-group
information exchange hubs in disaster contexts remains poorly understood,
limiting the design of strategies for effective inter-group information sharing.
Addressing this requires an actor-centred method to study IBS emergence
and an ABM to simulate this process.

The following paragraphs illustrate how these gaps were addressed. To lay the
foundation to address knowledge gaps (1)-(3), a methodology was developed for
developing conceptual frameworks and ABMs through qualitative inquiry, focused
on a phenomenon of interest, which in this case is ACDIS. This methodology is
divided into two phases: framework development and model development. In the
first phase, a conceptual framework is designed for the phenomenon of interest
that captures its key characteristics and requirements. In the second phase, this
framework is used in combination with a generic model to structure and interpret
qualitative data and rigorously translate it into an ABM. This methodology was
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then applied to the case study of Jakarta, a critical case for studying ACDIS due to
the frequent occurrence of floods and the significant number of organisations and
community groups that need to coordinate while self-organizing in response to
such floods.

To address knowledge gap (1), a conceptual framework was developed for
ACDIS through the methodology based on the case study of Jakarta. A list of
characteristics (and their attributes) were derived from a literature review of the
fields of multi-actor systems, self-organisation, and information management.
Then, these characteristics and attributes were used to design requirements
for ACDIS. These requirements were validated and refined based on the case
study of Jakarta. A conceptual framework was finally developed based on these
requirements, thus filling knowledge gap (1).

To address knowledge gap (2), an ABM of ACDIS was developed through the
methodology again based on the case study of Jakarta. The conceptual framework
was used to analyse qualitative data from the case study to examine system
configuration, self-organized change, and performance in terms of supporting co-
ordinated self-organisation. The results from this analysis guided the development
of an initial conceptual model (system identification and composition), which was
subsequently refined and translated into a computational ABM. This translation
involved structuring and interpreting the results of the analysis through the lens
of the Generic Agent Model to derive agent rules. The outcome was an empirical
model providing a non-reductionist description of ACDIS between the Marunda
community in North Jakarta and other professional response organisations during
the response to a flood. This model distinguished between information needs
of which actors are unaware, defined as latent information needs, and those of
which they are aware, termed known information needs. This distinction has
implications for actors’ information-sharing behaviour, as they cannot actively
seek information if they are unaware of needing it (i.e., if their information needs
are latent).

Simulation results with this model confirmed the initial case study finding that
addressing latent information needs in a timely manner is particularly challenging
and leads to greater information gaps compared to when needs are known. This
finding is actor-centred, as it demonstrates how a micro-level factor - i.e., the pres-
ence of latent information needs and associated information-sharing behaviour —
affects inter-group information sharing by reducing its effectiveness. These results
demonstrated that the methodology enables the development of ABMs to study
disaster information sharing by providing actor-centred insights in this field, thus
addressing knowledge gap (2).

With regards to knowledge gap (3), the application of the methodology to the
case of Jakarta illustrated that this methodology provides the means to maintain
rigour in translating qualitative data into conceptual frameworks and ABMs for
studying ACDIS. Further, the methodology balanced flexibility and comparability by
prescribing to consistently apply the same conceptual framework across cases to
maintain comparability, while enabling to choose generic models (and associated
agent architectures) tailored to the specific case considered to ensure a degree
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of flexibility. Flexibility was also ensured by enabling to develop a conceptual
framework for a phenomenon - i.e., ACDIS - for which such a framework was not
available. Lastly, versatility was achieved by offering guidance for developing
both theoretical and empirical models when studying the phenomenon of interest.
These findings show that the proposed methodology addressed knowledge gap
(3).

Concerning knowledge gap (4), A method was then developed to measure the
emergence of Informational Boundary Spanners (IBSs) from an actor-centred per-
spective, focusing on the micro or individual level. Following this, a theoretical
ABM was developed by abstracting from the previously developed ABM for the
Jakarta case. A potential mechanism for the emergence of IBSs found through
the Jakarta case was incorporated into this model, specifically the ability to learn
which actors provide high-quality information. This mechanism was compared to
a scenario where actors exchange information randomly without learning. The
comparison was explored under varying conditions of environmental volatility, as-
sessing the impact of learning in relation to different levels of information stability
(uncertainty in information sources) and turbulence (the speed of environmental
change).

The results of the simulation were then analysed using the actor-centred method
for measuring the emergence of IBSs. The findings from this analysis show
that, when learning occurs, this leads to the emergence of IBSs that are more
effective in fostering inter-group information exchange compared to random
information exchange. The emergence of effective IBSs through learning relies
on stable information sources and a high level of connectivity across groups to
effectively support inter-group information exchange and promote coordinated
self-organisation and resilience at high levels of environmental volatility. These
findings illustrate that the measurement method in combination with the ABM
enabled to measure and understand the emergence of IBSs through an actor
centred perspective, thus addressing knowledge gap (4).

In sum, this dissertation demonstrated how to systematically analyse disaster
information sharing that supports coordinated self-organisation and resilience
from an actor-centred perspective, thereby addressing the overarching research
question posed in this thesis. It achieved this by developing and testing (a)
a conceptual framework centred on the phenomenon of ACDIS, (b) two ABMs,
that enabled the study of ACDIS, (c) a methodology for studying ACDIS through
agent-based modelling and case study research (which enabled to develop the
conceptual framework and the two ABMs), and (d) a method for measuring and
understanding the emergence of IBSs from an actor-centred perspective based on
ABM simulation results.

Implications for NGOs and public agencies aiming to foster resilience include,
first, designing "smart" push-and-pull information-sharing strategies that account
for latent information needs. Push notifications are effective for addressing latent
information needs but can cause information overload if overused for both latent
and known needs. To prevent this, "smart" push-and-pull strategies should use
push notifications for latent needs and rely on on-demand (pull) sources for known
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needs. However, designing such strategies is non-trivial due to the inherent chal-
lenges of accurately identifying information needs and distinguishing between
latent and non-latent categories. Second, fostering the exchange of relevant
information across groups, thereby supporting coordinated self-organization, can
be facilitated through the emergence of IBSs. This can be achieved in volatile
environments by aggregating information about disruptions into a single, acces-
sible source and by developing and maintaining numerous trusted connections
between communities and professional response organizations.

This thesis demonstrated the potential synergies between collective intelli-
gence and resilience in disaster response through coordinated self-organisation.
It demonstrated how individual-level learning, particularly the ability of actors
to identify high-quality information sources, fosters collective intelligence by
enabling actors from different groups to identify and select effective IBSs who
facilitate the exchange of relevant information across these groups. By promoting
the exchange of high-quality information across groups, these effective IBSs sup-
port coordinated self-organization and enhance resilience’s absorption capacity.
The findings emphasize that collective intelligence, achieved through the iden-
tification and selection of effective IBSs, is crucial for strengthening absorption
during disasters. However, addressing the persistent challenge of misinformation
spread requires further research. Additionally, the synergies between collective
intelligence capabilities — such as sensing, learning, and remembering — and
resilience capacities — including absorption, adaptation, and transformation —
remain insufficiently understood. To address these gap, this dissertation proposed
an agenda on Collective Intelligence for Resilience, aimed at investigating these
synergies in greater depth.






SAMENVATTING

Wanneer rampen toeslaan, treden lokale burgers vaak op als eerste hulpverleners
voordat overheidsinstanties of ngo’s hulp kunnen bieden. Deze eerste respons
leidt tot een rampenresponssysteem dat bestaat uit een flexibel netwerk van orga-
nisaties en groepen, die elk verschillende rollen en verantwoordelijkheden op zich
nemen. De rampbestendigheid van dergelijke systemen, met name hun absorp-
tievermogen, hangt af van hun vermogen om als een samenhangend collectief
te functioneren. Met andere woorden, rampenbestrijdingssystemen moeten blijk
geven van collectieve intelligentie — ofwel het vermogen om complexe problemen
aan te pakken in dynamische en veranderende omgevingen. Dit veerkrachtige en
collectief intelligente gedrag is afhankelijk van een combinatie van codérdinatie
en zelforganisatie, een proces dat in dit proefschrift wordt aangeduid als "ge-
coordineerde zelforganisatie". Centraal in dit proces staat de uitwisseling van
tijdige en relevante informatie, zowel binnen als tussen de groepen die in deze
rampenbestrijdingssystemen opereren.

Het faciliteren van effectieve informatie-uitwisseling tussen groepen tijdens
rampen is echter een uitdaging vanwege het vliuchtige karakter ervan. Deze viuch-
tigheid, die wordt gekenmerkt door snelle en onvoorspelbare veranderingen in de
omgeving, zet actoren ertoe aan zich autonoom aan te passen, wat resulteert in
zelforganisatie - ofwel het spontane ontstaan van nieuwe operationele praktijken,
zoals nieuwe responsgroepen en -rollen. Deze veranderende rollen leiden tot
veranderende informatiebehoeften, waardoor het moeilijk wordt om te bepalen
wie wat nodig heeft en om de juiste informatie aan de juiste actoren te leveren.
De grote hoeveelheid informatie die wordt gegenereerd door de volatiliteit van het
milieu verergert deze uitdaging, waardoor het risico op informatieoverbelasting
toeneemt. Het gevolg is dat informatie vaak onvolledig of onbetrouwbaar is, en
zelfs als deze beschikbaar is, belemmert de enorme hoeveelheid informatie de
actoren in hun mogelijkheden om de informatie die ze nodig hebben te vinden en
te gebruiken.

Om de uitdagingen van veranderende informatiebehoeften en informatieover-
belasting aan te pakken, moeten mechanismen die leiden tot het ontstaan van
effectieve informatie-uitwisseling tussen groepen in onstabiele rampenbestrij-
dingssystemen worden begrepen en benut. Het bestuderen van dergelijke mecha-
nismen houdt in dat onderzocht wordt hoe het gedrag van actoren op microniveau,
samen met de mogelijke wisselwerking met groepskenmerken op mesoniveau en
interacties tussen groepen op macroniveau en omgevingsfactoren (bijv. volatili-
teit), van invloed is op het ontstaan van effectieve informatie-uitwisseling tussen
groepen bij rampen. Deze benadering van de studie van informatie-uitwisseling
tussen groepen bij rampen wordt in dit proefschrift Actor-Centred Disaster Infor-
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mation Sharing (ACDIS) genoemd, met een bijzondere focus op de implicaties
van gedrag op microniveau voor informatie-uitwisseling tussen groepen. Hoewel
enkele studies het potentieel van deze benadering hebben aangetoond door mid-
del van casestudies, Agent-Based Modelling (ABM) en rampsimulatie-oefeningen,
ontbreekt een systematische benadering om informatie-uitwisseling bij rampen
te bestuderen vanuit een actor-gecentreerd perspectief. De overkoepelende on-
derzoeksvraag die in dit proefschrift aan de orde komt is dan ook: Hoe kan
actor-gecentreerde informatiedeling bij rampen die gecoordineerde zelf-
organisatie ondersteunt systematisch worden geanalyseerd?

Om deze vraag te beantwoorden, wordt in dit proefschrift een methodologie
ontwikkeld en gedemonstreerd die ABM en casestudy onderzoek combineert om
ACDIS tussen groepen op een systematische manier te bestuderen. Daartoe
wordt een 'research through design’-strategie toegepast, waarbij het belangrijk-
ste ontwerpdoel een reeks ontwerpiteraties aanzet die artefacten, inzichten en
aanwijzingen voor de volgende ontwerpiteraties opleveren. Tijdens deze iteraties
worden de volgende onderzoeksmethoden gebruikt: literatuuronderzoek, inter-
views en focusgroepen, inhoudsanalyse en modellering en simulatie (met name
ABM).

In deze dissertatie werden vier kritieke kennishiaten aangepakt om de systema-
tische studie van ACDIS mogelijk te maken:

(1) Er ontbreekt een actorgericht conceptueel kader dat de belangrijkste ken-
merken en vereisten voor rampeninformatiedeling vastlegt. Een dergelijk
raamwerk is essentieel voor het systematisch bestuderen van rampeninfor-
matiedeling tussen groepen door een actor-gecentreerd perspectief.

(2) Een ABM ontbreekt om inter-groep rampen informatiedeling te bestuderen
vanuit een actor-gecentreerd perspectief. Dit beperkt de mogelijkheid om
onderzoek te doen naar de impact van gedrag van actoren op microniveau
en de mogelijke wisselwerking met factoren op meso- en macroniveau op
de effectiviteit van informatie-uitwisseling tussen groepen tijdens rampen.

(3) Er ontbreekt een rigoureuze methodologie voor het ontwikkelen van een
dergelijk ABM door middel van kwalitatief case study onderzoek. Deze
methodologie is nodig om een evenwicht te vinden tussen de flexibiliteit
om de nuances van individuele gevallen en fenomenen van belang vast
te leggen en de vergelijkbaarheid die nodig is om bevindingen zinvol te
vergelijken tussen verschillende gevallen. De methodologie is ook nodig om
veelzijdigheid te garanderen bij het ontwikkelen van zowel empirische als
theoretische modellen.

(4) De opkomst van Informational Boundary Spanners (IBSs) als knooppun-
ten voor informatie-uitwisseling tussen groepen in rampencontexten blijft
slecht begrepen, wat het ontwerp van strategieén voor effectieve informatie-
uitwisseling tussen groepen beperkt. Om dit aan te pakken is een actor-
gecentreerde methode nodig om de opkomst van IBS te bestuderen en een
ABM om dit proces te simuleren.
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De volgende paragrafen laten zien hoe deze lacunes zijn aangepakt. Om de
basis te leggen voor het aanpakken van kennishiaten (1)-(3), werd een metho-
dologie ontwikkeld voor het uitwerken van conceptuele raamwerken en ABM’s
door middel van kwalitatief onderzoek, gericht op ACDIS. Deze methodologie
is verdeeld in twee fasen: ontwikkeling van een raamwerk en een model. In
de eerste fase wordt een conceptueel raamwerk ontworpen voor het fenomeen
waarin de belangrijkste kenmerken en vereisten worden vastgelegd. In de tweede
fase wordt dit raamwerk gebruikt in combinatie met een generiek model om kwali-
tatieve gegevens te structureren en te interpreteren en rigoureus te vertalen naar
een ABM. Deze methodologie werd vervolgens toegepast op de casestudy van
Jakarta, een kritieke casus voor het bestuderen van ACDIS vanwege de frequente
overstromingen en het aanzienlijke aantal organisaties en gemeenschapsgroepen
die moeten codrdineren en zichzelf moeten organiseren als reactie op dergelijke
overstromingen.

Om kennishiaat (1) op te vullen, werd een conceptueel raamwerk ontwikkeld
voor ACDIS door middel van de methodologie gebaseerd op de casestudie van
Jakarta. Een lijst van kenmerken (en hun attributen) werd afgeleid uit een li-
teratuuronderzoek op het gebied van multi-actor systemen, zelforganisatie en
informatiebeheer. Vervolgens werden deze kenmerken en eigenschappen gebruikt
om vereisten voor ACDIS te ontwerpen. Deze vereisten werden gevalideerd en
verfijnd op basis van de casestudie van Jakarta. Uiteindelijk werd een conceptueel
raamwerk ontwikkeld op basis van deze vereisten, waarmee kennishiaat (1) werd
opgevuld.

Om kennishiaat (2) aan te pakken, werd een ABM van ACDIS ontwikkeld via de
methodologie, opnieuw gebaseerd op de casestudie van Jakarta. Het conceptuele
raamwerk werd gebruikt om kwalitatieve gegevens van de casestudy te analyse-
ren om de systeemconfiguratie, zelfgeorganiseerde verandering en prestaties te
onderzoeken in termen van ondersteuning van gecooérdineerde zelforganisatie.
De resultaten van deze analyse gaven richting aan de ontwikkeling van een eerste
conceptueel model (systeemidentificatie en -samenstelling), dat vervolgens werd
verfijnd en vertaald naar een computationeel ABM. Deze vertaling bestond uit
het structureren en interpreteren van de resultaten van de analyse door de lens
van het Generic Agent Model om agentregels af te leiden. Het resultaat was
een empirisch model dat een niet-reductionistische beschrijving geeft van ACDIS
tussen de Marunda-gemeenschap in Noord-Jakarta en andere professionele hulp-
verleningsorganisaties tijdens de respons op een overstroming. Dit model maakte
onderscheid tussen informatiebehoeften waarvan actoren zich niet bewust zijn,
gedefinieerd als latente informatiebehoeften, en informatiebehoeften waarvan ze
zich wel bewust zijn, aangeduid als bekende informatiebehoeften. Dit onderscheid
heeft gevolgen voor het informatie-uitwisselingsgedrag van actoren, omdat ze
niet actief op zoek kunnen gaan naar informatie als ze niet weten dat ze die nodig
hebben (ofwel als hun informatiebehoeften latent zijn).

Simulatieresultaten met dit model bevestigden de eerste casestudiebevinding
dat het tijdig aanpakken van latente informatiebehoeften bijzonder lastig is en leidt
tot grotere informatielacunes in vergelijking met wanneer de behoeften bekend
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zijn. Deze bevinding is gericht op actoren, omdat het aantoont hoe een factor
op microniveau - ofwel de aanwezigheid van latente informatiebehoeften en het
bijbehorende informatie-uitwisselingsgedrag - de informatie-uitwisseling tussen
groepen beinvioedt door de effectiviteit ervan te verminderen. Deze bevindingen
tonen aan dat de methodologie de ontwikkeling van ABM’s voor het bestuderen
van informatiedeling bij rampen mogelijk maakt door actor gecentreerde inzichten
op dit gebied te bieden, waarmee kennishiaat (2) wordt aangepakt.

Met betrekking tot kennishiaat (3) liet de toepassing van de methodologie op
de casus Jakarta zien dat deze methodologie de middelen biedt om striktheid te
handhaven bij het vertalen van kwalitatieve gegevens naar conceptuele raam-
werken en ABMs voor het bestuderen van ACDIS. Verder bracht de methodologie
flexibiliteit en vergelijkbaarheid in balans door consequent hetzelfde conceptuele
raamwerk toe te passen in verschillende casussen. Daarmee blijft de vergelijk-
baarheid behouden, terwijl het tevens mogelijk is om generieke modellen (en
bijbehorende agentarchitecturen) te kiezen afgestemd op de specifieke casus om
een zekere mate van flexibiliteit te waarborgen. Flexibiliteit werd ook gewaarborgd
door het mogelijk te maken een conceptueel raamwerk te ontwikkelen voor een
fenomeen - ofwel actor-gecentreerde informatiedeling bij rampen - waarvoor een
dergelijk raamwerk niet beschikbaar was. Tot slot werd veelzijdigheid bereikt door
richtlijnen te bieden voor het ontwikkelen van zowel theoretische als empirische
modellen bij het bestuderen van het fenomeen van belang. Deze bevindingen
tonen aan dat de voorgestelde methodologie kennishiaat (3) heeft aangepakt.

Met betrekking tot kennishiaat (4) werd vervolgens een methode ontwikkeld
om de opkomst van Informational Boundary Spanners (IBSs) te meten vanuit
een actor-gecentreerd perspectief, gericht op het micro- of individuele niveau.
Vervolgens werd een theoretisch ABM ontwikkeld door te abstraheren van het
eerder ontwikkelde ABM voor de Jakarta-casus. Een potentieel mechanisme voor
het ontstaan van IBS’en dat werd gevonden in de Jakarta-casus werd opgenomen
in dit model, met name de mogelijkheid om te leren welke actoren informatie
van hoge kwaliteit leveren. Dit mechanisme werd vergeleken met een scenario
waarin actoren willekeurig informatie uitwisselen zonder te leren. De vergelijking
werd onderzocht onder verschillende omstandigheden van volatiliteit, waarbij het
effect van leren werd beoordeeld in relatie tot verschillende niveaus van informa-
tiestabiliteit (onzekerheid in informatiebronnen) en turbulentie (de snelheid van
milieuverandering).

De resultaten van de simulatie werden vervolgens geanalyseerd met behulp
van de actor-gecentreerde methode voor het meten van de opkomst van IBSs.
De bevindingen van deze analyse laten zien dat, wanneer leren optreedt, dit
leidt tot het ontstaan van IBS’en die effectiever zijn in het bevorderen van
informatie-uitwisseling tussen groepen in vergelijking met willekeurige informatie-
uitwisseling. Het ontstaan van effectieve IBSs door leren is afhankelijk van stabiele
informatiebronnen en een hoog niveau van connectiviteit tussen groepen om de
uitwisseling van informatie tussen groepen effectief te ondersteunen en geco-
ordineerde zelforganisatie en veerkracht te bevorderen bij hoge niveaus van
volatiliteit van de omgeving. Deze bevindingen illustreren dat de meetmethode in
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combinatie met het ABM het mogelijk maakte om het ontstaan van IBS’en te me-
ten en te begrijpen vanuit een actor-gecentreerd perspectief, en zo de kennishiaat
(4) te dichten.

Samengevat laat dit proefschrift zien hoe informatie-uitwisseling bij rampen,
die gecoodrdineerde zelforganisatie en veerkracht ondersteunt, systematisch kan
worden onderzocht en geanalyseerd vanuit een actor-gecentreerd perspectief,
waarmee de overkoepelende onderzoeksvraag van dit proefschrift werd beant-
woord. Dit werd bereikt door het ontwikkelen en testen van (a) een conceptueel
raamwerk gericht op het fenomeen ACDIS, (b) twee ABMs, die de studie van ACDIS
mogelijk maakten, (c) een methodologie voor het bestuderen van ACDIS door
middel van agent-based modelling en case study onderzoek (die het mogelijk
maakte om het conceptuele raamwerk en de twee ABM'’s te ontwikkelen), en (d)
een methode voor het meten en begrijpen van de opkomst van IBSs vanuit een
actor-gecentreerd perspectief gebaseerd op ABM simulatieresultaten.

Implicaties voor NGO’s en overheidsinstanties die veerkracht willen bevorde-
ren zijn, ten eerste, het ontwerpen van “slimme” push-and-pull strategieén voor
het delen van informatie die rekening houden met latente informatiebehoeften.
Pushberichten zijn effectief om te voorzien in latente informatiebehoeften, maar
kunnen een overload aan informatie veroorzaken als ze te veel worden gebruikt
voor zowel latente als bekende behoeften. Om dit te voorkomen zouden “slimme”
push-and-pull strategieén pushberichten moeten gebruiken voor latente behoef-
ten en moeten vertrouwen op bronnen op aanvraag (pull) voor bekende behoef-
ten. Het ontwerpen van dergelijke strategieén is echter niet-triviaal vanwege de
inherente uitdagingen om informatiebehoeften nauwkeurig te identificeren en
onderscheid te maken tussen latente en niet-latente categorieén. Ten tweede kan
het bevorderen van de uitwisseling van relevante informatie tussen groepen, waar-
door gecodrdineerde zelforganisatie wordt ondersteund, worden vergemakkelijkt
door het ontstaan van IBS’en. Dit kan worden bereikt in instabiele omgevingen
door informatie over rampen samen te brengen in één enkele, toegankelijke bron
en door het ontwikkelen en onderhouden van talrijke betrouwbare verbindingen
tussen gemeenschappen en professionele responsorganisaties.

Deze dissertatie toont de potentiéle synergie aan tussen collectieve intelligentie
en veerkracht bij rampenbestrijding door middel van gecodrdineerde zelforga-
nisatie. Het laat zien hoe leren op individueel niveau, met name het vermogen
van actoren om informatiebronnen van hoge kwaliteit te identificeren, collectieve
intelligentie bevordert door actoren uit verschillende groepen in staat te stellen
om effectieve IBS’en te identificeren en te selecteren die de uitwisseling van
relevante informatie tussen deze groepen vergemakkelijken. Door de uitwisseling
van hoogwaardige informatie tussen groepen te bevorderen, ondersteunen deze
effectieve IBS’en gecoordineerde zelforganisatie en vergroten ze het absorptiever-
mogen van veerkracht. De bevindingen benadrukken dat collectieve intelligentie,
bereikt door de identificatie en selectie van effectieve IBS’en, cruciaal is voor
het versterken van absorptie tijdens rampen. Om het hardnekkige probleem
van de verspreiding van verkeerde informatie aan te pakken, is echter verder
onderzoek nodig. Bovendien is er nog onvoldoende inzicht in de synergie tussen
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collectieve intelligentiecapaciteiten - zoals waarnemen, leren en onthouden - en
veerkrachtcapaciteiten - waaronder absorptie, aanpassing en transformatie. Om
deze lacunes aan te pakken, komt dit proefschrift tot een agenda voor Collectieve
Intelligentie voor Veerkracht, gericht op het diepgaander onderzoeken van deze
synergién.



APPENDIX A: GENERIC AGENT MODEL
(GAM)

This appendix provides a brief description of the Generic Agent Model designed
by Brazier et al. [1] based on the weak notion of agent introduced by Wooldridge
et al. [2, 3]. This appendix focuses specifically on GAM’s process composition.
Further details including the generic model’s knowledge composition can be
found in [1]. A generic model’s process composition includes the models’ task
hierarchy (abstracted tasks and their sub-tasks), tasks’ inputs and outputs, tasks’
information exchange (executed through information links among tasks), and task
control knowledge (capturing the sequencing of tasks).

1. PRocEss COMPOSITION

1.1. TASK HIERARCHY

The task hierarchy of GAM includes only two hierarchical levels, namely that of
the agent and the abstracted tasks (or components) carried out by the agent.
Such abstracted tasks are the Own Process Control (OPC), Agent Interaction
Management (AIM), World Interaction Management (WIM), Maintenance of Agent
Information (MAI), Maintenance of World Information (MWI), and Agent Specific
Tasks (AST) (see figure 1).

Agent Own Process Control (OPC)

Agent Interaction Management (AIM)

World Interaction Management (WIM)

Maintenance of Agent Information (MAI)

Maintenance of World Information (MWI)

Agent Specific Task (AST)

Figure 1: Task hierarchy of the Generic Agent Model (GAM).

The OPC component maintains a self-model of the agent (i.e. a model of the
agents’ goals and, in general, of the characteristics that distinguish them), and
carries out decisions to trigger further tasks that are performed by other compo-
nents of GAM. The AIM component executes interactions with other agents such
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as receiving or sharing information e.g. when requested to do so by the OPC.
The WIM component carries out interactions with the environment or world such
as performing observations of the environment. The MAlI component maintains
information regarding other agents that the agent may use to carry out other tasks
(such as deciding who to cooperate with, Cf. [4]) and provides this information
to other tasks when requested to do so. The MWI task stores information from
the environment (e.g. shocks and announcements) that the agent finds relevant
and provide it to other tasks or agents when this information is requested by
other tasks. Finally, the AST task is associated with domain-specific tasks an
agent carries out such as combining different pieces of information to obtain new
information [4].

1.2. TASK INPUT AND OUTPUT
The tasks’ inputs and outputs for GAM are shown in table 1.

Task (or process) Input information types Output information types

own process control belief info own characteristics

agent interaction management incoming communication info, own outgoing communication info,
characteristics, belief info maintenance info

world interaction management observation result info, own char-  observation info, action info, main-
acteristics, belief info tenance info

maintenance of agent information agent info agent info

maintenance of world information world info world info

Table 1: GAM’s input and output information types, from [1].

1.3. INFORMATION EXCHANGE

The information exchange among tasks is defined by information links among
tasks that enable the exchange of information. Figure 2 shows the tasks included
in GAM (according to the task hierarchy) and their information links used for
information exchange.

1.4. TASK CONTROL KNOWLEDGE

Task control knowledge defines the conditions under which particular tasks are
carried out, and the goals or targets associated with the activation of tasks. In
practice, such a knowledge is represented as a set of rules capturing the trigger-
ing knowledge states (or activation conditions) under which a task is executed,
the task that is executed, the target (or goal) that determines when the task is
concluded, and possibly other statements capturing e,g. the activation of infor-
mation sharing links that enable to share information among tasks. Triggering
knowledge states can e.g. be associated with the activation of a parent task or
agent, or the availability of new input information through an information link
that provides input to the considered task. The following pseudo code shows the
general structure of task control knowledge.
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Figure 2: Information exchange among GAM'’s tasks [1].

if activation_condition
then next_component_state (task_to_execute_name, active)
and next_target_set (target_name)

In the case of GAM, only the agent has sub-tasks (e.g. OPC, AIM, etc.). All of
these tasks are primitive, meaning they do not have sub-tasks. As such, the task
control knowledge included in GAM only pertains to the agent (represented as
"Agent task control" in figure 2). GAM’s task control knowledge dictates that all
tasks and information links are activated at the beginning of the simulation. This
means in practice that all tasks process incoming information as soon as it is
received as an input by the task (in an asynchronous manner). The following
pseudo code shows the task control knowledge for two tasks and one information
sharing link among them all of which are included in GAM (Cf. figure 2). Task
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control knowledge for the remaining tasks and links (shown in figure 2) is specified
according the same structure as that shown in the example below.

if start
then next_component_state (own_process_control, awake)

if start
then next_component_state (agent_interaction_management, awake)

if start
then next_link_state (own_process_info_to_wim, awake)



(1]

(2]

(3]

(4]
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APPENDIX B: OVERVIEW, DESIGN
CONCEPTS AND DETAILS OF THE
DESCRIPTIVE ABM

1. PURPOSE

This model is intended to study how the way information is collectively managed
(i.e. shared, collected, processed, and stored) in a system performs during a
crisis or disaster. Performance is assessed in terms of the system'’s ability to
provide the information needed to the actors who need it when they need it.
There are two main types of actors in the simulation, namely communities and
professional responders. Their ability to exchange information is crucial to improve
the system’s performance as each of them has direct access to only part of the
information they need.

This model has a descriptive purpose [1]. Specifically, the purpose is to capture
knowledge regarding disaster information management from literature, previously
existing models and case study research. The considered case or system is the
Marunda community of north-east Jakarta and other professional responders that
may exchange information with the community. The community and professional
responders have to respond to a disaster (a flood).

2. ENTITIES, PROPERTIES, STATES, AND TASKS

Figure 1 shows the entities considered in the model, their properties as in the
constant characteristics that describe them, the state variables as in the variables
that capture the current state of an entity, and the tasks (or methods) these
entities carry out.

2.1. TYPES OF ACTORS: COMMUNITIES AND PROFESSIONALS

There are two main types of actors in the simulation: communities and professional
responders.

Communities are placed in the disaster-struck area on right side of the modelled
world (see figure 2). Such area is divided administratively in RTs (neighbourhood
units), RWs (community units, made of RTs), and the administrative village (made
of RWs). The considered disaster affected area does not include the whole admin-
istrative village of Marunda, but only only 3 of its RWs: 7,10 and 11. Community
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Figure 1: Description of entities, their properties, states and tasks in disaster Information Management (IM) both in general
and for the case study of Marunda.
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members are hierarchically organized from bottom to top of the hierarchy in
community members, RT leaders, RW leaders and the village leader (figure 1
summarizes the last three as "community leader" for simplicity).

Professionals responders are placed on the left side of the world (see figure 2).
They are divided in different groups: the BPBD (provincial disaster management
organisation of the Jakarta Greater Area) and NGOs that participate in the response
to floods (e.g. the Red Cross). Each of these groups is divided hierarchically in
field operators, tactical operators, and the leader. Field operators can be deployed
(transferred) to the disaster affected area to help.

Professional responders Disaster-struck Marunda RW 07, 10 & 11

leader bpbd
leader ngo 1

leader ngo 2

tactica| ngo 2

tactica| ng
, tactical ng
leader ngo 3 ical ng

leader ngo 4

leader ngo 5

Figure 2: Modelled world. The blue area to the right corresponds to a flood diver-
sion canal and the adjacent uninhabited area.

2.2. TYPES OF EVENTS: SHOCKS AND ANNOUNCEMENTS

There are two types of events: shocks and announcements. Shocks occur within
the considered disaster affected area (right side of the world cf. Figure 2). They
represent the cascading consequences of the initial occurrence of a disaster. All
responding actors (both communities and professionals) need to find out about
shocks. As shocks occur within the disaster affected area, they are easier to find
for communities (and field operators when deployed to the disaster-struck area)
than for the professional responders who are not physically there.

Announcements represent the pieces of information that are relevant for all ac-
tors in the simulation but cannot be found in the disaster affected area. Examples
of announcements could be a flood warning, or an update of an incoming hurricane.
Announcements are more readily available for professional responders than for
communities. Specifically, they can be accessed through the announcements-post
object by all professional responders (in the left side of the world see Figure 2)
while communities can only receive this information when it is shared by profes-
sional responders.
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2.3. TYPES OF INFORMATION NEEDS: LATENT AND KNOWN

There are two types of information needs: latent and known. Latent (or unknown)
information needs are those that the actors are not aware of. As such, the actors
cannot actively look for the information they need. Conversely, known information
needs are those the actors are aware of and can therefore actively look for the
related information. In the simulation, each event (shock or announcement) comes
with updates. The event itself is associated with one unknown information need.
Conversely, the updates on the event constitute (potentially) known information
needs as the actors can become aware of the event, but can expect that follow-up
updates will be available.

2.4. OBJECTS

Objects are introduced in the model to represent all non-actor entities that con-
tribute to the exchange of information. Actors can access an object when they
have an object-link to it. When pressing the "make-links" button the object-links
are shown in grey in the model interface. Four objects are introduced in the model,
as in the following.

* The traditional media object is used to represent the role of the press. Only
professionals can post to the object but everybody can access it. Information
posted to the traditional media object is filtered of (a) information associated
with events that are no longer active and (b) irrelevant information (also
called noise). The release of the posted information is delayed under the
assumption that verifying information takes time.

* The social media object represents the role of social media platforms such as
Facebook and Instagram. Everyone can post to and access information from
this object. External noise is injected in the social media object regularly to
simulate irrelevant information incoming from outside the system.

* The announcement posts object represents sources of information from
outside the system that are relevant for the actors in the system.

* The group chat object represents a WhatsApp group that the community
uses to exchange information during floods.

2.5. IRRELEVANT INFORMATION: NOISE

Noise represents information that is irrelevant for all the actors. The presence of
such information can contribute to overwhelm the actors with information, thus
possibly affecting their ability find and exchange the information needed. Two
types of noise are included in the model:

e Internal noise: the irrelevant information shared by the agents in the simula-
tion to other agents and objects.
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* External-noise: irrelevant information being injected in the system from the
outside world. Such external noise it regularly injected (or posted) within the
social media object.

3. SCALES

The model adopts the following temporal and spatial scales.

Regarding the temporal dimension, one tick or time interval of simulation cor-
responds to 10 minutes in the real world. This time step was chosen to capture
to volatility and extreme variability of disaster response, in which new disruptive
events may occur and new information may become available very often. The
duration of the simulation is set in days and can be defined by the user. This is
because the duration of a flood in Marunda can span one or more days.

In terms of spatial dimensions, the geospatial area of the considered disaster
struck area is of 7.92 Km? and it is divided in a total of 19991 patches. As such,
1 patch corresponds to an area of 396 m? and a diagonal of 28 m. This scale is
important when setting parameters such as agent vision and shock areal influence.

4. PROCESS OVERVIEW AND SCHEDULING

In a nutshell, the following occurs during a simulation. Due to a disaster, a series
of randomly occurring disruptive events takes place. The actors in the simulation
need to keep track of such events. Specifically, each event generates information
needs for the different actors, which increases the information gaps (i.e. the
"piles" of unaddressed information needs). In order to reduce the information
gaps, the actors need to "discover" the pieces of information they need. The
desired behaviour or performance of the system is to keep the information gaps
as low as possible, which is to address as many information needs as possible as
they occur. The processes and their scheduling is shown at an aggregate level in
the following:

1. Manage events & needs: releases disruptive events (shocks and announce-
ments) and adds the associated information needs for the actors that would
find that particular event relevant.

2. Manage Objects: release delayed and filtered information that was previously
shared to the traditional media object by professional responders.

3. Manage Actors’ Activities: decides upon (a) the actors’ information manage-
ment activities (collecting, processing, and sharing), (b) whether community
members decide to become responders, and (c) requests or provision of
assistance across communities and professional responders.

4. Manage Noise: releases external noise in the social media object.

5. Compute output variables: calculates Relevance and Timeliness gaps in
total, for latent and known needs, and for communities and professionals.
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5. DESIGN CONCEPTS

5.1. EMERGENCE

The model was designed to study the emergence of patterns in the relevance
and timeliness information gaps when two loosely connected groups, namely
professional responders and communities, need to share information to address
their information needs in the response to a disaster. These patterns are emergent
as they result from the individual actions of autonomous agents representing
actors, given their connections to other agents and the occurrence of disruptive
events. Adaptation and fitness are not considered in this model.

5.2. SENSING

When looking for information in proximity, the actors in the disaster-struck area
can sense when there are active shocks or other actors in the surroundings.
Further, when affected by a given shock, the actors can sense it and share such
information. Finally, when processing information ("receive info" in figure 1), the
actors become aware when they find information that addresses their information
needs and/or that may address the needs of others.

5.3. INTERACTIONS

Actors interact by sharing and collecting information from other actors and from
the environment. Specifically, an actor can share and collect information in the
following ways.

e In proximity: if the actor is placed in the disaster struck area (see figure 2)
it can share or collect information in proximity. Specifically the actor can
collect from the surrounding environment or by having an in-person meeting
with other actors within the "agent-vision" radius.

¢ |In remote: the actor can share or collect information from the other actors
and objects the actor has connections with.

5.4. STOCHASTICITY

The altruism parameter was considered as a probability and was extracted from a
uniform probability distribution. This is to account for the diversity that different
actors can have in the community (or "demographic noise" [2]).

Stochasticity was also included in the setup of the social networks within and
across communities and professional responders. This is to consider the uncer-
tainty deriving from the fact that social networks were not deduced from data.

Further, stochasticity was used to determine the outcomes of the activities
carried out by the actor during the simulation. For instance, the actors randomly
choose which other agents to collect and share information from/to. This is a
deliberate simplification. It is assumed that the actors do not prioritize particular
sources or recipients of their information based on who or what they are. However,
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the preferences of the actors are still to some extent accounted for as the actors
can only share information in remote through their previously existing connections
(structures, networks, and object links).

5.5. COLLECTIVES

The actors are grouped in two main collectives: communities and professional
responders. The model is engineered so that - to keep information gaps low -
the actors within the system need to exchange information about shocks and
announcements across the boundaries of these two collectives (cf. Section 2.2).
Effectively sharing information across this two collectives is indeed a recognized
challenge in disaster management.

5.6. OBSERVATIONS: INFORMATION GAPS

The performance of the system is measured in terms of the information gaps.
The lower the information gaps are kept along the simulation, the higher the
performance of the system will be.

There are two types of information gaps: relevance and timeliness gaps. Infor-
mation relevance is associated with addressing information needs of the actors
without any time limitation. Information timeliness is associated with addressing
information needs before it is too late to act upon that information. To account
for timeliness, the information needs in the model are assigned an expiration
time. As such, timely information is that which is received by the actors before the
expiration of the associated information needs. When an information need expires
it can no longer be addressed on time and thus it cannot reduce the timeliness
gap. However, this information can still address the information need and reduce
the relevance gap. As such, the timeliness gap is always equal or higher than the
relevance gap.

6. MODEL INITIALIZATION

When pressing the button "Setup" the model is initialized with the input data and
parameters of choice according to the following procedure.

1. The world is setup according to the geospatial data provided as input (see
Section 7).

2. The agents representing the actors are set and positioned on the map also
according to the geospatial data.

3. The objects are created and, the actor’s access to such objects is set through
object links.

4. The Networks of each actor in the disaster-affected area is setup consider-
ing preferential attachment, triadic closure, and proximity as a proxy for
homophily (resulting in scale free networks).



204 Appendix B: Overview, Design Concepts and Details of the descriptive ABM

5. The Structures are setup according to the predefined and hierarchical ar-
rangements for information sharing.

6. The events are setup as lists containing their time of occurrence, duration
and the associated updates.

7. The external noise is setup as a list containing the number of noise instances
to be introduced at each time step.

8. The global variables used to calculate information gaps as set to 0.

The lists describing events and noise are set to be always the same given the
same set of parameters (i.e. they are set with the same random seed). This is to
ensure comparability across different simulations.

7. MODEL INPUT

The input data is geospatial information (shapefiles) on the administrative bound-
aries of RWs 07, 10 and 11 and of the associated RTs in the Marunda community.
Such information is used to setup the world and it division in disaster struck area
and area of the professional responders.

The shapefiles also include information on the number of inhabitants of age
above 13 years old within each boundary. This information is used to create
as many community members within each RW and RT administrative boundary
during the model initialization.

8. SUB-MODELS

8.1. MANAGE EVENTS & NEEDS
This sub-model includes the following steps:

1. check if there are new events and set them as active.

2. Add latent information needs associated with new events to the actors for
which the events are relevant. Shocks are relevant for all professional
responders. Shocks are also relevant for community members who decide
to become responders (see next section). Announcements are relevant for
everyone in the simulation.

3. Update event duration. If the duration of any of the currently active events
is over, set them as inactive and remove them from the system. In the case
of shocks, actors become no longer responding to or affected by the shocks
that became inactive.

4. If there are any active events, check if there is an update to be released.

5. Add known information needs associated with the new update to the actors
for which the update on the event is relevant (same as for latent information
needs).
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8.2. MANAGE ACTORS’ ACTIVITIES
This sub-model includes the following steps:

1. Randomly choose whether to process the received info or collect new info.

a) Processing received info: evaluates if the information addresses any of
the actor’s information needs

b) Collecting new info: If the actor does not have any known information
needs it can check the surrounding environment and possibly find
shocks (if in the disaster affected area). Else, if the actor has known
information needs, it randomly picks whether to collect from actors in
proximity, from the surrounding environment, from actors in its network,
or from one of the objects it has access to.

2. Become responder: Check if community members who become aware of a
shock while collecting or processing received info decide to become respon-
ders based on their altruism.

3. Share information:

a) If any relevant information was found the actors share it to one of the
following (randomly chosen): nearby actors, actors in their networks,
or objects to which they are linked.

b) If no relevant information was found, the actors share irrelevant infor-
mation (internal noise).

4. Request and Send Assistance (more in the following section).

8.3. REQUEST AND SEND ASSISTANCE

Community members request for assistance via their community leaders to the
government, who then deploys field operators and ask other NGOs to contribute.
This process is simulated as in the following.

1. Communities request help:

a) Itis assumed that the RW leader will share a request for assistance when
it finds that too many shocks and announcements are occurred since
the beginning of the simulation (more than 10). When this threshold is
passed, the RW leader requests help to the village leader.

b) The village leader takes an hour to make a decision and then requests
assistance to the leader of the provincial disaster management organi-
sation BPBD.

2. Professional responders provide help:

a) the leader of BPBD takes an hour to decide. Then, it joins the response
on behalf of its group and deploys (transfers) a number of field operators
to the disaster affected area (from the left to the right side of the world,
cf. Figure 2).
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b) The professional responder that have been deployed take an hour to
reach the disaster affected area.

c) The leader of BPBD can also ask other NGOs to join the response and
deploy their field operators.

8.4. COMPUTE INFORMATION GAPS
The relevance and timeliness gaps are calculated as in the following.

s (info needs i (t) — info needs addressed i (t))

Relevance Gap (t) =
Nactors

acors (info needs i (t) — info needs addressed on time i (t))

k=1
Ngctors

Timeliness Gap (t) =

(2)
Where:

° Ngetors = total number of actors in the simulation;

* info needs ;. (t) = total information needs received by the actor k at the
simulation time (t).

* info needs addressed i (t) = total information needs addressed for the actor
k at the simulation time (t)

* info needs addressed on time i (t) = total information needs addressed before
their expiration for the actor k at the simulation time (t)

The last three variables are globals that are updated at key points in the model
narrative i.e. when new information needs are added to an actor as a consequence
of the occurrence of a new event and when the actors finds information that
addresses their needs.

9. SOURCE CODE AND DATA
The model code and input data can be found on the CoMSES computational model

library by searching for "Share: bottom-up disaster information management" (or
click the link here).


https://www.comses.net/codebases/a7c3bb63-258b-4a4c-9f58-4f42ec0dfd86/releases/1.0.0/
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APPENDIX C: LEARNING MECHANISM

To implement the learning mechanism introduced in Section 6.4.1 and mentioned
in Proposition 2, this study relies on a reinforcement learning algorithm. Specifi-
cally, Q-learning [1, 2] was chosen given it enables agents to develop information
collection preferences over time through a series of information collection activi-
ties, as introduced in Proposition 1. The following formula is used to update the
expected reward resulting from collecting information from each of the agents’
contacts.

Q(st.a) « (1-a) - Q(s, ar) + a- R(S¢x1, a) (1)
Where:

* Q(s¢, a;) = expected reward for the action a (collecting information from a
particular contact) at a given observed state s of the environment (respond-
ing to a disaster). In practice, Q represents the extent to which the agent
expects that a particular contact will provide information that can address
its information needs.

* a = learning rate determining the relative importance of the quality of
the new information provided by contacts compared to the quality of the
information provided so far by the contacts.

* R(st+1,a) = actual reward obtained by the agent through carrying out the
information collection action a given its information collection state s. In
this study, this reward is 1 when the collected information addresses the
collecting agent’s information needs, and 0 otherwise.

The agents are assumed to be myopic, meaning that they do not consider the
strategic pursuit of long-term high rewards. Rather, the agents simply consider
current rewards in their learning process. As such, the value of the discount factor
is equal to 0 (and thus not displayed in the equation above).

An agent’s information collection preferences are represented by the proba-
bilities of the agent choosing each of its contacts as its information collection
source. Such probabilities are computed for each contact as the ratio of the Q
value associated with the contact, divided by the sum of all Q values associated
with all of the agent’s contacts. As such, a higher Q value (expected reward)
compared to other contacts, entails that the agent will be more likely to choose
such contact among the others when collecting information.
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APPENDIX D: STUDYING EMERGENT
IBSS WITH DIFFERENT THRESHOLDS

Experiment 0 showed that multiple thresholds enable to individuate IBSs can-
didates that significantly contribute to inter-group information exchange, thus
qualifying as emergent IBSs. Further analysis is needed to determine if such differ-
ent thresholds yield the same results in the study of IBSs emergence. In this case,
providing the same results means that the conclusions regarding IBSs emergence
remain the same, i.e. the propositions remain supported by experimental results
independently from the thresholds adopted.

In this appendix, the data from Experiments 1 to 3 is analysed through six
different thresholds deemed adequate to capture emergent IBSs, namely the 30th,
40th, 60th, 70th, and 80th percentiles in the FEs distribution (Cf. Experiment 0
- Results Section). The following paragraphs compare the results obtained with
these thresholds for each experiment. The appendix considers only the number
of emergent IBSs and not their effectiveness in fostering inter-group information
exchange. This is because IBSs effectiveness is independent from the threshold
adopted and remains the same as detailed in Sections 6.7.2, 6.7.3, and 6.7.4..

Figure 1 shows the results of Experiment 1 and illustrates a comparison between
the influence of LN compared to RC on the emergence of IBSs when adopting
different thresholds. Despite quantitative variations, LN consistently produces
more IBSs than RC, thereby supporting Proposition 1 regardless of the threshold
used.
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Mechanism Mechanism Mechanism Mechanism Mechanism Mechanism

w
S

# 1BSs emerged
= ~
> S

o
o
o
o
o
=3

Figure 1: Experiment 1: comparison of the number of emergent IBSs obtained
with different thresholds ranging from the 30th (first figure on the left)
to the 80th (last figure on the right) percentiles for the two information
collection mechanisms LN (LearNing) and RC (Random Collection).

Figure 2 presents the results of Experiment 2, comparing the number of emer-
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Figure 2: Experiment 2: comparison of the number of emergent IBSs obtained for
LearNing (LN) and Random Collection (RC) with the 30th, 40th 50th, 60th,
70th, and 80th percentiles (each represented by one row) and different
numbers of stable and unstable information becoming relevant for the
groups during each day of simulation (captured in the three columns).
While the composition is different, the total number of daily relevant
information remains constant at 20 pieces of information per day.

gent IBSs observed with different thresholds for RC and LN when varying the
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stability of the information origin. In the figure, each row represents the results ob-
tained with one threshold, while the columns represents varying levels of stability,
namely stable (only announcements), a combination of unstable and stable (both
announcements and shocks), and unstable (only shocks) information. As can be
observed by comparing the figures in each row from the from left to right, an in-
creasing number of shocks (unstable information origin) compared to the number
of announcements (stable information origin) reduces the impact of learning on
fostering the emergence of more IBSs. This observation supports proposition 2
and holds across all thresholds.

Further, with only unstable information (right column), learning minimally im-
pacts the number of emerged IBSs, with effects varying by threshold. From
the 40th to the 70th percentiles, LN has no significant influence on IBS emer-
gence. However, the lowest and highest thresholds (respectively the 30th and
80th percentiles) produce different and conflicting results. Precisely, with the
30th percentile, LN increases IBS emergence, but with the 80th percentile, this
effect reverses. In this case, these discordant results are considered outliers
and disregarded for two reasons. First, they lead to opposite conclusions, likely
because they are the most extreme among those found to be adequate. Second,
all of the other thresholds (four out of six) consistently produced similar results,
confirming that the discrepancies observed with the 30th and 80th percentiles
are due threshold selection rather than experimental data. Consequently, results
from the 30th and 80th thresholds are excluded. The remaining findings from the
40th, 50th, 60th, and 70th percentiles consistently indicate that learning has no
impact on the emergence of IBSs with unstable information origins, supporting
Proposition 2.

Finally, Figure 3 presents the results of experiment 3 and shows a comparison in
the number of emergent IBSs with LN and RC for varying levels of environmental
turbulence and inter-group ties. This figure illustrates that for all thresholds the
number of IBSs emerged grows with the number of inter-group ties and the level of
environmental turbulence. Further, the number of IBSs emerged is not significantly
affected by the information collection mechanism adopted. These findings support
proposition 3 and are evident independently from the threshold adopted.

This appendix demonstrates that using various adequate thresholds, as estab-
lished in Experiment 0, leads to consistent conclusions across Experiments 1 to 3,
supporting Propositions 1, 2, and 3 regardless of the threshold used. It highlights
the importance of comparing and assessing the consistency of findings across
different thresholds when using the method to study the emergence of IBSs. This
is necessary as, in specific instances like the 30th and 80th percentiles in Experi-
ment 2, different thresholds may yield conflicting results. Such discrepancies can
lead to reconsider and revise conclusions regarding the emergence of IBSs. In this
case, the discordant results with the 30th and 80th were considered outliers and
disregarded given their extreme values and inconsistent results with the majority
of the other thresholds. Therefore, the conclusions of Experiment 2 remained
unchanged.
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Appendix D: Studying emergent IBSs with different thresholds
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Figure 3: Experiment 3: comparison of the number of emergent IBSs obtained with

LearNing (LN) and Random Collection (RC) for the 30th, 40th, 50th, 60th,
70th, and 80th percentiles, different levels of Turbulence, and numbers
of Inter-Group Ties (# IGTs).
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