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Abstract

Following recent extreme events in New Zealand, Haiti, and Japan, and other parts of the world,
infrastructure systems have copiously been identified as lifelines of cities and essential to the smooth
functioning of modern societies . Therefore, resilience of these systems cannot be defined based
on mere infrastructure’s physical attributes . Rather resilience can best be considered as an
interactive process that unfolds over time and which is continuously influenced by ongoing change in
the context . In other words, maintaining resilience of complex and critical infrastructure systems
as a whole including social systems, organisational, technical, and economical systems should
become an essential, continuous, and engineered part of their management .

An Overview of complex adaptive system

In the current state of social and ecological resilience research, it is often said that complex social
systems are a sub-system of nonlinear complex adaptive systems that contain system-level oxymoron
properties such as resilience, adaptability, evolveability, and stability @ Complex adaptive systems
are open systems composed of many interacting components that through interacting with their
surroundings both autonomously and in interaction with their environment change, self-organise
toward a state of equilibrium or attractors, and give rise to emergent properties E} such as mutual
adaptation of genes give rise to differentiation of tissues and emergence of different organs that
cannot be found in individual parts .

The process of self-organisation is typically takes place in nonlinear systems, which are far from their
thermodynamic equilibrium state. Nevertheless, nonlinear systems generally have several attractors.
When a system resides in between attractors, it will be in general a chance variation, called fluctuation
in thermodynamics that will push it either into the one or into the other of the attractors H Given
this notion, it can be conjectured that the behaviour of the system will move towards attractors.

Some attractors will embody our notion of desired states and can be called good attractors or good
patches , whereas other attractors might take us too undesired states or what here is called bad
attractors. Appearance of alternative states introduce interesting element: the possibility of path-
dependent phenomena . In these cases, relevant to both biological and technological evolution,
the initial conditions play a key role. Small differences in the initial state can actually lead to very
different outcomes, thus introducing the role for history. By tracking the history of life and society,
when a given parameter is tuned and crossed a threshold we can observe change in system
organisations or dynamics.
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These different patterns of organisations have been termed as ‘Phases’ that contains evidence of deep
changes in ‘life forms’, ecosystems, and civilisations.

A modern society as a complex adaptive system has been self-organised by the act of human
intervention toward creating desired aggregation of potential attractors namely cities. However, to
enable these process of self-organisations, having an access to multiple sub-systems and pathways of
flow of resources across the entire body of cities, communities, and individuals is necessary.

Resilience of infrastructures as network of energies can consequently be seen as an emergent,
desirable, complex, and adaptive property. Therefore, similar to description of emergent properties
in CAS; resilience emerges from spontaneous dynamics of local and sub-processes interaction in their
continual mutual adaptations to a changing environment. The role of flow of resources in directing
resilience in complex systems can be seen after massive changes that have enough potential energy
to shift/ flip the entire system into a completely novel chapter of performance.

In the 2011 Tohoku earthquake in Japan, the widespread devastation was all too evident from the
cascade of media images, now supplemented by objective field studies of the actual impacts. These
images reveal how the earthquake and tsunami damage disrupted, and in some cases totally
eliminated, the resource networks on which the Japanese and global society depends - indeed, one of
the primary purposes of the society is to create and maintain these sustaining resource networks.

From this perspective, a resilient recovery process is the process of purposeful rebuilding and
reinstatement of these resource networks in order to enable the society to attain its restated goals.
These goals might be simply to return to the society's state or condition to that which existed prior to
the event, or the experience of the event might cause society to reflect and decide that it wants/
prefers to move towards a new, less vulnerable and more sustainable state.

The choice of development trajectory and its pace and the actions necessary to achieve the desired
development, emerge from the complex interactions of the societal system and its constituent actors
.Thus, it is argued that resilience is an emergent property of the complex adaptive societal system
, of which physical infrastructure is just a part.

In responding to an event like Tohoku, a society must deploy its full inventory of resourcefulness. The
actual conditions arising from the event cannot be known until the event has happened. Thus, the first
component of the resourcefulness inventory to be deployed must be the ability to observe and
understand what has happened. This societal learning and reflection have to work simultaneously and
coherently across the spatial scales - from the detailed, highly localised, knowledge of the
householders watching their homes being washed away, to the sophisticated, coarser scale, real-time
pictures being presented to national and regional governments.

Previous scenario speculations can help to structure and focus this learning, and to develop effective
enabling tools, but the uniqueness of the actual event means that the actual learning can only happen
after the event. Having made sense of the actuality of the event, the society then needs rapidly to
decide what chain of future states it want to move through, and over what time scales, it needs clarity
of its society purpose, goals and vision. Then the society needs to design and implement the actions
needed for it to attain these states. These actions are fundamentally a matter of restoring the society's
sustaining resource networks and associated resource flows .



Such restoration depends on the availability of many other components of the resourcefulness
inventory including know how, materials, equipment, people, governance, learning, decision making,
confidence . Thus, ‘the degree of resilience depends on the degree of resourcefulness’. If a society
is to be resilient, it needs to focus on developing its fundamental resourcefulness with the goal of
ensuring that it has overwhelming resourcefulness sufficient to enable it to cope with any eventuality.
Figure 1 illustrates the concept of resourcefulness and its impact on subsequent positioning of system
in the vulnerability continuum .

The concept of vulnerability continuum (Fig. 2) is adapted from and is linked to the role of
investment and enhancing resourcefulness of complex adaptive systems in directing systems,
managing the level of exposure to stressing condition, and steering the trajectory of adaptation
toward resilient thresholds.
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Figure 1. Different Location of the Social Agents on the Resilience Vulnerability Continuum (Beigi 2014).
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In other words, positive manifestation of resilience at global scale in the face of changing
condition is highly dependent on resourcefulness of underlying mechanisms in creating coherent
and synergetic operational workspaces, knitted together with a shared-vision, and operational

rationales across the system a whole .

These underlying mechanisms are themselves dependent on a constant flow of resources of different
kinds to continue to operate in an acceptable state and support sustainability of desired states in the
system as a whole.

Consequently, the fundamental essence of resilience as the ability of system to cope with changing
condition and continue to flourish and maintain a positive and relatively stable state is interdependent
with accessibility of underling processes to sufficient amount of necessary resources to

26).

continue to function toward desirable or enhanced states {25

The functionality of super process of resilience and its intricate dependence on constant flow of
different types of resources in the abovementioned scenario, shares similarities to the process of
survival of the fittest, fitness landscape, resilience of ecological systems and the evolution of process
of life in the biological realm. The process of survival of the fittest and robustness of life across diverse
ranges of life domains in a broad sense is also dependent on: a) constant inflow of energy and
materials into organisms as open and dissipative systems and b) on organisms’ abilities to strategically
adapt to the changing condition , remain productive and evolvable.

From this point of view, cities as an intensification of human interaction made possible by connection
of energy flows across space and time regulate their metabolic pathways through constant flows
of diverse forms of energy and materials and constantly feeding back energy to the other components.
Through this dynamic and continues process of energy acquisition, transformation, dislocation, and

dissipation matter condenses and creates ‘storages’ of different kinds {29][30).

The quality and quantity of these storages are thus direct function of ability of ‘energy carriers’ in the
system of cities as whole including ability of their inhabitants and their built infrastructures in
capturing and attracting flows of energy, transforming them into higher/different forms, feeding back
and forward energy and material into different parts of the system and mobilising resources to the
other parts of the whole in order to ensure various groups of stakeholders are enabled to have access
to uninterrupted flow of energy and resources most of the times.

These stakeholders can be thought of different group/ types of storages and enabling resources and
processes, which not only consume resources but also, feedback resources to the other parts of the
system. Considering stakeholders as storages of resource and energy shows that the ability of different
groups of people from different parts of the system and with different degree of resourcefulness
influences the way in which the trajectory of responsiveness of system unfolds.

This means that information related to self-organisation processes of complex infrastructure systems,
similar to the patchy nature of ecological systems, is not predefined explicitly in any participated parts,
rather the process of emergence is always novel and unique because it is constantly being resourced
from the dynamic interaction of system players taking shape by them which will become embodied in
the collective mind of the system.



City Resilience

A city and its supporting infrastructure systems therefore can be considered as continuation of natural
systems, being made by aggregations of human will and desire. It is as though humans across the
world have taken the process of evolution of life into a different level of manifestation. However, from
biological perspective cities are similar to and differ from ecological systems .

Therefore, they are resilient if their infrastructure systems are resilient in a sense that is able to remain
bounded or remain close enough to a set of desirable state or the attractor around which the system
prefers to remain in time of perturbations by utilising rapid support of feedback loops and maintain
their functionality while being able to continue to empower system’s reorganisation processes.
Nevertheless, not all form of energy is of the same value and from the same kind of quality because
various factors contribute to the ability of flow of energies to do “useful work” and enable complex
adaptive systems to continue to thrive in the face of adversity. These factors including convertibility,
flexibility, concentration, and ease of transformation, are linked to the diverse ranges of
transformability of infrastructure systems as enabling resources to influence degree of resiliency and
resourcefulness of users.

A resilient city needs sources of energy and enabling processes in order to respond to an external
action and move toward a better state. The sources of energy must also be delivered in sufficient and
pertinent amount of energy and at a sufficient rate to the whole structure of the system or in the area
of responsibility i.e., right place.

This concept of right amount and right type of energy, right timing, and right place means that a
resilient system needs to act fit, think fit, move fit or what this research calls dynamic resourcefulness.
The nature of dynamic resourcefulness can be elucidated with a simple example from natural systems.

The process of resource acquisition and nutrient transformation in a forest as a whole is enabled by
both the collective processes of its internal infrastructure systems including the system of roots
supported by the network of rhizomes that are capable of multidimensional expansion in the soil
fitness land-scape and amplifying other parts of the tree by reaching unique regions of the soil-scape,
the system of leaves combined with supporting energy capturing systems, tree trunk and its unique
physical attributes, and etc. in maintaining a dynamically stable yet adaptive, robust yet evolvable,
and redundant platform for the system of the hypothetical forest as whole and enabling it to cope
with the changes of its internal and external environment such as changes in the amount and
magnitude of sunlight, flow of water coming from internal structures as well as external sources such
as precipitation, architectural properties of soil infrastructure system, the frequencies of fire and
dynamics of outbreaks, degree of invasion by other species or existence of available potential space
for change.

Therefore changes in the behaviour of system of forest can be tracked by means of detecting changes
in the characteristics of inflows and outflows, and stocks or inventories of energy and materials. What
goes into the forest and what goes out of it with respect to previous states of interactions provide
ecosystem managers and ecological engineers with a sense of system’s natural tempo of evolution.
Therefore, stocks of energy and materials create a form of memory for the system that act nonlinearly
as inventory lists or storages for each individual sub-system in the system of forest and are
fundamental sources of change in multidimensional and multilevel directions.



The navigation of resources and self-organisation of natural systems in respond to changing condition
are dependent on dynamics of feedback loops, cross-scale dynamics, their trade-offs with their
surroundings, time profile of change, architectural properties including structural integrity,
combination or embellishment of resources of ecological systems, and degeneracy that ensure
resilience and continuity of key functioning processes and services and will resource robustness to
grow over evolutionary time . Put it differently, the ability of ecosystem to utilise available
resources by means of its redundancy and complexity and adapt to disturbance by utilising its buffered
stability depends on the storages and interactions within an ecosystem that enhance flow of

available information .

Similar to the system of a forest, a city for its functionality and providing a buoyant mode for social
communities is dependent on a constant flow of resources . However, humans are equipped with
the most advanced type of control mechanism across the domain of life whose internal dynamics give
rise to emergence of a sophisticated level of mental faculty and cognition that enable them to
consciously and purposefully modify; exert deliberate influences on its surroundings, and create,
destruct, or trigger emergence of new attractors across different regions of shared landscape of
performance and binds energy, time and space simultaneously .

Through these influences, humans are therefore able to ‘design and architect’ their own tools from
previous forms of resources building infrastructure systems from diverse ranges of natural resources,
‘create’ new types of resources in different quality and quantity, and ‘learn’ valuable insights from his
previous experience of using resources.

The combination of these processes of designing, creating, and learning enhances humans accessibility
to resources or increase his resourcefulness, their adaptive capacity’ boundaries and consequently
their degree of resiliency in the face of the unknowns. Resilience in this context is a super process is
linked to the linking processes of a set of adaptive capacities to a positive trajectory or trajectories of
functioning and adaptation after a disturbance to the current desirable state .In this context
resilience is not equated with the outcome, but rather with the process linking resources or enabling
adaptive capacities to outcomes or desired attractors such as the dynamic state of positive adaptation
for human individuals and communities as a whole. The processes of positive adaptations in social
systems are collectively manifest in wellness of communities.

Therefore an integrated framework can provide a robust basis for investment in a resilient set of
services that will improve the serviceability of system as a whole. This research by using the concept
of resource flow analysis concludes that enhancing ability of systems to make a prediction of how
often extreme condition occur and what is the uncertainty in the detail of such predictions, and
increasing intrinsic resilience of the services and systems to wide ranges of manifestation of change
and not solely extreme events across the whole system boundaries, maintains a tolerable level of loss
for communities , and entrain the trajectories of dynamic resourcefulness in infrastructure
systems toward globally green, sustainable, and resilient states.



Conclusion

Three fundamental building blocks of the newly emerging theory of Mindfulness Engineering are
identifies as the following:

1) Infrastructure systems are expansion of natural systems.

Infrastructure systems are compact spaces made by man and from natural resources and are concrete
manifestation his abstract needs. For instance, the emergence of an infrastructure system such as
water networks is provided by existence of a triggering point, which is the need to have an access to
a clean source of water as well as mobilise this accessibility to different parts of a city.

In short, infrastructure systems are both means and ends that ‘entrain’ and ‘empower’ self-organise-
abilities of communities around their desired states across various scales in space and time. A globally
resilient system is not only capable of coping with environmental perturbations but also, is able to
focusits inventories of resourcefulness collectively to shape the landscape and its basins, create better
attractors, transform resilience from the domain of possibilities and planning to the actual arena of
action and subsequently evolve itself systematically.

2) To build resilient nations, we need to move beyond artefact centric view of critical
infrastructure systems toward ‘service-centric or resource-centric’ view of complex adaptive
infrastructure systems.

The outcome of such shift consequently changes the process of asset management and the process
of evaluation of these essential systems. It also has the potential to encourage different users of
complex adaptive infrastructure systems to purposefully assign a price or value for resilience in
their processes of resource acquisition, transformation, mobilisation, and dissipation, harmonise the
balance between demand side of the system and the consumption side ,and register to the notion
of end-to-end resilience. In a nutshell, the value of an asset in the framework of dynamic
resourcefulness is not only linked to its physical attributes but also, to its critical role in maintaining
and supporting resilience of modern social system as a sub-system of nonlinear complex adaptive
systems.

3) Different degrees of resourcefulness give rise to different morphologies and typologies of
resilience in different systems.

In complex adaptive systems that have multiple interacting agents, we essentially have different
resource inventories. Different stakeholders therefore can bring various trajectories with different
views of resilience with themselves in forms of diverse types of mental models with diverse system of
values and needs into their reciprocal states and create pulses of change in other and sometimes
remote areas in the shared landscape of performance.

These different views of resilience bring about alternatives for system stakeholders across the system
and a source of change either positive or negative which their outcomes can be used to steer
toward fitter basins of attractions. By tracking how changes in the flow of energies influences system
behaviour and its preferences, system developers can gain insight about designing globally resilient
systems.



A resilient system must be able to act on these different levels of resourcefulness to be able to
maintain the diversity meaning that the amount of choices that a system can make is highly linked to
its degree of resourcefulness and consistency of these resources. For instance, a complex adaptive
infrastructure system is essentially a part of cognitive map of social systems.

An infrastructure’s integrity is maintained by users in that an infrastructure like technological systems
also ‘wants’ resources to fulfil the objectives of itself and its users. This means that a bi-directional
and synergetic relationship between users of infrastructure systems and infrastructure systems as a
whole does exist which might be considered as an advanced version of logical interdependencies
suggested. In other words, it can be said that a complex infrastructure system is essentially a part of
cognitive map of social systems.

If users of an infrastructure have a reductionist mental model of the system of which they are part,
and from which they benefit, the system cannot be categorised into higher typology and morphology
of resilience. Therefore, an increase in resilience of system in one part of the systems does not mean
that the system as a whole have achieved an enhanced degree of resiliency. Moreover, the process of
human development is a multidimensional and multidirectional process. This means that to manage
for thriving systems, control, and flexibility of self-organisation need to be linked. This is achievable if
the role of diversity of different perspectives and components in the system is considered as a useful
resource that can support structural integrity and persistence of key functions and relationships in the
system in time of shock trigger novelty, and evolution needs to be incorporated in systematic analysis
of resilience of complex adaptive systems.
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