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Abstract

:

Resilience research includes multiple definitions, concepts, perspectives, and applications across a broad range of academic disciplines. While experts, policy-makers, and practitioners assert that resilience requires holism, what is considered holistic is rarely discussed. The traditional scientific approach to holism is to engage multiple disciplines. However, this review studies an alternative approach to holism that engages multiple perspectives, as suggested by integral theory. An integral approach requires consideration of at least four irreducible domains: (1) subjective experience, (2) intersubjective culture, (3) objective behavior, and (4) interobjective systems. This way of approaching holism both engages multiple disciplines and reveals important gaps in the popular understanding of resilient infrastructure. For example, organizing the 20 most highly cited resilience research articles from all disciplines according to the Integral Map reveals that most articles in the sample set are distributed among three of the four perspectives corresponding to experience, behavior, and systems. None of the most popular articles studies resilience through the lens of culture. Thus, the importance of factors such as organizational values and group intentionality may be underappreciated in the scholarly literature.
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1. Introduction


In applications such as infrastructure, which include multiple interconnected and interdependent social, ecological, and technological systems, the need for the integration of diverse concepts, definitions, and perspectives of people and coupled systems is particularly acute. The reason is because infrastructure contains an ensemble of interdependent systems such as power, water, transportation, and cyber security [1]. These coupled systems interact with one another on multiple levels to deliver products and services that are deemed essential to public health, safety, and well-being [2]. For example, power requires water for cooling, and water needs power to operate pumps and filtration systems [3]. Both systems rely on security and communication networks across heterogeneous spatial and temporal scales. This presents a problem because protocols for communication across operational boundaries are typically absent [4,5]. Interdependencies among coupled infrastructure systems are especially apparent in disaster scenarios such as the widespread power failure in 2013 that impacted parts of the northeastern United States and Canada. Disruptions due to the loss of power led to cascading failures across New York City that included communication systems, emergency services, transportation, water supply, and water treatment [6]. Moreover, in addition to the physical and functional connections and interdependencies, people are involved with every part of the power, water, and communication systems, from theory and conceptual development to design, operation, and management.



The growing interest in resilience research reflects a disparate landscape of definitions, concepts, and applications across a broad range of academic disciplines. Resilience concepts and applications have expanded since the mid-1800s, when “resilience” was first used to describe the engineering properties of materials [7]. Psychology and human development research began using “resilience” in the 1960s [8] to describe children’s health and social adaptation in response to loss or adversity. Academic interest in resilience is often attributed to research by Holling [9] in the 1970s that extended resilience concepts from physics and engineering to ecological systems theory. Resilience research has since grown to include a range of disciplines to describe the ability to respond to unpredicted interruptions or shocks. Resilience in psychology demonstrates ways to improve how individual people and social groups such as family respond to catastrophe in their lives [10], mental and physical disabilities [11], and normal physiological processes such as aging [12]. Ecological resilience describes how ecological cycles of growth and collapse corresponding to dynamic changes in ecosystem stability can influence environmental states [13,14,15,16,17]. Socio-ecological resilience extends ecological concepts to include interactions between humans and environments, and provides a basis for ecosystem management strategies [15,18,19,20]. Resilience in engineering systems orient designers, operators, and crisis managers to better plan and prepare, absorb, recover, and adapt to unforeseen threats [21,22,23] and propose methods for measurement and analytical quantification for infrastructure assets and systems [24,25,26]. In addition, resilience is now a common term in the public realm among federal and international agencies, particularly those focused on managing major crises caused by natural and man-made disasters [2,23,27,28], and emerging long-term threats such as climate change [29].



Amid the surge of resilience research in diverse disciplines, researchers and practitioners alike recommend taking a holistic approach that bridges interpretations across disciplines to support the resilience of complex systems [30]. Yet policy documents such as Presidential Policy Directive 21 that call for a “holistic” approach to building resilient infrastructure [31] offer little guidance on the breadth of the boundaries that are necessary to constitute holism. As a result, researchers have little to guide their holistic intentions, and references to the term holistic or holism lack definition. While concepts of holism vary, in a basic sense, holistic research seeks to incorporate knowledge from multiple sources. Traditionally, this knowledge is organized into scientific disciplines, so holism typically means multidisciplinary or interdisciplinary knowledge that is organized around a complex problem and cannot be subsumed by a single disciplinary domain.



The dominant metaphor for the organization of knowledge has been, at least since Aristotle, the tree, in which foundational knowledge represented by the trunk is divided up into increasingly specialized limbs and branches until a single specialist might be considered the metaphorical equivalent of a leaf at the end of the subdisciplinary twig. Nonetheless, information communication technology is changing the ways that scientific knowledge is organized. The emerging metaphor for organizing knowledge is now the web, as exemplified by the worldwide web [32]. In a web topology, all knowledge can be connected to all other knowledge without first reducing it to the most general common principles (i.e., traversing down to a single common limb or trunk).



The new web metaphor is already ubiquitous in the way scientists search for knowledge. Before computing became ubiquitous, scholars would typically visit the disciplinary branch of their campus library (e.g., the law library, or the engineering library) to search through card catalogues, microfiche, and closed stacks. The underlying assumption was that nearly everything relevant to their field could be contained in their specialized building. Now, scholars search online using citation databases that span a broad swath of disciplinary domains connected through keywords, text, and bibliographic analyses. The change in metaphor from tree to web demands a new type of scientist who is capable of operating more as a spider weaving connection between disciplinary branches, instead of operating as a leaf that extends a single subdisciplinary branch [33].



Nonetheless, the spider-like approach to the organization of knowledge remains so new that there is little guidance with regard to what knowledge should be joined in any particular web. That is, the complex and multifaceted aspects of a complex system such as infrastructure resilience are so extensive that seemingly any knowledge might be connected to a specific problem. This work describes a novel approach to ensuring a holistic representation of knowledge perspectives without exhausting researchers by necessitating examination of every potential knowledge connection. To establish this new understanding of holism, we adapt the “Integral Map” [34] that has previously been applied to other complex systems research problems, including ecology [35], sustainability [36], and climate change [37]. Additionally, we demonstrate how the Integral Map supports holistic research by organizing a set of 20 highly cited resilience research articles. The Integral Map reveals commonalities, differences, and potential gaps among different interpretations of resilience, and provides a logical and coherent way to integrate knowledge from diverse academic disciplines and perspectives. Finally, we discover that the quadrant of the Map that corresponds to organizations and culture (the intersubjective) is underrepresented among the most highly cited articles reviewed, suggesting a gap in scholarly attention that is relevant to resilient infrastructure research.




2. Infrastructure, Holism, and Holistic Resilience Research


Controversy over the term resilience in the context of infrastructure is likely to persist. Like all essentially contested concepts (e.g., fairness, justice, sustainability—Seager et al. [38]), the abstract concept of resilience has broad appeal, despite engendering disagreement on specifics. For example, Woods [39] identified four different conceptualizations of resilience: robustness, rebound, graceful extensibility, and sustained adaptability. Within the context of rebound from disaster, Seager et al. [40] identified at least three different ways to think about resilience metrics: resources, processes, or outcomes. While resource and outcome-based approaches lend themselves to measurement (e.g., Petit et al. [41]), quantitative analyses of process-based perspectives are problematic, partly because the stressors that reveal adaptive capacities are difficult to simulate. When resilience is viewed as an emergent property of a complex system, it cannot be assessed a priori [42]. Hollnagel et al. [43] described four essential abilities, including: (1) knowing what to look for—monitoring the critical, (2) knowing what to expect—anticipating the potential, (3) knowing what to do—responding to the actual, and (4) knowing what happened—learning from the factual. Park et al. (2012) restated and simplified these into four essential processes: sensing, anticipating, adapting, and learning (SAAL). Righi et al. [44] reviewed 237 papers related to resilience engineering and described a mesh of definitions and frameworks with many of the core concepts drawn from other fields. While each of these prior works may be described as inclusive of multiple dimensions, none of them necessarily meet a standard of holism.



2.1. Holism in Infrastructure Resilience Research


In infrastructure, a holistic perspective is a comprehensive consideration of systems that includes physical interdependences as well as governing rules or institutions [45,46]. Holism in infrastructure must reach beyond engineered interdependencies to incorporate human relationships that include psychological and behavioral perspectives and human perspectives such as shared values, ethics, cultural beliefs, and worldviews [47]. Accounting for people requires infrastructure resilience to consider interdisciplinary perspectives, yet many existing perspectives are only superficially more holistic than research from a single discipline. True interdisciplinary research considers multiple ways of measuring and knowing resilience (i.e., resilience epistemologies) equally [48]. This is because different disciplines such as engineering and social science rely on different means to acquire knowledge e.g., qualitative versus quantitative research. Miller et al. [48] argued that research initiatives accommodating multiple epistemologies are needed to achieve an integrated approach to the study of complex socio-ecological systems. This concern is notably amplified in applications such as climate change, as experts such as O’Brien and Hochachka [37] noted that most interdisciplinary frameworks based on single conceptual models or methods are inadequate to the study of climate. A lack of holistic framing makes it difficult to examine relationships and interdependencies among coupled systems driving the myriad of climate change issues ranging from carbon emissions and clean energy resources to poverty and social justice [49]. When confronted with complex problems, available examples of multidisciplinary and interdisciplinary frameworks do not support holistic research by failing to include multiple ways of understanding resilience.



Limited examples of holistic infrastructure literature expand beyond technology-focused and disciplinary perspectives. Bruneau et al. [24] and Hossieni et al. [50] suggested that a comprehensive approach to infrastructure resilience includes technical, organizational, economic, and social domains. Labaka [30] argued that a holistic approach to critical infrastructure is one that includes the same four domains, in addition to the external agents influencing them. The domains help clarify boundary conditions of the units or systems of consideration, and determine what variables are included. Thus, the holistic framework proposed by Labaka, in particular, offers a thorough and comprehensive consideration of the properties, processes, and systems impacting critical infrastructure in addition to a wide range of stakeholders. However, the social domain is focused on operating policy without consideration of value systems, culture, or intersubjective meaning-making. Even expanded perspectives that include a broader range of social and technological systems do not consider values and culture. For example, Lauge [45] presented a holistic approach to understanding critical infrastructure dependencies, by collecting comprehensive surveys representing 11 system operators (e.g., energy, water, and transport) across Europe, North America, and Asia). The holistic approach described in the study considers the impacts on each system in response to its potential impacts on the other systems. However, none of the 11 infrastructures represented people or social systems. Yet people are embedded in each, and differences among responses reflect the complex dynamics of individuals and social systems interacting with technological systems. Renschler et al. [51] built upon Bruneau et al. to include social/cultural and lifestyle domains, yet these domains are only captured by services (e.g., education services) rather than cultural. In a sense, existing research cannot be considered holistic because it has not considered the critical factors that dictate human action.




2.2. Advancing Holistic Infrastructure Resilience Research with Broader Perspectives


Outside infrastructure research, there are definitions and concepts of holism that can bolster existing perspectives on resilience. Overton [52] described holism as the inclusion of all subjects, objects, and events in addition to the relationships among them. That is, holism includes the interconnectedness and interrelatedness among people, systems, and the environmental contexts within which they are embedded. Although this description lacks detail about the nature of the relationships, others are more specific. Cardona [53] argued that a holistic understanding of risk and vulnerability in relation to disaster events includes multiple interrelated subjective and objective factors among social, economic, and environmental impacts. In contrast to Overton, Cardona argued that a holistic perspective must also include internal (i.e., human interior) properties, capacities, and vulnerabilities (e.g., values, ethics, and worldviews) to increase the effectiveness of risk management [53]. Thus, a holistic understanding elucidates how risks and vulnerability can be unevenly distributed over a region or a population according to factors related to the individual and group interiors of people. An individual refers to a human subject such as an operator or a maintenance worker, and a group refers to multiple human subjects organized around a purpose, such as a control room team at a power plant.



Koestler [54] suggested that holism considers how each part of a system exists in relation to the other parts, both as a whole, and as a part of a larger whole. Koestler used the term ‘holon’ as a unit of holistic analysis characterized by its relationships among other parts. The metaphor of Russian dolls nested one inside of the other and forming hierarchal structures of increasing complexity is sometimes used to describe the concept of holons [54]. In other words, holons may be viewed as nested structures of complexity representing distinct “wholes” that are made up of equally whole parts [35]. As a unit of analysis, a holon can be an object such as a power plant, a person such as an operator, or a research topic. Moreover, there are social holons (e.g., families, communities, region, state, and nation), organismic holons (e.g., atoms, molecules, cells, and organisms), ecological holons (e.g., soil, foliage, insects, and birds), and technical holons (e.g., microprocessors, circuit boards, computers, and networks). Although the above definitions and concepts of holism are helpful, Koestler’s definitions lack guidance for enacting a holistic approach to research that includes human values, feelings, and experiences.



Holistic approaches for infrastructure resilience must expand to include these missing human dimensions. Subjective factors such as values, ethics, and culture dictate human decision-making before, during, and after catastrophic failures [53]. For example, explicit consideration of values in infrastructure resilience studies may reveal trade-offs in planning and preparations and post-catastrophe recovery that were otherwise unstated. An individual’s personal experience, which cannot be directly observed or measured [55], further influences their adaptive capacity [56], and by virtue, the adaptive capacity of the infrastructure system with which they interact. Disasters such as the Tohoku earthquake and Fukushima power plant meltdown show how basic assumptions about safety (e.g., tacit cultural beliefs, attitudes, and perceptions) held by workers and government officials impacted disaster recovery [57]. The safety culture before the disaster, which was based on inaccurate assumptions, led to diminished authority and poor decision-making that delayed critical disclosures and compromised safety and recovery efforts [58]. In contrast, the Christchurch earthquake disaster exemplified how community members experiencing shared vulnerabilities responded with a collective capacity to innovate and self-organize because of shared values in community support [59]. For example, a group of college students used social media to form a volunteer force of thousands to coordinate support amid multiple infrastructure failures [59].





3. An Integral Approach to Holism


Given the limitations of existing interdisciplinary and multidisciplinary models for the holistic organization of knowledge relevant to resilient infrastructure, there is a need for a new approach to ensuring holism without necessitating an impossible standard of including everything. Integral theory may be the most promising approach, as it presents a comprehensive holistic framework for organizing a diversity of knowledge in a meaningful and coherent manner [60] that may be useful for organizing holistic resilience research for applications such as infrastructure. The theory posits that there are four fundamental human perspectives that are always present, and cannot be reduced any further [34]. These perspectives embody two epistemological distinctions of how knowledge may be considered. The first distinction is between interior and exterior, and the second distinction is between singular and plural. The four perspectives are: individual interior (“I”), group interior (“we”), individual exterior (“it”), and group exterior (“its”). The interior refers to the intangible properties and processes that cannot be identified by the physical senses [37] such as psychological and emotional capacities. The exterior refers to the objective, physical properties, processes, and interactions that can be observed and measured such as social structures, technical systems, and the natural environment. One of the critical differences between the multidisciplinary and integral approaches is the treatment of human subjects—i.e., “I” and “we”. Whereas disciplinary boundaries make distinctions between the study of behavior in humans (e.g., social science) and technical systems (e.g., engineering), integral theory recognizes that studies of human behavior and experience come from exterior and interior perspectives, respectively. For example, the description of human behavior as phenomena exhibited by objective agents is a third person exterior perspective—i.e., “it”—without regard for the interior experience of feelings or meaning-making. In contrast, descriptions of the human experience, including feelings, values, and meaning, take an interior perspective. Thus, integral theory accommodates both the physical systems perspectives (e.g., exemplified by operations research), social sciences perspectives (e.g., economics) that dominate infrastructure literature, alongside interior human dimensions (such as psychology, sociology, and anthropology).



The Integral Map


Integral theory argues that the four irreducible perspectives, summarized as ‘I’, ‘we’, ‘it’, and ‘its’, are fundamental to any inquiry [34], and a holistic understanding must include representative knowledge from each perspective without favoring one over another [60]. Therefore, an integral approach to research seeks to identify what perspectives are included, or not, in a given research investigation by organizing knowledge, epistemologies, and methods [61]. Numerous researchers have applied integral theory to other holistic research programs. Examples include developmental psychology [61], ecology [35], education [62], and sustainability [63]. Although a holistic approach to research includes both epistemological and ontological diversity, this work is focused on epistemological perspectives of resilience. The characteristic method for a holistic organization of knowledge with an integral approach uses an Integral Map, as shown in Figure 1.



The quadrants of the Integral Map represent the interior and exterior of individual and collective human perspectives [64]. An Integral Map can be applied to any phenomena or unit of investigation (e.g., resilience research) whereby related knowledge is assembled in a structure of four domains of perspectives corresponding to experience (subjective ‘I’), culture (intersubjective ‘we’), behavior (objective ‘it’), and systems (interobjective ‘its’) [34]. The framework provides a holistic structure for research by delineating among different ways of knowing, methods, and tools from each of the four domains. This means that an Integral Map can help differentiate among research perspectives [65] and provide a clear and systematic method of determining what knowledge is present in a given investigation [61]. Thus, an integral approach can be helpful in identifying gaps among diverse perspectives in existing research. Moreover, the Integral Map is content-free, i.e., it does not add any new information to the research question or initiative in consideration. Instead, it distinguishes among perspectives and identifies which ones are represented or not. Taken together, the four quadrants of the Integral Map combine to support a mixed-methods approach to research [66] by incorporating multiple ways of knowing to interrogate a research question or investigation. A holistic approach to research will include perspectives from all quadrants, thereby representing each of the four fundamental domains corresponding to different ways of knowing. With an integral approach to holism, no research knowledge or method is given preference over another, and all of the perspectives are allowed equal consideration. The delineation among perspectives corresponding to the four quadrants shows how disparate disciplines and resilience concepts can be viewed as complimentary contributors toward a larger more comprehensive understanding of the resilience of whole systems.



An Integral Map may be used, for example, to assess an individual’s different ways of knowing, interacting with, and experiencing a given phenomena. The experience quadrant in Figure 1 (upper left) identifies interior awareness represented by a subjective ‘I’ perspective. Knowledge in the experience quadrant includes factors such as cognition, affect, and psychological maturity. The behavior quadrant (upper right) identifies exterior awareness represented by an objective ‘it’ perspective. In the behavior quadrant, knowledge includes individual actions, physical properties, and artifacts. The culture quadrant (lower left) is a collective interior of shared human awareness represented by the intersubjective ‘we’ perspective. Knowledge in the culture quadrant includes factors such as shared values, ethics, and worldviews. The systems quadrant (lower right) identifies a collective exterior awareness. Sample knowledge in the systems quadrant includes dynamic interactions between and among complex social, ecological, and technological systems, which includes dynamic relationships and interdependencies among infrastructure. Thus, an Integral Map offers a structure and process to organize a holistic approach to resilience research.



Despite the Integral framework’s separation between quadrants, a holistic approach can combine different perspectives or ways of knowing by incorporating multiple epistemologies in relation to a common research question or unit of investigation. This is because the quadrants on the Integral Map representing experience, culture, behavior, and systems are concomitant perspectives, which means that they occur together in mutuality. This includes the relationships and interdependencies among knowledge claims within and among quadrants. Thus, the framework provides a means of investigating the interrelatedness among perspectives, which can support comparison, correlation, and the potential linking of knowledge claims investigating the same or similar resilience phenomena. Concepts once considered as conflicting may be complimentary or even mutually informing when viewed with a holistic approach through an Integral lens. Moreover, conflicts may be better understood when different concepts and definitions are considered with regard to the interior and exterior of individual and collective perspectives corresponding to the quadrants of an Integral Map. For example, whereas child psychology describes resilience as observable processes representing positive adaptation amid adversity [67], some researchers view human resilience in terms of interior characteristics or properties such as self-esteem or the ability to cope [10,68]. The distinction between interior qualitative and exterior quantitative properties and processes has been the subject of debate in the psychology resilience literature for many years [7,67]. With a holistic approach, both perspectives contribute valuable information about individual human resilience and indicate how the interior properties of individual experience or group culture may relate to or influence exterior behavior and dynamic interactions among coupled complex systems.



As another example, consider how human interiority is interconnected to climate change. Subjective beliefs, ethical standards, and cultural norms can influence assumptions about how climate change problems are defined and how roles, responsibilities, and solutions are conceived and proposed [37]. Moreover, subjective issues can impact how actions taken by different groups can cause an uneven distribution of resources, risk, and vulnerability in response to climate change [69]. This means that an integrated framework for climate change must accommodate both subjective and objective research perspectives. Although research based on objective criteria can study the dynamic relationships and interdependencies among complex systems, it cannot account for the influence of subjective criteria such as beliefs and worldviews that define climate change problems and constrain solutions. O’Brien and Hochachka [37] suggested that an Integral Map offers a framework for incorporating both subjective and objective perspectives of climate change along with the relationships between them. This is because an Integral approach to research accommodates both the interior and exterior dimensions of human awareness [66]. The interior dimensions refer to the subjective and intentional nature of individuals and groups, and the exterior dimensions refer to the objective physical and systemic phenomena. Thus, an Integral Map provides a holistic framework for understanding how subjective and objective perspectives of climate change are interconnected, and how they can influence one another [37].



The recognition that each quadrant of the Integral Map contributes irreducible information to holism [35] may help resolve differences between perspectives arguing one view over another in resilience research. This is because each of the four perspectives co-exist in mutuality within a holistic framework without a need to reduce or marginalize other perspectives in order to establish its claims. Although a holistic approach incorporates perspectives from all four quadrants, it does not mean that all research pursuits must consider all four quadrants. For example, infrastructure resilience literature that emphasizes a single quadrant (i.e., systems) offers a distinct way of knowing and interpreting resilience that can contribute toward a holistic view. However, resilience research is broader than this single perspective, and it is important to understand how resilience concepts and definitions across multiple paradigms align within the Integral Map. Starting more broadly and framing infrastructure literature with respect to other influential work, this approach can guide researchers to ascertain how their perspective contributes to advancing theory and applications across otherwise distinct resilience perspectives. Moreover, this approach can also guide researchers to ascertain what perspectives are included or excluded with a given investigation. Thus, a holistic approach with the Integral Map helps ensure multiple epistemologies are considered to provide the most complete, comprehensive, and holistic understanding of resilience possible. This could inform resilience research initiatives seeking a comprehensive approach to integrating perspectives from multiple disciplines.





4. An Integral Approach to Holistic Resilience Research


The absence of a common interdisciplinary framework for organizing and linking subjective and objective research [37,69] limits opportunities to extend learning about resilience beyond isolated academic boundaries. As a result, disparate disciplines that both contribute to resilience literature such as engineering and psychology lack a structure or means of informing one another’s concepts and findings. This, in turn, precludes a larger, more holistic, transdisciplinary understanding of resilience by privileging some perspectives while marginalizing others. We demonstrate one way to overcome this gap by organizing a select group of resilience research articles by using an Integral Map. The unit of investigation applied to the Integral Map is the dominant epistemological orientation for each article corresponding to the quadrants: subjective (experience), intersubjective (culture), objective (behavior), and interobjective (systems). Another key objective is to show how an Integral Map can serve as a guide for assessing holism, and design a holistic approach to resilience research.



4.1. Holistic Resilience Research Assessment—Assumptions and Methods


We identify and map 20 highly cited resilience research articles to demonstrate how different literature can contribute to a holistic resilience perspective, and identify how infrastructure research relates to the broader resilience field. Using the Web of Science (October 2015), a literature search to identify research articles with the terms “resilient”, “resilience”, or “resiliency” in the title produces a total of 15,574 publications spanning 115 years (1900–2015). No other search terms or field limitations were applied to capture publications from a wide range of subjects and a variety of sources, including peer-reviewed journal publications and conference proceedings. To demonstrate both the breadth of resilience research and how infrastructure literature fits within a holistic perspective, it is unnecessary to map this entire set of publications. Instead, we selected the 20 articles from the search with the largest number of citations as a representative sample of broad research perspectives that also include infrastructure related subdisciplines. Specifically, literature spanned the disciplines of adult psychology, child psychology, neuroscience, ecology, socio-ecological systems, and technology. Although this approach limits our interpretations and conclusions to the articles reviewed, it demonstrates how the Integral Map can be used to assess holism. We also find that the inclusion of a greater number of publications would not invalidate or substantially change publication mapping. Moreover, by focusing on only 20 highly cited papers, we explain what this mapping may imply for holism and infrastructure resilience research trends.



To map publications, we reviewed each article to assess how it aligned with knowledge perspectives and examples associated with the four quadrants of the Integral Map. The unit of investigation is the dominant epistemological orientation for each research article corresponding to each quadrant. To accomplish this, we adapted the heuristic shown in Figure 2. The heuristic is a synthesis of multiple works, including applications of the Integral Map to ecology [35], sustainability [36], and climate change [37]. In addition to the perspectives, focus, and examples in the heuristic, which are based on the Integral Map [60,61], we included representative properties of resilience corresponding to quadrants based on experience [70], culture [71], behavior [67], and systems [22] from the resilience literature. The three authors reached consensus on the assignments by discussion. A similar process can be followed to develop a heuristic for any field or application by adhering to the perspective associated with each quadrant of the Integral Map.




4.2. Holistic Resilience Research Assessment—Mapping and Results


We applied the heuristic (Figure 2) to each article to identify the perspectives, arguments, research methods, and claims that align with the items listed in the experience, behavior, culture, and systems quadrants. The process of reviewing the articles and assessing the dominant perspectives of each was based on the opinion of the three co-authors. Although other readers may disagree with our assignments, the results (Figure 3) will nevertheless reveal that intersubjectivity is underrepresented in the top 20 most highly cited resilience articles. Intersubjectivity refers to the social interior (e.g., shared values, social cohesion, and mutual understanding) among groups such as families, working teams, and organizations.



4.2.1. Experience


Articles assigned to the experience quadrant of the Integral Map are focused on the interior characteristics of individual people. Thus, in the experience quadrant, the holon is an individual human being. Perspectives in this quadrant align with factors such as cognitive capacity, affect, moral maturity, psychological development, and individual beliefs and attitudes. The interior factors related to human resilience, including constructs such as self-esteem, locus of control, stress response, and emotional adaptation, represent perspectives characterized by the experience quadrant of the Integral Map. Articles from two research areas were assigned to this quadrant, as shown in Figure 3. In the area of adult psychology, four articles represent perspectives associated with the experience quadrant [10,70,72,73]. These articles identify the qualitative properties of constructs such as hardiness and self-enhancement that correlate with the resilience of people faced with adversity. Likewise, three child psychology articles [74,75,76] represent perspectives of individual properties—a.k.a. variables or characteristics—related to human resilience such as self-esteem and self-efficacy. A total of seven articles were assigned to the experience quadrant.




4.2.2. Behavior


The articles that we assess to align with the behavior quadrant represent perspectives that emphasize physical and empirical concepts. The holon in this quadrant could be a person (if examined exclusively as an object, such as an economic agent), a technical device, or an element of the environment. Other characteristics of this quadrant include the actions, behaviors, structures, and functions of individual holons. Articles from three research areas were assigned to the behavior quadrant. First, we assessed one article in adult psychology [72] to align with both the experience and behavior quadrants of the Integral Map, as shown in Figure 3. This could include, for example, psychological characteristics corresponding to the experience quadrant and individual actions related to the behavior quadrant. Likewise, three articles in child psychology are assigned to both the experience and behavior quadrants. Luthar et al. [75] and Rutter [74,76] each describe variations of behavioral processes (mechanisms) such as age-salient tasks completion, or positive adaptation to social and environmental conditions, such as the early loss of parents. The fourth child psychology article [67] represents a perspective focused on objective properties and behavioral processes, which aligns with the behavior quadrant. A single article in the physical sciences presents a detailed study of neurological networks [77], which aligns with the behavior quadrant.




4.2.3. Systems


Articles assigned to the systems quadrant of the Integral Map align with perspectives related to physical and functional interactions among two or more of the holons identified in the behavior quadrant. Example perspectives include social, ecological, and technological system functions, interactions, and structures in addition to economic and geo-political systems. Perspectives in this quadrant describe the properties and processes of coupled systems that enhance their capacity to adapt to unexpected changes, which includes the dynamic relationships and interdependencies within and among systems. Eleven of the 20 articles reviewed represent the properties and processes corresponding to systems perspectives found in the systems quadrant. Here, there are four articles in the area of ecology [14,15,16,17], five articles in the area of social-ecological systems [18,19,20,78,79], and two articles in the area of technology [80,81]. Thus, in contrast to child and adult psychology, which includes articles representing both interior and exterior individual perspectives, resilience research that is focused on systems does not include perspectives corresponding to the culture quadrants among the sample of articles that were reviewed. Although limited to the 20 top cited articles, the sample demonstrates how the Integral Map may be applied to assess holism.




4.2.4. Culture


There were no articles assigned to the culture quadrant. Perspectives that align with this quadrant describe a group or collective interior. This refers to the intersubjective experiences of groups such as working teams and families, organizations that operate and manage infrastructure, and institutions that set policy and oversee regulations. Perspectives assigned to the culture quadrant correspond to factors such as shared values, beliefs, cultural norms, ethics, religious views, and worldviews. Together, these properties represent the collective interior that shapes intentionality and motivation, influencing collective exterior actions and behavior in the systems quadrant. However, the absence of a single article in the culture quadrant indicates that papers addressing group interior perspectives of resilience may be cited less often. Thus, although research suggest a linkage between collective interior factors influencing resilience (e.g., values, ethics, and culture) and ecological [84], social-ecological [56], and technological [85] systems, resilience perspectives related to cultural factors are not represented among the top 20 search articles. Nonetheless, factors related to a collective interior of a group, community, or urban region may inform perspectives on resilience and adaptive capacity [69,82] in response to large-scale disasters such as Hurricane Katrina or the Fukushima power plant disaster.






5. Discussion


The application of the Integral Map to resilience literature provides a simple tool to organize a holistic perspective across prominent research articles and inform applications such as infrastructure on how to be more holistic. For example, infrastructure subdisciplines such as socio-ecological [82] and socio-technical [86] systems include irreducible knowledge representing both subjective and objective human perspectives. However, this literature focuses on a single quadrant (i.e., “its” or systems), where a holistic approach to resilience research in infrastructure or otherwise would extend beyond a single quadrant to encompass all four. Influential articles that are not normally associated with infrastructure research but may provide relevant perspectives for individual interiors and exteriors are found in the adult psychology, neuroscience, and child psychology disciplines. The inclusion of this literature when developing resilience research programs may help overcome narrow perspectives that dominate “holistic” research and ignore the impact of human interior on infrastructure resilience. Moreover, the Integral Map shows that if infrastructure researchers seek a holistic understanding of resilience but only focus on highly cited works, they may overlook intersubjective perspectives from the culture (“we”) quadrant. Without consideration of a group’s interior perspectives, information that could contribute to a more comprehensive and holistic understanding of infrastructure resilience, as called for in Presidential Policy Directive 21 [31], could be missed. Examples of group interior perspectives that may contribute to infrastructure resilience include research areas such as community resilience and social vulnerability in response to natural or man-made disasters.



5.1. Community Resilience


Norris and Stevens [87] considered hope and shared subjective interpretations of health and safety as important factors that are related to community resilience in a disaster scenario. These factors can influence infrastructure resilience, because the people involved with the design, operation, and management of critical infrastructure are members of working groups, communities, and organizations. Whereas the built environment contributes to public health, safety, and well-being [2], community resilience and infrastructure are interrelated [88]. Norris et al. [71] argued that community resilience emerges from linking the adaptive capacities of community members and resources, and includes factors such as collective efficacy and empowerment. A sense of connectedness among family members, partners, and close attachment groups can also influence social responses such as positive collective action and community restoration in response to mass trauma [87]. In addition, concepts of community resilience are relevant to system shocks on both short and long-term time scales. Masten [83] and Ungar [89] suggested that understanding psychological resilience in a cultural context may help explain differences in adaptive capacity among diverse populations that could have important implications for short-term events such as disaster management and recovery. Adger et al. [56] argued that the potential limitations of a society’s ability to adapt to long-term events such as climate change are due to factors related to the social interior such as ethics, beliefs, attitudes, and culture. Moreover, the limits are viewed as fundamentally subjective in nature that can change with location, time, and context. This means cultural assets may have a unique place in shaping attitudes and values inside of social systems, and may thereby influence how shocks such as climate change are experienced among diverse populations [56]. How people interpret and assign meaning to experience of disaster events will partially determine how risks and vulnerability are distributed among populations that are embedded within, and interdependent upon, critical infrastructure.




5.2. Social Vulnerability


Numerous researchers refer to the subjective properties of risks, vulnerability, and the resilience of people in relation to factors such as climate change [56,82] and disaster risk management [53,90]. Adger [56] argued that the underlying social values, ethics, and cultural interpretations about risks and vulnerability among populations impact how people respond to climate change. This means that the actions and behaviors of individuals, groups, and even whole societies are influenced by factors such as beliefs, perceptions, and shared meanings. Although the capacity to adapt to uncertain conditions is partly dependent on technological systems and human behaviors, the ethics of how vulnerable people are impacted and influenced by social structures that are responsible for decision-making sets limits on adaptation. Thus, vulnerability and adaptive capacity are determined in part by the subjective characteristics of the social systems to which they belong [56]. Additionally, Brown and Westway [82] argued that understanding how people impact and respond to environmental change requires consideration of the subjective human characteristics that influence behavior. These factors include the psychosocial properties affecting human agency, resilience, and the ability to cope with uncertainty amid disruptive change. The variation of societal factors among populations means that risks, vulnerability, and adaptive capacity are often unevenly distributed across regions and social groups. Cutter and Emrich [91] suggested that social vulnerability is based on the characteristics of the people embedded within a given region or population, which may vary according a variety of indicators such as poverty, race, and social inequality. This means that applications such as climate change and critical infrastructure resilience can be influenced by factors such as social coherence and cultural interpretations of risks and vulnerability, which can lead to different experiences by different social groups. Hurricane Katrina was a vivid example of how social vulnerability to hazards can be unevenly distributed among population groups and across spatial regions, and how inequalities can amplify impacts [91]. This was evident in that many individuals with access to resources were able to mitigate losses and evacuate the region before the hurricane hit. Others who had no option to leave and minimal resources faced dire circumstances. Many of the differences in exposure, impact, and recovery pathways were directly related to social inequalities [91], which are characterized by the culture quadrant of the Integral Map.



Cardona [53] proposed a holistic perspective of risks and vulnerability, which he defined as “internal” risk factors that are partly determined by the subjective characteristics of people and social groups. By this definition, vulnerability can vary according to the collective understanding and interpretation of risks by different people and organizations that could either enhance or diminish potential mitigation efforts and disaster management strategies. Thus, similar to perspectives described above on climate change, the capacity of a person or group to adapt to a sudden or unexpected change in their environment represents a subjective context that can influence how disaster events are experienced and managed [53]. This means that the interior characteristics of people can impact how they interact with technology, and therefore influence the resilience of coupled complex systems such as infrastructure. Finally, Cardona [53] emphasized that risk management is dependent on how risks and vulnerability are perceived and interpreted by society and by social groups. That is, how people define their worldview and make meaning of experience and environmental conditions could be an important consideration in disaster management scenarios. In addition to the above, research in other areas including psychology [83,92], ecology [35], socio-ecological systems [93], and socio-technical systems [86] provide examples of why cultural perspectives representing the collective interior of people and environments are relevant to a holistic approach to resilience research.





6. Conclusions


Resilience is relevant to a wide variety of applications ranging from psychological health and well-being [10] to regime shifts in ecological systems [15] and critical infrastructure operations [1]. However, the heterogeneous nature of resilience knowledge among academic disciplines means that definitions and concepts are often incongruent with one another, which can lead to partial solutions to complex resilience problems. Moreover, without a framework for integrating disparate resilience perspectives across broad disciplines, a holistic understanding of resilience within a single discipline such as infrastructure will remain elusive. Given existing trends in the organization of knowledge away from disciplinary tree structures and toward webs, new approaches are required to guide infrastructure resilience researchers toward holistic investigations.



The Integral Map is just such an approach. By organizing knowledge according to epistemological perspective rather than by discipline, the Integral Map allows holistic completion without necessitating the inclusion of everything. Application of the Integral Map to a select set of 20 highly cited resilience research articles demonstrates how it may be used to assess holism and contribute to a more holistic understanding of infrastructure resilience. Three important lessons were gained. (1) Infrastructure-related subdisciplines largely contribute to new knowledge within the systems (“we”) quadrant. (2) Prominent research in adult psychology, child psychology, and neuroscience may support holistic infrastructure resilience research by providing interior and exterior individual perspectives. (3) Lastly, an absence of collective interior perspectives among highly cited work may lead researchers to overlook literature that examines culture reflecting the social interior. When considering all of the perspectives in the group of articles reviewed, the results suggest that research including factors such as cultural beliefs, shared values, and ethics would contribute to a more holistic understanding of infrastructure resilience. In sum, a holistic approach to resilience research must include both objective and subjective perspectives of the properties and processes that enable people and coupled complex systems to cope with unanticipated disruptions and adapt to change.







Author Contributions


Conceptualization: J.E.T.; Methodology, formal analysis, and investigation: J.E.T. and D.A.E.; Writing—original draft preparation: J.E.T.; Writing–review & editing: J.E.T.; D.A.E. and T.P.S.; Supervision, T.P.S.; Project administration, J.E.T.; Funding acquisition, T.P.S.




Funding


This research was funded by the National Science Foundation (NSF) under grant number 1441352. Any opinions, findings, conclusions, or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the NSF.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Alderson, D.L.; Brown, G.G.; Carlyle, W.M. Assessing and Improving Operational Resilience of Critical Infrastructures and Other Systems. In Tutorials in Operations Research; Institute for Operations Research and Management Science: Hanover, MD, USA, 2014; pp. 180–215. [Google Scholar][Green Version]

	



Department of Homeland Security. National Infrastructure Protection Plan; Department of Homeland Security: Washington, DC, USA, 2013.

	



Bartos, M.D.; Chester, M.V. The conservation nexus: Valuing interdependent water and energy savings in Arizona. Environ. Sci. Technol. 2014, 48, 2139–2149. [Google Scholar] [CrossRef] [PubMed]

	



Chang, S.E.; Mcdaniels, T.; Fox, J.; Dhariwal, R.; Longstaff, H. Toward disaster-resilient cities: Characterizing resilience of infrastructure systems with expert judgments. Risk Anal. 2014, 34, 416–434. [Google Scholar] [CrossRef] [PubMed]

	



Derrible, S.; Urban Infrastructure is not a Tree: Integrating and Decentralizing Urban Infrastructure Systems. Environment and Planning B: Planning and Design [Internet]. 2016. Available online: http://epb.sagepub.com/lookup/doi/10.1177/0265813516647063 (accessed on 27 July 2018).

	



DeBlasio, A.J.; Regan, T.J.; Zirker, M.E.; Fichter, K.S.; Lovejoy, K. Effects of Catastrophic Events on Transportation System Management and Operations. In Workshop on Optimizing Resource Allocation for Transportation Infrastructure Protection; University of Wisconsin-Madison: Madison, WI, USA, 2004. [Google Scholar]

	



Alexander, D.E. Resilience and disaster risk reduction: An etymological journey. Nat. Hazards Earth Syst. Sci. 2013, 3, 2707–2716. [Google Scholar] [CrossRef]

	



Masten, A. Resilience in developing systems: Progress and promise as the fourth wave rises. Dev. Psychopathol. 2007, 19, 921. [Google Scholar] [CrossRef] [PubMed]

	



Holling, C.S. Resilience and stability of ecological systems. Annu. Rev. Ecol. Syst. 1973, 4, 1–23. [Google Scholar] [CrossRef]

	



Bonanno, G. Loss, trauma, and human resilience: Have we underestimated the human capacity to thrive after extremely aversive events? Am. Psychol. 2004, 59, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Hauser, S.T. Understanding resilient outcomes: Adolescent lives across time and generations. J. Res. Adolesc. 1999, 9, 1–24. [Google Scholar] [CrossRef]

	



Resnick, B.A.; Inguito, P.L. The Resilience Scale: Psychometric properties and clinical applicability in older adults. Arch. Psychiatr. Nurs. 2011, 25, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Holling, C. Adaptive Environmental Assessment and Management; John Wiley & Sons: New York, NY, USA, 1978. [Google Scholar]

	



Gunderson, L.H. Ecological resilience: In theory and application. Annu. Rev. Ecol. Syst. 2000, 31, 425–439. [Google Scholar] [CrossRef]

	



Folke, C.; Carpenter, S.; Walker, B.; Scheffer, M.; Elmqvist, T.; Gunderson, L.; Holling, C. Regime shifts, resilience, in ecosystem management. Annu. Rev. Ecol. Evol. Syst. 2004, 35, 557–581. [Google Scholar] [CrossRef]

	



Hughes, T.P.; Baird, A.H.; Bellwood, D.R.; Card, M.; Connolly, S.R.; Folke, C.; Grosberg, R. Climate change, human impacts, and the resilience of coral reefs. Science 2003, 301, 929–934. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, G.; Allen, C.R.; Holling, C.S. Ecological resilience, biodiversity, and scale. Ecosystems 1998, 1, 6–18. [Google Scholar] [CrossRef]

	



Adger, W. Social and ecological resilience: Are they related? Prog. Hum. Geogr. 2000, 24, 347–364. [Google Scholar] [CrossRef]

	



Folke, C. Resilience: The emergence of a perspective for social–ecological systems analyses. Glob. Environ. Chang. 2006, 16, 253–267. [Google Scholar] [CrossRef]

	



Carpenter, S.; Walker, B.; Anderies, J.M.; Abel, N. From Metaphor to Measurement: Resilience of What to What? Ecosystems 2001, 4, 765–781. [Google Scholar] [CrossRef]

	



Hollnagel, E.; Woods, D.; Leveson, N. Resilience Engineering: Concepts and Precepts; Ashgate Publishing Limited: Aldershot, UK, 2006. [Google Scholar]

	



Park, J.; Seager, T.; Rao, P.; Convertino, M.; Linkov, I. Integrating risk and resilience approaches to catastrophe management in engineering systems. Risk Anal. 2013, 33, 356–367. [Google Scholar] [CrossRef] [PubMed]

	



The National Academies Press. Disaster Resilience: A National Imperative; The National Academies Press: Washington, DC, USA, 2012. [Google Scholar]

	



Bruneau, M.; Chang, S.E.; Eguchi, R.T.; Lee, G.C.; O’Rourke, T.D.; Reinhorn, A.M.; Shinozuka, M.; Tierney, K.; Wallace, W.A.; Von Winterfeldt, D. A Framework to Quantitatively Assess and Enhance the Seismic Resilience of Communities. Earthq. Spectra 2003, 19, 733–752. [Google Scholar] [CrossRef]

	



Cimellaro, G.P.; Reinhorn, A.M.; Bruneau, M. Framework for analytical quantification of disaster resilience. Eng. Struct. 2010, 32, 3639–3649. [Google Scholar] [CrossRef]

	



Ganin, A.A.; Massaro, E.; Gutfraind, A.; Steen, N.; Keisler, J.M.; Kott, A.; Mangoubi, R.; Linkov, I. Operational resilience: Concepts, design and analysis. Sci. Rep. 2016, 6, 19540. [Google Scholar] [CrossRef] [PubMed]

	



UNISDR. Hyogo framework for action 2005–2015: Building the resilience of nations and communities to disasters. In Proceedings of the United Nations International Strategy for Disaster Reduction: Extract from the Final Report of the World Conference, Kobe, Japan, 18–22 January 2005. [Google Scholar]

	



Larkin, S.; Fox-Lent, C.; Eisenberg, D.; Trump, B.; Wallace, S.; Chadderton, C.; Linkov, I. Benchmarking agency and organizational practices in resilience decision making. Environ. Syst. Decis. 2015, 35, 185–195. [Google Scholar] [CrossRef]

	



IPCC. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects; Contribution of Working Group II to the Fifth Assessment Report of the Intergovermental Panel on Climate Change, Field, C., Barros, V., Dokken, D., Mach, K., Mastrandrea, M., Bilir, T., Chatterjee, M., Ebi, K., Estrada, Y., Genova, R., et al., Eds.; Cambridge University Press: Cambridge, UK, 2014. [Google Scholar]

	



Labaka, L.; Hernantes, J.; Sarriegi, J.M. A holistic framework for building critical infrastructure resilience. Technol. Forecast. Soc. Chang. 2016, 103, 21–33. [Google Scholar] [CrossRef]

	



The White House. Presidential Policy Directive-21: Critical Infrastructure Security and Resilience; The White House: Washington, DC, USA, 2013.

	



Lima, M. The Power of Networks [Internet]. RSA Animate 2012. Available online: https://www.thersa.org/discover/videos/rsa-animate/2012/05/rsa-animate---the-power-of-networks (accessed on 28 July 2018).

	



Seager, T. The Future of Education: More Spiders, Fewer Leaves [Internet]. Medium. 2018. Available online: https://medium.com/age-of-awareness/the-future-of-education-more-spiders-fewer-leaves-761bcbb345e3 (accessed on 28 July 2018).

	



Esbjörn-Hargens, S. An Overview of Integral Theory. In Integral Theory in Action: Applied, Theoretical, and Constructive Perspectives on the AQAL Model; Esbjörn-Hargens, S., Ed.; State University of New York Press: Albany, NY, USA, 2010; pp. 33–61. [Google Scholar]

	



Esbjörn-Hargens, S.; Zimmerman, M. Integral Ecology, Uniting Multiple Perspectives on the Natural World; Integral Books; Shambhala Publications: Boston, MA, USA, 2009. [Google Scholar]

	



van Egmond, N.D.; de Vries, H.J.M. Sustainability: The search for the integral worldview. Futures 2011, 43, 853–867. [Google Scholar] [CrossRef]

	



O’Brien, K.; Hochachka, G. Integral Adaptation to Climate Change. J. Integral Theory Pract. 2010, 5, 1–14. [Google Scholar]

	



Seager, T.; Selinger, E.; Wiek, A. Sustainable Engineering Science for Resolving Wicked Problems. J. Agric. Environ. Ethics 2012, 25, 467–484. [Google Scholar] [CrossRef]

	



Woods, D. Four concepts for resilience and the implications for the future of resilience engineering. Reliab. Eng. Syst. Saf. 2015, 141, 5–9. [Google Scholar] [CrossRef]

	



Seager, T.P.; Satterstrom, F.K.; Linkov, I.; Tuler, S.P.; Kay, R. Typological review of environmental performance metrics (with illustrative examples for oil spill response). Integr. Environ. Assess. Manag. 2007, 3, 310–321. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Petit, F.D.; Eaton, L.K.; Fisher, R.E.; McAraw, S.F.; Collins, M.J., III. Developing an index to assess the resilience of critical infrastructure. Int. J. Risk Assess. Manag. 2012, 16, 28–47. [Google Scholar] [CrossRef]

	



Haimes, Y.Y. On the definition of resilience in systems. Risk Anal. 2009, 29, 498–501. [Google Scholar] [CrossRef] [PubMed]

	



Hollnagel, E.; Paries, J.; Woods, D.; Wreathall, J. Resilience Engineering in Practice: A Guidebook; Ashgate Publishing Company: Burlington, MA, USA, 2011. [Google Scholar]

	



Righi, A.W.; Saurin, T.A.; Wachs, P. A systematic literature review of resilience engineering: Research areas and a research agenda proposal. Reliab. Eng. Syst. Saf. 2015, 141, 142–152. [Google Scholar] [CrossRef]

	



Laugé, A.; Hernantes, J.; Sarriegi, J.M. Critical infrastructure dependencies: A holistic, dynamic and quantitative approach. Int. J. Crit. Infrastruct. Prot. 2015, 8, 16–23. [Google Scholar]

	



Labaka, L.; Hernantes, J.; Sarriegi, J.M. Resilience framework for critical infrastructures: An empirical study in a nuclear plant. Reliab. Eng. Syst. Saf. 2015, 141, 92–105. [Google Scholar] [CrossRef]

	



Seager, T.; Spierre Clark, S.; Eisenberg, D.; Thomas, J.; Hinrich, M.; Kofron, R.; Norgaard Jensen, C.; McBurnett, L.; Snell, M.; Alderson, D. Redesigning resilient infrastructure research. In Resilience and Risk: Methods and Application in Environment, Cyber, and Social Domains; Linkov, I., Palma Olivera, J., Eds.; Springer: Dordrecht, The Netherlands, 2017; pp. 81–119. [Google Scholar]

	



Miller, T.R.; Baird, T.D.; Littlefield, C.M.; Kofinas, G.; Chapin, F.S.; Redman, C.L. Epistemological pluralism: Reorganizing interdisciplinary research. Ecol. Soc. 2008, 13, 46. [Google Scholar] [CrossRef]

	



Denton, F.; Wilbanks, T.; Abeysinghe, A.; Gao, B.; Lemos, M.; Masui, T.; O’Brien, K.; Warner, K. Climate-resilient pathways: Adaptation, mitigation, and sustainable development. In Contribution of Working Group II to the Fifth Assessment Report of the Intergovermental Panel on Climate Change; Cambridge University Press: New York, NY, USA, 2014; pp. 1101–1131. [Google Scholar]

	



Hosseini, S.; Barker, K.; Ramirez-Marquez, J.E. A Review of Definitions and Measures of System Resilience. Reliab. Eng. Syst. Saf. 2016, 145, 47–61. [Google Scholar] [CrossRef]

	



Renschler, C.; Fraizer, A.; Arendt, L.; Cimellaro, G.-P.; Reinhorn, A.; Bruneau, M.B. A Framework for Defining and Measuring Resilience at the Community Scale: The PEOPLES Resilience Framework; NIST US Department of Commerce: Gaithersburg, MD, USA, 2010.

	



Overton, W.F. A new paradigm for developmental science: Relationism and relational-developmental systems. Appl. Dev. Sci. 2013, 17, 94–107. [Google Scholar] [CrossRef]

	



Cardona, O. The Need for Rethinking the Concepts of Vulnerability and Risk from a Holistic Perspective: A Necessary Review and Criticism for Effective Risk Management. In Mapping Vulnerability: Disasters, Development and People; Bankoff, G., Frerks, G., Hilhorst, D., Eds.; Earthscan: London, UK, 2003; pp. 37–51. [Google Scholar]

	



Koestler, A. Beyond atomism and holism: The concept of the holon. Perspect. Biol. Med. 1970, 13, 131–154. [Google Scholar] [CrossRef]

	



Diener, E. Subjective well-being. The science of happiness and a proposal for a national index. Am. Psychol. 2000, 55, 34–43. [Google Scholar] [CrossRef] [PubMed]

	



Adger, W.; Dessai, S.; Goulden, M.; Hulme, M.; Lorenzoni, I.; Nelson, D.; Naess, L.; Wolf, J.; Wreford, A. Are there social limits to adaptation to climate change? Clim. Chang. 2009, 93, 335–354. [Google Scholar] [CrossRef]

	



Hollnagel, E.; Fujita, Y. The Fukushima disaster: Systemic failures as the lack of resilience. Nucl. Eng. Technol. 2013, 45, 13–20. [Google Scholar] [CrossRef]

	



IAEA. The Fukushima Daiichi Accident; Report by the Director General; International Atomic Energy Agency: Vienna, Austria, 2015. [Google Scholar]

	



Hayward, B.M. Rethinking resilience: Reflections on the earthquakes in Christchurch, New Zealand, 2010 and 2011. Ecol. Soc. 2013, 18, 37. [Google Scholar] [CrossRef]

	



Wilber, K. A Theory of Everything: An Integral Vision for Business, Politics, Science, and Spirituality; Shambhala Publications: Boston, MA, USA, 2000. [Google Scholar]

	



Cook-Greuter, S. AQ as a Scanning and Mapping Device. J. Integral Theory Pract. 2005, 1, 1–17. [Google Scholar]

	



Crittendon, J. Using Integral Theory in the Classroom. J. Integral Theory Pract. 2007, 2, 213–217. [Google Scholar]

	



Floyd, J.; Zubevich, K. Linking foresight and sustainability: An integral approach. Futures 2010, 42, 59–68. [Google Scholar] [CrossRef]

	



Wilber, K. Sex, Ecology, and Spirituality, The Spirit of Evolution; Shambhala Publications: Boston, MA, USA, 2000. [Google Scholar]

	



Martin, J.A. Integral research as a practical mixed-methods framework. J. Integral Theory Pract. 2008, 3, 155–164. [Google Scholar]

	



Esbjörn-Hargens, S. Integral research: A multi-method approach to investigating phenomena. Constr. Hum. Sci. 2006, 11, 79–107. [Google Scholar]

	



Masten, A. Ordinary magic: Resilience processes in development. Am. Psychol. 2001, 56, 227–238. [Google Scholar] [CrossRef] [PubMed]

	



Connor, K. Assessment of resilience in the aftermath of trauma. J. Clin. Psychiatry 2006, 67 (Suppl. 2), 46–49. [Google Scholar] [PubMed]

	



Cardona, O.; van Aalst, M.; Birkmann, J.; Fordham, M.; McGregor, G.; Perez, R.; Pulwarty, R.; Schipper, L.; Sinh, B. Determinants of Risk: Exposure and Vulnerability. In Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation—A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate Change (IPCC); Cambridge University Press: Cambridge, UK, 2012; pp. 65–108. [Google Scholar]

	



Connor, K.; Davidson, J. Development of a new resilience scale: The Connor-Davidson Resilience Scale (CD-RISC). Depress. Anxiety 2003, 18, 76–82. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Norris, F.H.; Stevens, S.P.; Pfefferbaum, B.; Wyche, K.F.; Pfefferbaum, R.L. Community resilience as a metaphor, theory, set of capacities, and strategy for disaster readiness. Am. J. Community Psychol. 2008, 41, 127–150. [Google Scholar] [CrossRef] [PubMed]

	



Tugade, M.; Fredrickson, B. Resilient individuals use positive emotions to bounce back from negative emotional experiences. J. Pers. Soc. Psychol. 2004, 86, 320–333. [Google Scholar] [CrossRef] [PubMed]

	



Fredrickson, B.L.; Tugade, M.M.; Waugh, C.E.; Larkin, G.R. What good are positive emotions in crisis? A prospective study of resilience and emotions following the terrorist attacks on the United States on September 11th, 2001. J. Pers. Soc. Psychol. 2003, 84, 365–376. [Google Scholar] [CrossRef] [PubMed]

	



Rutter, M. Psychosocial resilience and protective mechanisms. Am. J. Orthopsychiatry 1987, 57, 316–331. [Google Scholar] [CrossRef] [PubMed]

	



Luthar, S.; Cicchetti, D.; Becker, B. The construct of resilience: A critical evaluation and guidelines for future work. Child Dev. 2000, 71, 543–562. [Google Scholar] [CrossRef] [PubMed]

	



Rutter, M. Resilience in the face of adversity. Protective factors and resistance to psychiatric disorder. Br. J. Psychiatry 1985, 147, 598–611. [Google Scholar] [CrossRef] [PubMed]

	



Achard, S. A resilient, Low-frequency, small-world human brain functional network with highly connected association cortical hubs. J. Neurosci. 2006, 26, 63–72. [Google Scholar] [CrossRef] [PubMed]

	



Walker, B.; Holling, C.; Carpenter, S.; Kinzig, A. Resilience, adaptability and transformability in social-ecological systems. Ecol. Soc. 2004, 9, 5. [Google Scholar] [CrossRef]

	



Olsson, P.; Folke, C.; Berkes, F. Adaptive comanagement for building resilience in social ecological systems. Environ. Manag. 2004, 34, 75–90. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, R.; Erez, K.; Ben-Avraham, D.; Havlin, S. Resilience of the Internet to random breakdowns. Phys. Rev. Lett. 2000, 85, 4626–4628. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.Y.; Huang, L.; Rhea, S.C.; Stribling, J.; Joseph a, D.; Kubiatowicz, J. Tapestry: A global-scale overlay for rapid service deployment. IEEE J. Sel. Areas Commun. 2004, 22, 41–53. [Google Scholar] [CrossRef]

	



Brown, K.; Westaway, E. Agency, capacity, and resilience to environmental change: Lessons from human development, well-being, and disasters. Annu. Rev. Environ. Resour. 2011, 36, 321–342. [Google Scholar] [CrossRef]

	



Masten, A. Global perspectives on resilience in children and youth. Child Dev. 2014, 85, 6–20. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, D.R.; Adger, W.N.; Brown, K. Adaptation to environmental change: Contributions of a resilience framework. Annu. Rev. Environ. Resour. 2007, 32, 395–419. [Google Scholar] [CrossRef]

	



Madni, A.M.; Jackson, S. Towards a conceptual framework for resilience engineering. IEEE Syst. J. 2009, 3, 181–191. [Google Scholar] [CrossRef]

	



Smith, A.; Stirling, A. Social-Ecological Resilience and Socio-Technical Transitions: Critical Issues for Sustainability Governance; STEPS Working Paper 8; STEPS Centre: Brighton, UK, 2008; Volume 8. [Google Scholar]

	



Norris, F.H.; Stevens, S.P. Community Resilience and the Principles of Mass Trauma Intervention. Psychiatry 2007, 70, 320–328. [Google Scholar] [CrossRef]

	



Berkes, F.; Ross, H. Community resilience: Toward an integrated approach. Soc. Nat. Resour. 2013, 26, 5–20. [Google Scholar] [CrossRef]

	



Ungar, M. Resilience, trauma, context, and culture. Trauma Violence Abuse 2013, 14, 255–266. [Google Scholar] [CrossRef] [PubMed]

	



Cutter, S.; Burton, C.; Emrich, C. Disaster resilience indicators for benchmarking baseline conditions. J. Homeland Secur. Emerg. Manag. 2010, 7. [Google Scholar] [CrossRef]

	



Cutter, S.; Emrich, C. Moral hazard, social catastrophe: The changing face of vulnerability along the hurricane coasts. Ann. Am. Acad. Polit. Soc. Sci. 2006, 604, 102–112. [Google Scholar] [CrossRef]

	



Ungar, M. The Social Ecology of Resilience; Springer: New York, NY, USA, 2012. [Google Scholar]

	



Stokols, D.; Lejano, R.P.; Hipp, J. Enhancing the resilience of human–environment systems: A social ecological perspective. Ecol. Soc. 2013, 18, 7. [Google Scholar] [CrossRef]








[image: Infrastructures 03 00030 g001 550] 





Figure 1. Integral Map of Human Perspectives. Adapted [34,60]. 
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Figure 2. A heuristic representing each quadrant of the Integral Map with examples of different ways of knowing and resilience concepts. 
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Figure 3. The top 20 most cited peer review journal articles aligned with the integral heuristic corresponding to each quadrant in Figure 1 and Figure 2. 






Figure 3. The top 20 most cited peer review journal articles aligned with the integral heuristic corresponding to each quadrant in Figure 1 and Figure 2.



[image: Infrastructures 03 00030 g003]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Perspective—Individual Interior
Subjective (1*-person, I’, 'me’)

Focus on individual interior experience, resources,
and phenomena.

Examples
* Cognitive capacity,
* Affect (emotional intelligence)
* Moral capacity
* Psychological development
* Individual beliefs and attitudes
* Individual knowledge & skills

Resilience: self-esteem, locus of control, stress
response, emotional adaptation.

Experience

Perspective—Individual Exterior
Objective (3™ -person singular, it’)

Focus on individual exterior behavior, structure,
functions, and phenomena.

Examples
* Individual characteristics and measures
(person/technology/environment)
* Individual actions & behaviors
* Individual structures & functions
* Individual interacting with environment
* Characteristics of individuals/components

Resilience: sensing, anticipating, adapting, and
learning, individual capacity to absorb & recover.

Behavior

Culture

Perspective—Collective Interior
The inter-subjective (2"-person, you, we)

Focus on group interior culture, organizational &
political ideology, resources, and phenomena.

Examples
* Shared values & beliefs
* Culture, customs, & lifestyle
* Interpersonal communication
* Ethics & worldviews
* Religious views

Resilience: social cohesion, community ability to
cope, self-organize, & community efficacy.

Systems

Perspective—Collective Exterior
The inter-objective (3" -person plural, Its’)

Focus on group exterior systems, dynamic
interactions, structures, functions, and phenomena.

Examples -
* Interactions within and among systems
* Systems functions and structures
* Economic & geopolitical sttuctures
* Social, ecological, and technological systems
* Socio-ecological & socio-technical systems

Resilience: sensing, anticipating, adapting, and
learning, robust, capacity to absorb & recover.
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Perspective—Individual Exterior
Objective (3*-person singular, )

Focus on individual exterior behavior, structure,
functions, and phenomena.

Examples
* Individual characteistcs and measures

(person/iechnology/environment)
« Individual actions & behaviors

* Individual interacting with cnvironment
« Charactristics of individuals/components

Resilience: sensing, antcipating, adapting, and.

response, cmotional adsptaion. learning,individual capaciy 1o absorb & recover.
‘Experience | Behavior
Culture | Systems
Perspective—Collective Iterior Perspective—Collective Exterior

The inter-subjective (2*-person, you, we)

Focus on group iterior cultre, organizational &
politcal idcology, resources, and phenomena.

Examples
* Shared values &belies
* Culture, customs, & lifestyle
* Interpersonal communication
+ Ethics & worldviews.
* Religous views

Resilience: social cohesion, community abliy to

The inter-objective (3"person plural, lis’)

Focus on group exterior systems, dynamic
interactions, stuctures, functions, and phenomens.

Examples
* Interactions within and amoag systems
* Systems functions and strctures
* Economic & geopolifical sructures
* Social, ecological, and teshnological systems
* Socio-ecological & socio-technical systems

Resilience: sensing, anticipating, adapting, and.
Icarning, robust, capcty t0 absorb & recover.
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