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Initiation, Research question and Research approach
Crisis response efforts often require coordinating a previously unknown adhocracy of agencies that unpredictably enter and exit a new situation under time pressure and high risk. While current technologies that support coordination are successful for well-defined static process descriptions, they may fall short in the face of more complex and dynamic scenarios, such as a crisis or emergency. The following research contributes a set of design artifacts that are used to gain insight into coordination in crisis response and its support with information and communication technology (ICT). 
Crisis response is critical for society in general, but more specifically for health authorities, fire departments, municipalities, large industrial complexes, or national security boards, among others. Such organizations are constantly facing the risk of a crisis for which they need to activate ad hoc networks of people or agencies to handle the situation.  Large crises or disasters require leadership, intensive communication, coordination and immediate response to a changing environment, sometimes across regional or international borders. However, coordination continues to be a key problem in crisis response for which academic research is still scarce (Chen, Sharman, Rao, & Upadhyaya, 2008). Coordination challenges are endemic to a crisis, especially one of a multi-disciplinary nature, i.e. one that involves fire services, police, medical emergency teams and perhaps chemical or hazmat experts and volunteer organizations, among others. Such coordination challenges include: heterogeneity (of information and participants), lack of information quality, information overload, and uncertainty (e.g. Harrald, 2006). In addition, there is a need for adaptation and improvisation, set against a command and control structure under time pressure and often with insufficient resources (e.g. Rietjens, Voordijk, & de Boer, 2007). To contribute to dealing with these challenges, ICT can be used to support crisis response coordination (e.g. Leidner, Pan, & Pan, 2009). Some examples of ICT for crisis response include: workflow technology, agent technology, decision support systems, information management systems, geographic information technology, knowledge management systems, simulation and gaming, and integrated systems. However, there is a gap between the possibilities that ICT offers and the support it delivers. Existing tools are sometimes not used and new (mostly web-based or wireless) ICT is emerging (van de Walle & Turoff, 2007).
This problem situation leads to research questions. (1) How can the current understanding of coordination in crisis response be extended to account for emergent coordination? (2) How does coordination based on centralized command and control compare to decentralized or emergent coordination in crisis response? (3) How does an extended understanding of coordination in crisis response and of its alternative configurations contribute to bridging the gap between the possibilities and realities of ICT support during a crisis? 
In this research, design science research in information systems (DSRIS) is used as the overall approach (Hevner, 2007), supported with case studies and simulation and resting on an interpretive epistemology and critical realist ontology. We specifically follow Hevner’s suggestions to achieve DSRIS through three interrelated research cycles: rigor, relevance and design. This three-cycle view suggests that relevance is attained through identification of requirements (or business needs) and field testing of an artifact within an environment, while rigor is achieved by appropriately grounding the research in existing foundations, methodologies and design theories and subsequently making contributions that add to the existing knowledge base. In the design cycle, an artifact must be built and evaluated thoroughly before “releasing it” to the application domain and before the knowledge contribution is output into the existing knowledge base. 
A Relevance Cycle guided the start of this research. An initial literature study of coordination in crisis response and of the role of ICT in supporting it provided an initial set of open issues shown earlier in this chapter. The Rigor Cycle then began with the articulation of a conceptual framework for studying coordination in practice and for identifying the limits of the knowledge-base that constitute an opportunity for theory extension, i.e. the information-processing view of coordination (Galbraith, 1973; Malone & Crowston, 1994). This led back to the Relevance Cycle for two case studies in which observation of crisis response exercises provided empirical content to the theoretical concepts and contributed to identifying context-dependent requirements. In order to get this in-depth and contextualized understanding of the relevant problem, the case study findings provided both the empirical content for the coordination issues and exemplified the role of ICT with real-world tools.  The Rigor Cycle then continued, using emergence as an alternative/extension to the theory of coordination in crisis response. This included the study of emergent coordination in multi-agent systems and background notions of emergence in general. With these elements, the Design Cycle as such began. 
A simulation study embodies this core Design Cycle for the following reasons: (1) simulation can be used for theory development/extension (Davis, Eisenhardt, & Bingham, 2007); (2) agent-based simulation in particular can be used to study emergent coordination (Macy & Willer, 2002); and (3) simulation is an adequate research method in crisis response were collecting data or directly implementing artifacts can be prohibitively expensive or risky (Kleiboer, 1997). For crisis response, simulations can be used to illustrate the patterns and pathologies of crisis decision making; they can create a great opportunity for getting acquainted with all aspects of crisis management; and they can help bridge the gap between theory and practice (Boin, Kofman-Bos, & Overdijk, 2004).  Agent-based simulation in particular can be used to develop domain-specific theory in the field of coordination (Dooley & Corman, 2002; Macy & Willer, 2002). Such theory development stems from a particular class of research question: it addresses the “what-if” of simulation in general, together with the interaction between local and global, micro and macro, individual and emergent behavior, and between structure and chaos (Davis et al., 2007; Louie & Carley, 2008; Macy & Willer, 2002).
Contributing to a body of knowledge
Stemming from an information-processing (I-P) perspective, coordination can be defined as “managing dependencies between activities” (Malone & Crowston, 1994). In crisis response literature, many refer to coordination in terms of this definition or by using the information-processing view directly or indirectly in a variety of settings. The I-P view is related to coordination and based on bounded rationality. In this view, organizational design strategies include reducing I-P needs or increasing I-P capabilities.
Coordination mechanisms can be used to increase I-P capabilities to manage coordination dependencies. Such dependencies are classified into: flow, fit, and sharing. On the other hand, coordination mechanisms are classified into: standards, mediation, and mutual adjustment. While the I-P view emphasizes standards and hierarchy, in part due to Herbert Simon’s notion of “near-decomposability”, this is limited for crisis response. Alternatives and extensions to the I-P view include: collaborative coordination, behavioral theories, situated coordination, governance, role-based, and practice-based coordination. Moreover, while ICT can be used as a coordination mechanism to increase I-P capabilities, it can also increase coordination costs. ICT may increase the severity of a crisis or transform coordination problems into worse ones. Through new designs and institutional support the likelihood of ICT success can be increased. Simulation can be used for developing insight about such design and institutional support.
The theoretical contribution (to extend the understanding of coordination in crisis response as the research questions mandate) is done both through the applicable knowledge base extracted from literature and through the operationalization of relevant concepts in the simulation model. The information-processing view of coordination is extended with notions from emergence, leading to new design constructs for modeling and simulating coordination in a particular crisis scenario. The simulation model embodies the designed artifact enabling experimentation with different coordination configurations. This contributes an artificial setting for systematically comparing and evaluating different coordination mechanisms, leading to the possibility of testing different hypothesis or design principles about coordination and the ICTs that can be used to support it during a crisis.
Exploring a field
Crisis management is critical for large ports constantly exposed to threats. The Port of Rotterdam (PoR) responds with an operational coordination team and a command structure. In order to exercise both capabilities, the PoR periodically undergoes crisis response exercises, which become the setting for the two case studies contained in this thesis. The first case study focuses on first response and operational leadership, using observations of a set of training exercises, interviews and documents. The second case study departs from the claim that coordination is tied to information quality and explores this relationships, also in a training context. 
From the point of view of design science research, the case studies are part of the Relevance Cycle.  The goal was to provide empirical content to the conceptual framework, as well as context-dependent findings related to the coordination issues and guidelines for crisis response information systems. The first case study provided a set of observations classified according to the information processing (I-P) view providing real-world empirical observations attached to the different kinds of coordination dependencies and mechanisms. The second case study complements the first one by adding empirical content related to the initial coordination issues and guidelines by addressing the connection between coordination and information quality.
The first case study found that the generic I-P categories of coordination dependencies and mechanisms can help analyze coordination issues in crisis response exercises. It also highlighted the opportunity of extending or revising the I-P view and its emphasis on standardized and mediated information exchange. Role negotiation, practice-based coordination and improvised uses of ICT can all improve either the effectiveness or efficiency of coordination when standards and hierarchy fail in crisis response. Nonetheless, different coordination mechanisms and ICT tools will be used simultaneously indicating that it is not simply a matter of fit or optimization, but of exploration of this complex surface of possibilities. 
Since coordination depends on rapid exchange and comprehension of information, explicit consideration of strategies for enhancing information search, processing and exchange creates the possibility of increasing coordination (Comfort, Dunn et al., 2004). It can be seen that additional information quality can help deal with heterogeneity, information management, information overload, uncertainty, adaptability, improvisation and time pressure. 
The findings from the second case study provide examples of the kinds of hurdles encountered that could be improved to enable this increase in coordination capabilities through the support of information quality and contributing to the guideline that ICT should support open, multi-directional and integrated communication.
Creating a generic understanding
Doing research on the use of ICT to enhance information management during a crisis is not trivial, since recreating crisis scenarios is challenging; thus, the two main approaches to recreate crisis scenarios are drills and simulations (Massaguer et al., 2006). However, continuously running drills is expensive and simulating a disaster entirely by software lacks realism (ibid.). This suggests that a combination of the two might contribute to dealing with their individual limitations. Having used crisis response drills, as captured in the above case studies, to add empirical content to the I-P view of coordination, the next step should then be to develop a simulation model that enables experimenting with different coordination mechanisms and improving our understanding of emergent coordination. 
The presence of emergence in crises (e.g. emergent coordination, emergent response groups and emergent uses of ICT) results in changing perspective with regards to coordination. Accordingly, complex adaptive systems (CAS) have been adopted as a new theoretical lens with for crisis response. A CAS-based study of emergence shows that is open to multiple definitions, including: weak (nominal) emergence, pattern emergence, strong emergence, and synchronic or diachronic emergence (Dessalles, Ferber, & Phan, 2008). Emergence can be simulated with agents organized in a multi-agent system (MAS), which is also ideal for studying coordination. Emergent coordination in MAS can be compared to other (top-down) mechanisms based on their characteristics or through simulation. Agent-based simulations of emergent phenomena include: emergence of coordination, and emergent properties of coordination, with or without communication. They can also be used to compare coordination mechanisms in crisis response.
Such a simulation can contribute to testing the conditions under which a coordination mechanism can outperform another, in other to gain insight into the relative benefits of bottom-up mutually adjusted coordination versus top-down mediated coordination, which represents a critical tension in crisis response. The simulation model can thus be thought of as a tool for exploration of the complex surface of possibilities related to coordination that can provide theoretical and practical insight for understanding and planning coordination in crisis response. As such, it can contribute an artificial setting for comparing coordination mechanisms and provide arguments for designing strategies or revising preconceptions.
Developing a contribution
A simulation model, together with the constructs, methods and design models that went into its development, was built, which operationalizes constructs from the information-processing view of coordination in crisis response, using an agent-based representation that enables experimenting with both mediated coordination mechanisms as well as mutually adjusted coordination mechanisms for a crisis response organization in a specific crisis scenario. Experimenting with this simulation model provides theoretical insight about coordination and about the supporting role that ICT has.
Metamodeling is achieved through design of experiments (DoE), which starts with potential factors for the incident, for the civilians, for the responders, for the infrastructure, and for the coordination mechanisms. Five factors are selected along with outputs related to response effectiveness and coordination cost. A polynomial regression model was obtained through a full factorial experimental design. The metamodels specify the main effects on response time, on fatalities and on coordination cost, all augmented with interaction effects. They are then used to run refined, simplified, and faster experiments to obtain additional insight.
Instantiation 
The design cycle starts with the development of a simulation model (Gonzalez, 2010). The simulation method employed is aimed at theory development and design instantiation by following a set of activities: determine research question (those posed earlier); identify extant theory (the I-P view extended with notions from CAS and MAS); conceptualization; model construction; verification and validation; metamodeling; and experimenting. 
The simulation approach combines agent-based and discrete-event modeling (Gonzalez, 2009). Conceptualization of the agents is supported by the GAIA MAS design method (Moraïtis, Petraki, & Spanoudakis, 2003), where agents are used to model crisis responders. On the other hand, discrete-event simulation provides the approach to conceptualize and build the simulated crisis environment over which the agents must operate and coordinate their actions.
Model construction (translation into a computer-readable model) transforms the GAIA-based analysis and design into an implementation-dependent model with JADE as the underlying agent platform (Moraïtis & Spanoudakis, 2006). First, behaviors are defined. Second, a state diagram (UML) is provided for each relevant behavior. This helps to identify data exchanges between behaviors and to easily map them to JADE FSM (Finite State Machine) behaviors. Agents are then deployed to act and interact over a crisis scenario developed in D-SOL (Jacobs, Lang, & Verbraeck, 2002), which controls the simulated crisis events and objects.
Evaluation
Verification and validation of the resulting simulation model is done by transparently documenting the design artifacts and the software code, in addition to performing sensitivity analysis and expert validation. Expert validation was done through animation assessment and output assessment. An on-line evaluation using academics and practitioners was complemented with an interview.
Overall, the expert validation shows support for using the simulation model to obtain insight on the aggregate effects of using different coordination mechanisms, in relation to both the size of the incident (specifically attached to the size of the population) and of the response organization (specifically the number of firemen and medics). The agreed upon capability of the simulation to provide an aggregate global view of the crisis in the animation is offset by a tradeoff in terms of the level of detail and dynamics that are displayed. In terms of the experimental results, the evaluation demonstrated their plausibility, especially in terms of the average resulting number of victims. Such results clearly show, in the experts’ opinion, the effect of changing coordination mechanisms between the responders, which is the ultimate goal of the simulation model. Moreover, the simulation demonstrates the potential for evaluating the performance and use of specific ICT tools in support of such coordination mechanisms. These capabilities are not only useful in determining the relative performance of different coordination mechanisms, but can also be used in the context of crisis response planning and training by generating useful insight and enabling discussion and revision of current understanding of coordination in crisis response. 
While realism was not an essential aspect of the design, the evaluation provided particular avenues for contributing to added realism in subsequent design cycles. Additional scenarios and environmental objects could contribute such realism and it was the intention behind the simulation architecture that they be developed with relative independence from the agent-based organization. In terms of the responders, additional or more detailed behaviors could be added to the agents, providing more heterogeneity (e.g. preferences, speed, and learning) or indeed more agents (e.g. police, chemical experts, volunteers). It should be noted that when conducting expert face validation of agent-based models, agreement or disagreement should not be used to determine correctness, but rather the model can be used for testing, guiding and refining diverging assumptions (Louie & Carley, 2008).

Epilogue
With respect to the first research question this research found that emergence can be understood as a central property of (agent-based) dynamic systems which results from confronting the agents within a specific structure of interaction constitutive of both the agent and system levels. In relation to the I-P view, this led to the recognition of mutual adjustment as representing coordination in practice, while also being embedded within an organizational structure that includes standards and mediation. The interaction of the I-P view with agents and emergence resulted in the following insight. Since a crisis is defined by uncertainty, from an information-processing view this suggests that mutual adjustment should be the dominant coordination mechanism. Nonetheless, the presence and support for hierarchical organizations and plans in practice still emphasizes standards and mediation. But there is an increasing recognition that this can result in poor results. The decision to use agent-based simulation is a recognition that decentralized, mutually adjusted coordination should be understood and supported, instead of neglected, while at the same time providing a testbed to compare mutually adjusted mediation to centralization in specific crisis conditions, under the recognition that both will be present. Coordination mechanisms in crisis response should thus not be treated as mutually exclusive, but as mutually related, which favors the use of agent-based simulation to evaluate, compare and gain insight into their effects and interactions.
The second research question asked about precisely this comparison between centralized coordination (stemming from command-and-control approaches to crisis response) and decentralized coordination (stemming from emergent or net-centric approaches to crisis response). We obtained insight into this question by performing metamodeling and experiments with the simulation model. This insight is limited by the domain set out in the design of experiments and includes: (1) In terms of response time and number of fatalities, there is no significant difference in coordinating assignment of firemen between fire fighting and rescue regardless of whether the coordination mechanism is mediated or autonomous. (2) The interaction between assignment coordination and rescue coordination indicates that one coordination mechanism can influence the performance of another. This suggests that emergence of coordination is a result of the interaction of all coordination mechanisms employed during crisis response. (3) The configuration of coordination mechanisms which is capable of reducing coordination cost the most is mediated rescue and autonomous assignment.
The third question asked about bridging the gap between the possibilities and realities of ICT support for coordination during a crisis. It was established that ICT can increase information-processing capabilities, but can also introduce new coordination costs. In the first case study it was shown how different ICT tools are used in the Port of Rotterdam for supporting crisis response and that these can support different coordination mechanisms and be used outside the expected standard manner. The second case study then made the argument that coordination can be improved through the inclusion of information management services that support information quality; hence, a shared data space (SDD) was selected for inclusion into the simulation, as a way to support coordination / information quality. The experiments with the metamodel provided the following insight regarding the use of the SDD to support coordination: When victim rescue is coordinated through the mediation of a shared data space, a significant reduction in response time and fatalities can be obtained, as compared to autonomous coordination of rescue. If victim rescue is coordinated through the mediation of a shared data space, the individual contribution of rescuers to reduction of response time and fatalities is significant up to a higher number of responders, when compared to autonomous coordination of rescue.
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