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ABSTRACT

Sustainability science is an emerging transdisciplinary research which necessitates not only the
communication and collaboration of scientists, practitioners and stakeholders from different
disciplines and interests, but also the paradigm shift from deterministic and reductionist approaches
to the old basic. Ecological-societal systems (ESS) are co-evolving complex systems having many
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interacting parts (or agents) whose random interactions at local scale give rise to spontaneous
emerging order at global scale (i.e., self-organization). Here, the flows of energy, matter and
information between the systems and their surroundings play a key role. We introduce a conceptual
framework for such continually morphing dynamical systems, i.e. self-organizing hierarchical open
systems (SOHOs). To understand the structure and functionality of SOHOs, we revisit the two
fundamental laws of physics. Re-interpretation of these principles helps understand the destiny and
better path toward sustainability, and how to reconcile ecosystem integrity with societal vision and
value. We then integrate the so-called visioneering (V) framework with that of SOHOs as
feedback/feedforward loops so that ‘a nudged self-organization’ may guide systems’ agents to work
together toward sustainable ESS. Finally, example is given with newly endorsed Sustainable
Development Goals (SDG) Lab (i.e., ‘Rural systems visioneering’) by Future Earth, which is now
underway in rural villages in Tanzania.

Key words: Sustainability science, Ecological-societal systems, Self-organization, Rural systems

visioneering, Sustainable Development Goals Lab

I. INTRODUCTION

There have been growing concerns on our society’s
scientific approach to dealing with unsustainable local,
regional and global trajectories (e.g., Anthes, 1993;
2004; Folke et al., 2011;
Janhonen-Abruquah et al., 2018). Our ecological-

Meadows et al.,

societal systems (ESS) bear severe consequences of
accelerating entropic juggernaut in the form of climate
change and global capitalism. The juggernaut metaphor
is the sacrifice we must pay not only for dissipating
energy by unstoppable consumptive use of resources
but also for eroding the resilience of the surrounding
ecosystems, thereby exacerbating the vulnerability of
ESS (Rifkin, 2009; O’Brien et al., 2012; Grothmann
et al., 2017). The success of the agricultural and
industrial revolutions, now followed by that of
information revolution, has produced its own dearth of
the biocapacity of our planet as a whole. As has been
exhorted earlier by Meadows ef al. (2004), success
created the necessity for another revolution — a
sustainability revolution toward which visioning,
networking, truth-telling, learning, and loving are the
most important tools for the transition. In tandem, there
is a need to accommodate a much wider range of
modes of constructing scientific knowledge and
understanding about ESS. We must develop a science
that allows us to study the coevolution of the natural

world and the human-constructed world (e.g., Kay and
Boyle, 2008).

Modern science has been structured primarily
around Newtonian and Darwinian approaches. In
Ulanowicz’s term (2009), the former was the first
window on the world, captured in mechanistic
worldview with its time reversible laws. The latter
brought history into the second window on the world,
and a third window has been seeking to go beyond
both reductionism and even the synthesis of both
worldviews to science (e.g., Harte, 2002; Ulanowicz,
2009; Logan, 2013). Considering high levels of
uncertainty, epistemological conflicts over facts and
values, and a sense of urgency, such a normal
paradigm-driven science would be insufficient to
sustain our pursuit of finding the governing principles
and stewardship for sustainable ESS (e.g.
Waltner-Toews and Kay, 2008; Mooney et al., 2012).

The co-evolving nature of ESS has become
increasingly obvious as human ecological footprint
has increased. Yet, the conceptual framework to
bridge the societal system dynamics with that of the
larger ecological systems within which humanity
deficient to understand their

operates remains

coevolution. The key to understanding the
coevolution is to understand processes in nature,
which are driven by ‘self-organization’ (e.g., Kay and
2008), and thus we

Boyle, need a new
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transdisciplinary approach that draws on the theories,
concepts, and principles from physical, biological,
social and information sciences (e.g., Heylighen,
2011). Integrating these sciences based on the first
principles (e.g., the entropy principle and the action
principle) provides a first step to bridging ecological
and societal systems.

In this letter, we present a conceptual framework
which enables not only to bridge nature and human
but also to generate useful knowledge for
understanding and sustaining the integrity of the
combined ESS. First, we revisit fundamental concepts
in complex systems, and introduce the first principles
that enable such systems to self-organize. We then
propose a self-organizing hierarchical open systems
framework which is further integrated with the
visioneering framework (Kim and Oki, 2011) to
guide ESS toward sustainability. Finally, we provide
examples on how such frameworks can help realize
the sustainable development goals (SDG) Lab of
Future Earth (www.futureearth.org/).

II. FOUNDATIONS

2.1. (Criteria for a theory

“A theory is the more impressive, the greater the
simplicity of its premises is, the more different kinds
of things it relates, and the more extended is its area
of applicability. Therefore the deep impression that
classical thermodynamics made upon me. It is the
only physical theory of universal content that, within
the framework of applicability of its basic concepts,

it will never be overthrown.’
Albert Einstein, 1949

The essential for the understanding of coupled ESS
dynamics is a scientific theory. The term ‘theory’ is
used to describe most advanced systems of
knowledge. Harte (2011) asserts that scientific
theories must meet three criteria: (1) falsifiability,
(2) comprehensiveness, and (3) parsimony.
Falsifiability stresses the point that a scientific theory
can never be proven but must be destructible. Theory

must stick its neck out, as Harte simply puts, because
scientists can only disprove or improve it
Comprehensiveness reminds us that a scientific
theory is not a model which has only a limited scope.
A successful scientific theory predicts answers that
are applicable across a wide range of conditions and
phenomena (though it may come at the expense of
practicality). Parsimony is measured by the ratio of
the number of distinct testable predictions it makes
to that of assumptions needed, and thus the ratio
should be large. In other words, a parsimonious
theory does a lot with a little. To summarize, a
scientific theory is based on relatively few, clearly
stated, simple assumptions that can be used to make
a comprehensive set of falsifiable predictions about
the answers to a wide variety of questions from
multiple perspectives (Harte, 2011). Here we put
forward such a scientific theory - a self-organizing
hierarchical open systems (SOHOs) approach with
visioneering based on the principles of entropy and
action, which may provide hope of unifying the
coherent

questions and answers under one

framework, i.e., sustainability.

2.2. Concepts in complex systems

2.2.1, Defining a system

A system is a collection of things that we perceive
to be a whole. Meadows (2008) defines system as an
interconnected set of elements that is coherently
organized in a way that achieves something. The
system components, configured together in a
constitute  the
organization which allows the system to fulfill its

particular  structure, system’s
function and purpose. In essence, a system consists
of three pillars: elements (or agents), interconnections,
and purpose. The least obvious part of the system,
its purpose, deserves more attention because it gives
birth to a vision which is a crucial determinant of a
system’s behavior in the process of ‘visioneering’ —
an essential framework in sustainability science (Kim
and Oki, 2011).

A system can be categorized into (1) isolated and
(2) non-isolated systems (e.g., Jorgensen et al., 2007).



104 Korean Journal of Agricultural and Forest Meteorology, Vol. 20, No. 1

An isolated system allows no exchange of energy,
matter, and information with the environment.
Non-isolated system is further divided into (1) closed
and (2) open systems. The former exchanges energy
and information but not matter with the environment.
Open systems are those that have an environment,
which provide energy, matter and information flows
into and out of the system. For example, natural and
human ecosystems at local to regional scales are all
open systems whereas the earth system as a whole
may be considered as a closed system.

Ecological-societal systems are combined systems
of ecological and social components and drivers that
interact and give rise to results which cannot be
understood based on ecological or social
considerations alone (Chapin et al., 2009). For
example, societies and their economies are open
systems embedded in ecological systems with which
they exchange energy, matter and information.
Interactions among these systems are vital for each
system’s development and are believed to be
constrained by the laws of physics. Ruth e al. (2011)
argued that, in contrast to the physical and life
sciences, the social and behavioral sciences have not
yet organized themselves and connected their
theoretical ~ and  empirical  knowledge in
transdisciplinary ways to provide the insights on
human with environmental system dynamics across
local to global scales.

A conceptual framework that is based on a simple
and general theory is needed to couple these two open
systems with different levels of complexity. The
definition of complexity is like two sides of a coin.
As a quantity (hence computable), complexity is the
amount of information needed to describe a system.
As a quality, complexity may refer to the presence
of emergence (i.e., the apparent discontinuity in
phenomena between radically different collective
behaviors arising from the interaction of subsystems,
which are not evident from analysis of each
subsystem) (e.g., Standish, 2001; Prokopenko et al.,
2009). Emergence is distinguished from a flip to a

new attractor (i.e., the end-state of a dynamic system

as it moves over time) that may be surprising but
not novel. The individual component systems as well
as the coupled ESS are all complex systems in which
large networks of components give rise to complex
collective  behaviors, sophisticated information
processing, and adaptation via learning through

self-organization (Mitchell, 2009).

2.2.2, Self—organization

The concept of self-organization denotes open
systems, exchanging energy, matter and information
with the environment and made up of components
whose properties and behaviors are defined prior to
organization itself. The term, ‘self’ implies the
absence of centralizing ordering or external forcing
whereas ‘organization’ involves a decrease in internal
entropy (or an increase in complexity). As a system
self-organizes more, it shows more behaviors,
requiring more information to describe its dynamics
(Prokopenko et al., 2009).

The fundamental properties of self-organization
may be summarized as (1) no external control, (2) an
increase in order, (3) robustness, and (4) interaction
(Correia, 2006). From the information-theoretic
perspective, no external control may imply
spontaneous arising of information dynamics without
any flow of information into the system. An increase
in order (or complexity) reflects increased predictive
information within the system. In other words, the
change in information’s gain within the system
should be more than that flowing from the
environment. Robustness follows from maximizing
diversity within the system whereas interaction
implies minimization of local conflicts to produce
evolutionary stable system. Adaptation (via
generating variability, observing feedback, and
preferential selection) is considered as a process
where system behavior changes to increase mutual
information between the system and the environment
(Prokopenko et al., 2009). For example, Kumar and
Ruddell (2011) investigated the principles that
characterize the role of the variability in

self-organized interaction between various
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ecosystems and their environment. By examining the
network of feedback loops, they found that
self-organization arises as a tradeoff where the ability
of the total system to maximize information
production through feedback is limited by moderate
variability of the participating variables. Such a tug
of war between variability and information
production in open complex systems shed a light on
the search for the first principles that drive

self-organization processes in nature.

2.2.3. Energy, matter, and information

In open, self-organizing systems, energy of
different quantity and quality provides the stimulus
for organization, enabling different processes to
progress at different rates. Matter is anything that
occupies space and has mass. They provide the raw
materials for the processes and building blocks for
structure. van Benthem (2011) asserts, “Structure
should always be studied in tandem with a process
and no information without transformation.”
Information acts internally within the system to
constrain its behavior, which can also flow into the
system from outside. It can catalyze certain processes
and not others, thereby prompting the direction of
self-organization (e.g., Kay and Boyle, 2008; Ruddell
and Kumar, 2009; Yun et al.,, 2014a; Yun et al.,
2014b).

The interplay of environmental conditions, energy,
matter and information defines the context and
constraints for the set of processes and structures that
may emerge during self-organization. How can we
understand the relationship between the external
context and self-organization? Dodig-Crnkovic
(2012) views that matter is related to energy in a way
that structure relates to process, and information
relates to computation. The relationship between such
complementary pair is analogous to that between
being (the persistence of an existing structure) and
becoming (the emergence of a new structure through
self-organization) (e.g., Prigogine, 1980). The science
and education for sustainable ESS should focus not

only on energy and matter but also on the

fundamental ontological categories: information,
computation and telos (i.e., purpose) (e.g., Deacon,
2011; Dodig-Crnkovic, 2012; Sandel, 2009; Mooney
et al., 2012).

2.3. The two principles

2.3.1, The principle of thermodynamics

A bioeconomist, Nicholas Georgescu-Roegen
(1971) said, “What goes into the economic process
represents valuable natural resources and what is
thrown out of it is valueless waste. But this qualitative
difference is confirmed, albeit in different terms, by
a particular (and peculiar) branch of physics known
as thermodynamics. From the viewpoint of
thermodynamics, matter-energy enters the economic
process in a state of low entropy and comes out of
it in a state of high entropy.” An astrophysicist, Eric
Chaisson (2001) wrote, “After all, of all the known
principles of Nature, thermodynamics has perhaps
the most to say about the concept of change.”
Likewise, energy-matter-information flows and the
co-evolution of ESS are also governed by the two
laws of thermodynamics. The first law of
thermodynamics is a conservation law — the sum of
all energy has been fixed and will remain so until
the end of time (Chaisson, 2001). In other words,
energy itself can be neither created nor destroyed,
though it can change from one form to another. The
second law of thermodynamics simply stipulates that
there is a price to pay each time energy changes from
one form to another. The price is a loss of free energy
to perform useful work, which is termed as ‘entropy.’
Literally, entropy means ‘turning toward’; a more
insightful translation would be ‘transformation in.’
Entropy multiplied by temperature (of a system) is
a measure of the amount of energy no longer able
to convert into useful work. The second law specifies
that energy can change in only one direction
irreversibly toward a dissipated state of increased
entropy (i.e., decreasing quality of energy).

When a system is isolated, energy increase
becomes zero and the entropy of the system reaches
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the maximum, i.e., thermodynamic equilibrium at
which all irreversible processes cease. In equilibrium,
change has no direction and we cannot distinguish
past from future. In an isolated system, we can regard
energy flow from ordered to disordered states.
Ordered states are where free energy is maximized
and entropy is minimized (e.g., organized clean
house) whereas disordered states are where free
energy is more dissipated and entropy is maximized
(e.g., unattended messy house) (Chaisson, 2001).
Thermodynamically, order (or organization) can be
measured by the number of possible arrangements of
a system’s elements. Counting all the possible states
a system can be organized, the disorderly states far
outnumber the orderly states. The latter states have
low probability and low entropy. In terms of
microstates and macrostates, entropy is regarded as
a physical equivalent of probability. The entropy of
a given macrostate is the logarithm of the number
of its possible microstates. The second law, then, is
the tendency of nature to flow from less likely
(orderly) to more likely (disorderly) macrostates (e.g.,
Dincer and Cengel, 2001).

The thermodynamics of open systems allow
system’s entropy remain constant or even decrease.
Localized, open systems (i.e., content) can be sites
of emergent order within a global environment (i.e.,
context) that is largely and increasingly disordered —
the essence of non-equilibrium thermodynamics
(Chaisson, 2001). When a system begins to exchange
entropy with environment through flows of energy,
matter and information, it is driven away from
thermal equilibrium. The entropy producing
irreversible processes begin and the existing
structures are replaced by new dissipative structures
that capture increasing resources and make more
effective use of them. It is the free energy in an open
system that moves it away from equilibrium, but
nature (which is subject to the second law) resists
this displacement (Kay and Boyle, 2008). In other
words, equilibrium states are an attractor for
non-equilibrium states. Below, we will see that the

entropy law alone is not sufficient enough to describe

why ecosystems (or nature) choose one path over the
other during the course of growth and development.

2.3.2. The principle of least action

The direction of any ecosystem or its trajectory
is not known in advance, but one can predict the most
probable trajectory of occurrence based on the
principle of least action. This principle (having a rich
history associated with Maupertuis, Euler, Lagrange,
and recently Feynmam, to name a few) had played
an important role in the development of classical
mechanics, and was employed as a tool to develop
the path integral formulation of quantum physics
(e.g., Chatterjee, 2016a). Here, action has the
dimension of energy multiplied by time, which is a
measure to define the functionality of a system and
its response to changes in the surroundings, or when
a system is in transition from one state to the other.
In a networked system, action can be described as
the least unit of energy dissipation while navigating
from one node to the other. The principle of least
action simply states that out of all possible trajectories
to move from state A to state B, only that particular
trajectory which minimizes action is chosen, or the
trajectory which provides least constraint, or along
which time taken is minimum (Chatterjee, 2016b).

In a probabilistic framework, the unified notion of
entropy and action helps identify the second law of
thermodynamics as a force that directs energy
dispersal between a system and its surroundings along
the paths of least action, or energy gradients being
leveled in the least possible time. However, processes
in nature do not willingly let systems to disperse off
energy. Otherwise, all life forms on earth would have
ceased to exist soon after they appeared. As Georgiev
and Chatterjee (2016) points out, dissipative systems
are resilient to changes in the surrounding because
of the presence of feedback loops and response to
action mechanisms which make systems to
continuously organize, resulting in spontaneous
appearance of global order out of local random
interactions. The least action state is the attractor for

self-organization.
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Self-organizing systems have a tendency to establish
themselves in thermodynamically nonequilibrium
steady states that are capable of persisting even when
the environment changes. According to Kay and Boyle
(2008), each of these steady states represents an
organizational mode (i.e. a particular configuration of
components and processes that give rise to specific
patterns of behaviors into which the system is capable
of locking itself). These organizational modes may
be confined to a limited domain in state space about
a dynamically stable equilibrium point (i.e. attractor).
The capacity of a self-organizing system to maintain
its identity (i.e. specific organizational mode) is
attributed to the feedback/feedforward loops and the
associated dynamic process networks in the system.
Recent studies on the relationship between Shannon
entropy and information flow demonstrated that
information generally flows from high-entropy
variables to low-entropy variables, and moderate
entropy variables participate in feedback (Ruddell and
Kumar, 2009a; Yun et al., 2014a; Yun et al., 2014b).

A schematic representation of the connectivity of
energy, matter, and entropy in the biosphere is
illustrated in Fig. 1. We have added an entropy
budget to the schematic of Campbell and Norman
(1998, Fig. 1). Indeed, our biosphere is a complex
continuum, not only in terms of the reality of the
interconnectedness of living things and their
environments, but also in terms of the physical
formulations. Campbell and Norman insightfully and
foresightfully wrote, “Rational exploration of the
biosphere is just beginning and it is our hope that
this new head knowledge will be woven into your
being in such a way that you will have an increased
awareness of your dependence on and implicit faith
in that which is not known, as well as having some
simple quantitative tools at your disposal to enhance
a harmonious relationship between yourself and your
environment and serve others at the same time.”

It should be noted that climate change and global
capitalism are related to the consumption of free

energy (associated with the shaded area in Fig. 1).

Entropy Change related to
Change in Free Energy

Disequilibrium
of a System

NET _ LATENT _ SENSIBLE _ NET PLANT i HEAT
RADIATION HEAT HEAT PHOTOSYNTHESIS STORAGE
= - 1 =
silat Runoff Sail System’s
Radiation + Respiration Temperature

+ Drainage + X
Thermal + Carbon ' A
Radiation Water Storage Entropy
Storage _ Production
= Net
L Entropy
Precipitation CO; Flux Transfer

Entropy Change related to ~ Change of
Change in Internal Energy =  Entropy

Fig. 1. Schematic representation of the inter-connectedness of radiation (underlined), water
(in italics), carbon (normal font), energy (in capital), and entropy (bold) budgets in a
biosphere. (Adapted from Campbell and Norman, 1998).
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Considering the rapid increase in demands for free
energy by human activity, the pressing question
toward sustainability is how human demands may
continue to increase without undermining the
biocapacity of ecological-societal systems to generate
free energy (Kleidon, 2012).

III. Self-Organizing Hierarchical Open
Systems Approach

3.1. Basic theory

As a prerequisite to bridging ecological and
societal systems, we need a conceptual framework in
which diverse concepts can be described and
distinguished in a consistent manner for both systems.
Ecosystem is defined as an interactive open system
comprising communities of organisms/agents and
their biogeophysicochemical environment, at any
scale desirably specified, in which there are
continuous fluxes of energy, matter and information
(e.g., Willis, 1997; Ash et al., 2010). Based on the
assumption that societal systems can be considered
as an integral part of ecological systems, three
fundamental questions posed by Jergensen and Fath
(2007) serve as a guideline to pursue for the bridging
of the two systems: (1) What are the underlying
systems properties that can explain their responses
to disturbances? (2) Can we formulate building
blocks of an ESS theory about processes and
properties? and (3) Does such systems theory meet
the requirement of falsifiability, comprehensiveness,
and parsimony to adequately explain observations
with practical application for sustainability?

We believe that the fundamental properties that
explain typical ecosystem processes and their
responses to disturbances also hold for ESS.
Following Jergensen and Fath (2007), the presumed
fundamental properties would be:

(1) ESS are open to energy, matter, and

information;

(2) ESS are ontically inaccessible to accurately

predict in all detail system behaviors;

(3) ESS have directed development which

progressively increases feedback and self-
organization;

(4) ESS have network connectivity which gives
them new and emergent properties;

(5) ESS are organized hierarchically;

(6) ESS grow and develop in a way that they gain
biomass/capital and  structure, enlarge

networks, and increase information content;

and

(7) ESS have complex response to disturbance.

3.2. A conceptual model

The self-organizing hierarchical open systems
(SOHOs) approach is basically an ecosystem
approach proposed by Waltner-Toews et al. (2008).
It is a conceptual model to bring together an
ecological understanding of the world with human
desire to make the world a better place, which
manifests the fundamental properties of ESS. Here,
we use the term ‘hierarchical’ which means both
holarchic (i.e., made up of nested levels of focus)
and viewed from different and multiple perspectives
(Kay and Boyle, 2008). Our societies as well as
ecosystems are open systems and their functions and
structures are organized hierarchically (Jergensen,
2006). A nested system from multiple perspectives
is a hierarchical description. According to Page
(2008), a perspective is a representation of the set
of possible solutions, which creates a landscape
where the elevation of each solution equals its value.
The better the perspective is, the less rugged the
landscape would be. Diverse perspectives create more
adjacencies, thus more solutions and the seeds of
innovation. Therefore, Complex ESS must be
understood from multiple perspectives.

The SOHOs approach is a synthesis between
traditional ways of framing both ecological problems
and environmental management and complex systems
theories. It provides an integrated, nested ecosystem
description of the relationship between natural and
human systems and serves as a basis for
understanding their coevolution (Kay and Boyle,
2008). As a first step to bridging ecological systems
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Fig. 2. Interrelationships and influences between ecological and societal systems: The self-organizing
hierarchical open systems (SOHOs) framework (Adapted from Kay and Boyle, 2008).

and societal systems, their interrelationships and
influences in the biosphere are described in Fig. 2.

The key relationships between ecological and
societal systems in Fig. 2 are: (1) ecological systems
provide the context (i.e., the biophysical surroundings
and flows of energy, matter and information) that are
required for self-organization of the societal systems;
(2) societal systems can alter the structures in
ecological systems, which in turn change the context
for the societal systems; and (3) societal systems can
change the context for the self-organization of
likely their
resulting in the altered context for societal systems
(Kay and Boyle, 2008).

The SOHOs approach provides a heuristic basis

ecological systems and structures,

for systems thinking and a better understanding of
the interactions between the two systems as coupled

self-organizing systems. Of particular importance to

note in Fig. 2 is the thermodynamic reality of ESS.
That is, a price is paid each time energy changes from
one form to another at each step along the way from
the sun on the top left to the bottom right of societal
systems. The price paid to nature is a gain in entropy,
i.e., a loss in the amount of free energy that is needed
to maintain a non-equilibrium state for self-organizing
processes. To ensure no detrimental effects of human
activity on the generation of free energy by the whole
systems (e.g., Kleidon, 2012; Kleidon et al., 2013),
better understanding and quantification are needed of
the roles of the ecological systems as well as societal
systems based on the quantitative monitoring of
entropy flow and budget in addition to those of
energy and matter (e.g., water and CO,) (see Fig. 1).

The SOHOs framework should be the basis not
only for monitoring but also for management and

governance for sustainability (e.g., Boyle and Kay,
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2008; Kim and Oki, 2011). Nevertheless, few tracks
the contextual elements, particularly entropy and
information flow, of ecological-societal relationships.
In most of modeling and monitoring efforts, we
certainly do not think about self-organization and the
coevolution of nature and society, let alone our role
in these dynamics. The application of the entropy and
action principles that have been used to model
ecological systems may be applied to social and
economic activity (e.g., Ruth, 1996; Hammond and
Winnett, 2009). For (2005)

represented economics as a nonequilibrium

example, Chen

thermodynamic process by lognormal process that
contains a growth term and dissipation term, thereby
presenting a simplified understanding of economic
activities including human mind, value, and
Anttila (2011)

envisioned the possibility that human behavior is

entrepreneurship. and Annila
governed by the entropy and action priniples that
direct natural processes. They formulated concepts of
game theory as physical processes that will consume
free energy in the least time. Hence, the rate of
entropy increase is the payoff function that will
subsume all forms of free energy that motivate
diverse decisions.

Complex systems approach demands new
strategies for experimentation and observation in the
natural laboratory rather than in simple controlled
environment (Ruddell ez al., 2013). The central role
of information in directing self-organizing processes
and structures has only recently been put forward.
One of the recent progresses in developing
methodologies to describe such role is the
information flow process network approach (Ruddell
and Kumar, 2009a). Dynamic process network is
defined as a network of feedback loops and the
associated time series that depicts the magnitude and
direction of flow of energy, matter and information
between different variables. This approach can be
used to formally resolve feedback, time scales, and
subsystems that define the complex system’s
organization by considering mutual information and

transfer entropy simultaneously (Ruddell and Kumar,

2009a; Kim et al., 2011; Yun et al,, 2014b, Kang
et al., 2017). Furthermore, network statistics can be
used to measure the statistical feedback, entropy, and
net and gross information production of subsystems
on the network (Ruddell and Kumar, 2009b; Kumar
and Ruddell, 2010).

3.3. Framing of the Process with Visioneering

The core assumption in SOHOs approach is that
a sustainable society maintains itself in the context
of the larger ecological systems of which it is a part
(Waltner-Toews and Kay, 2008). The SOHOs
approach requires the integration of ecological
possibilities and wholeness (i.e., ecological integrity)
with social values and desires (i.e., societal integrity)
into potential narrative descriptions (i.e., scenarios),
thereby resolving a shared communal vision for
sustainable ecological-societal systems. In essence, it
must involve the process of ‘visioneering’ — the
engineering of an integrated vision (Kim and Oki,
2011). Here, engineering implies skillful direction
and creative application of scientific principles and
experiences to develop structures, processes, and
heuristics. Visioneering stands as the cooperative
triad of governance (i.e., the process of strategic
vision casting, resolving tradeoffs and obstacles, and
systematic celebration of progress), management (i.e.,
translating vision into operation by developing and
implementing strategies), and monitoring (i.e.,
synthesizing observations into narratives, providing
feedback, and promoting adaptive learning)
(Waltner-Toews and Kay, 2008; Kim and Oki, 2011).

Framing of the SOHOs process with visioneering
requires particular key competences in sustainability.
Here, competence is defined as a functionally linked
complex of wisdom, knowledge, skills, and attitudes
that enable successful task performance and problem
2011). First of all,

‘systems-thinking competence’ must be the basis for

solving (Wiek et al.,

combining SOHOs with visioneering. Wiek et al
(2011) defines it as the ability to collectively analyze
complex systems across different hierarchies through

comprehensive systems understanding adequate to
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pursue systems integrity, civility, and governance. The
integration of ecological and societal integrity into
scenarios would require ‘normative competence’ — the
ability to collectively map, specify, apply, reconcile,
and negotiate values, principles, goals and targets.
This value-focused competence enables to assess the
sustainability trajectory of ESS and to craft
communal vision, which must precede the
construction of direction and orientation about
transformation toward sustainability (Wiek et al,
2011; Cote and Nightingale, 2011).

Envisioning a sustainable ESS is an important step.
Without engineering it, however, the vision will not
stick and remain as daydream. Other key (inter
personal, strategic, and anticipatory) competences
would enable a triad of adaptive activities (i.e.,
governance, management, and monitoring) to be
carried out in concert toward sustainability (Kay and
Boyle, 2009; Wiek et al., 2011). Fig. 3 represents the
combined SOHOs-Visioneering (SOHOs-V) frame
work. Sustainability is all about maintaining the
integrity of the combined ESS. Integrity is preserved
when the system’s self-organizing processes are
preserved, something that happens naturally if we
maintain the context for self-organization in
ecological systems, which, in turn, will maintain the
context for the continued well-being of the societal
systems (e.g., Jorgensen, 2006; Kay and Boyle, 2008;
Ash et al., 2010). It is worth noting in Fig. 3 that
there are feedback/feedforward loops connecting ESS
with visioneering through ‘nudged self-organization’
that is guided by both the entropy principle (as the
most probable state) and the action principle (as the
most probable path/trajectory) toward sustainability.

IV. Application of SOHO-V to
Sustainable Development Golas (SDG)
Lab

In order to have a major breakthrough in the
realization of 17 Sustainable Development Goals
(SDQG), Future Earth recently has called and endorsed
20 SDG Labs with high degree of innovation,

transformative potential and scaling potential
(http://www2.ir3s.u-tokyo.ac.jp/icss2017/). ‘Rural
Systems Visioneering (RSV)’ is one of those SDG
Labs, which is now underway in rural villages in
Tanzania. RSV SDG Lab focuses on rural areas and
engages in multiple SDG (i.e., no poverty, quaity
education, clean water and sanitation, affordable and
clean energy, sustainable cities and communities,
responsible consumption and production, climate
action, and life on land). What are the essential
challenges? Tanzania still remains poor and
non-industrialized, heavily relying on very
underdeveloped agriculture. Despite isolated good
cases, the science and technology system as a whole
is not influencing innovativeness in farms and firms.
Rural villages in Tanzania still lack (1) resources
(electrical power, storage for food and vaccine),
(2) infrastructure (for management and monitoring),
(3) quality education (training and mentoring), and
most of all (4) communal vision and its engineering
(i.e., visioneering).

RSV SDG Lab employs the SOHOs-V framework
in collaboration with the ‘Tanzania-Korea Innovative
Technology and Energy Center (iTEC)’ in the
‘Nelson-Mandela African Institution of Science and
Technology (NM-AIST) to (1) co-create innovative
sustainability science and appropriate technology
necessary for the renewable energy-based electrical,
climate-smart agricultural, and resilience-based
educational fields and (2) co-grow with rural villages
through visioneering processes.

To mobilize rural people and villages, the following
applications are in progress: (1) sustainability
education with focuses on nurturing the basic
(inter-personal) and key (e.g., systems thinking,
normative, strategic, and anticipatory) competences,
(2) climate-smart agriculture and its quantitative
assessment based on biotic/network/thermodynamic
indicators by monitoring and modeling energy-
matter-information flows in and out of rural systems
using (eventually inexpensive) flux measurement,
computer modeling and remote sensing, (3) multiagent-

based systems analysis for emergent solutions for
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better productivity and profit for heterogeneous
smallholder farmers, and (4) linking the above-
mentioned efforts to the rural communities with
feedback loops (i.e., guided self-organization process)
to create profit, to promote micro-enterprise, and to
nurture servanthood entrepreneurship that ensures
sustainability (e.g., Lee, 2015).
African counterpart SDG Lab, i.e. ‘BaobabTalker’
will be launched during the upcoming Sustainability

The follow-up

Science conference ‘Seedbeds of Transformation:
The Role of Science with Society and the SDGs in
Africa’ in May 2018 in Port Elizabeth, South Africa
(http://seedbeds.futureearth.org).

V. Concluding Remarks

There is a growing recognition that the human
society must be viewed and studied as an integral
part of ecological systems. Various conceptual
frameworks have been proposed to characterize the
dynamics of ecological systems and societal systems
apart, yet out-of-the-box thinking is needed to bridge
ecological and societal systems. The framing of
SOHOs-V is built upon the first principles, i.e. the
principle of entropy and the principle of least action.
Such a conceptual framework encourages us to think
about the relationships between the natural and
human-constructed world and challenges us to
develop science that allows studying their
co-evolution. It also inspires us to educate students
with particular key competences that will prepare
them to engage in sustainability challenges by
envisioning and implementing sustainable options to
the current and anticipated concerns in complex ESS
(Brundiers and Wiek, 2010; Wiek et al., 2011; Lang
et al., 2012). Ruth et al. (2011) emphasized that three
kinds of institutional innovations must take place: (1)
the academic world where sciences are integrated to
advance understanding of coupled ESS dynamics; (2)
the ways in which sciences and modeling mutually
inform and are informed by social needs; and (3)
institutions guide investment and policy making on

the basis of sustaining the integrity of the combined

ESS rather than with a myopic view towards direct,
desired impacts. As Kay and Boyle (2009) asserted,
new scientific inquiry and endeavor must be an act
of collaborative learning and knowledge integration
with expert’s role shifting from giving correct
answers to sharing information about options and
trade-offs.

In looking beyond our diverse fields, we, the
authors, are delightfully reminded of a story of a
scientist who traded rigor for speculation (Gleick,
2011). About 75 years ago, Erwin Schrodinger, the
pioneer of quantum physics, stood on the podium to
give the Statutory Public Lecture at Trinity College,
decided the time had come to answer one question:
What is life? He began by apologizing, “Some of us
should venture to embark on a synthesis of facts and
theories, albeit with second-hand and incomplete
knowledge of some of them and at the risk of making
fools of ourselves.” Later, as Gleick (2011) pointed
out, a little book he made from these lectures
revolutionized the science community and laid a
foundation for a new science - molecular biology.
Schrodinger provided two important insights in his
explanation of life: (1) formulation of life as a
thermodynamic process and (2) observation of
appearance of global order from local fluctuations,
i.e. self-organization (Chatterjee, 2016a). Likewise,
we hope that this letter helps bring more

transdisciplinary sciences to the podium!

8 2

o)

A&7 s deke vhet sk v Bs 7t
Trepaf, 2] FARE B olslgAtAls 1He] 4%
Y oheh AHEA oA ol e
7o zof skl Hgho] a7 E= We2s X5}
w2 Ao AR-ARRIAISER e AR
AN SR o] FoIA| ol5e] =A| FiLe] FAhe] 4
S2Rgo] AAXHA Ag] A o] AAE s
oluli= SxSshs BAE 7], AlL"lat
g 1ko] ofux|ef E3at e ?‘TEOI %ﬁﬂ 4
S Bk 2 SAleIAE olFA A%

a8

J

FFJ



114 Korean Journal of Agricultural and Forest Meteorology, Vol. 20, No. 1

=
EE

A AT 4R Al
=S

229 7ee e 9 el 5 ol
22 oA =ofait), £ W] AL Ea) Al2w
o g3 Aeol5AS B B e FE, Ea
AEiA| O] AT AR O] BIH/7RR] 5 o EA
23112 Aol et ofshE Bk 1 ok
of 28] ‘HIAYAG(V) olehs &5 Y/
(feedback/feedforward) 2 SOHOs 5o 34
AM, &7 W mudged) X712} A 2HE
et AgArEo] Telstol A4 lsat AekALS]
AzElE ol JlES fEdh niEow
SOHOs-V 9] @Al 2 A, @7 ekapo}e] n}
oA AFYEIL Q= vl A Y] A&7 ISt
AA(SDG Lab)3l “m&A|AF H|AYolg(Rural
Systems Visioneering)’& 9|2 AA|SFA T

ACKNOWLEDGMENTS

This work was supported by the Korea

Meteorological ~ Administration  Research  and
Development Program under Grant KMIPA-2015-
2023; the Weather Information Service Engine
Program of the Korea Meteorological Administration
under Grant KMIPA-2012-0001-2; the R&D Program
for Forest Science Technology (Project No.
2017099A00-1719-BB01) of the Korea Forest
Service (Korea Forestry Promotion Institute);
International S&T Cooperation Program through the
National Research Foundation of Korea(NRF) funded
by the Ministry of Science, ICT & Future
Planning(MSIP) NRF-2017K1A3A9A04013801. Finally,
our thanks go out to Boeun Choi for preparing the

figures.

REFERENCES

Anthes, R. A., 1993: The global trajectory. Bulletin
of American Meteorological Society 74, 1121-1130.

Anttila, J., and A. Annila.,, 2011: Natural games.
Physics Letters A 375(43), 3755-3761.

Ash, N., H. Blanco, C. Brown, K. Garcia, T.
Henrichs, N. Lucas, C. Raudsepp-Hearne, R. D.
Simpson, R. Scholes, T. Tomich, B. Vira, and M.

Zurek, 2010: Ecosystems and human well-being: a
manual for assessment practitioners. Island Press,

Washington.
Brundiers, K., and A. Wiek, 2010: Educating
students in real-world sustainability research:

vision and implementation. [nnovative Higher
Education 36, 107-124.

DOI: 10.1007/s10755-010-9161-9

Campbell, G. S, and J. M. Norman, 1998: An
introduction to environmental biophysics. Springer,
New York

Chaisson, E. J., 2001: Cosmic evolution: the rise of
complexity in nature. Harvard University Press,
Cambridge, Massachusetts.

Chapin FS 1III, G. P, Kofinas, C. Folke, 2009:
Principles of ecosystem stewardship: resilience-
based natural resource management in a changing
world. Springer, Berlin.

Chatterjee, A., 2016a: Energy, entropy and complexity:
thermodynamic and information-theoretic
perspectives on aging. In: Kyriazis, M. (Eds.)
Challenging Ageing — The Anti-senescence Effects
of Hormesis, Environmental Enrichment and
Information Exposure. Bentham Science Publishers.
305pp.

Chatterjee, A., 2016b: Thermodynamics of action and
organization in a system. Complexity 21(S1), 307-
317.

Chen, J., 2005: The physical foundation of economics:
An  analytical theory.  World
Scientific.

Correia, L., 2006:
embodiment. In: Proceedings of The Evolution of
Complexity Workshop at Artificial Life X: The 10"

International Conference on the Simulation and

thermodynamic

Self-organization: a case for

Synthesis of Living Systems, 111-116.

Cote, M., and A. J. Nightingale, 2011: Resilience
thinking meets social theory: situating social
change in socio-ecological systems (SES) research.
Progress in Human Geography, 1-15.

Deacon, T. W., 2011: Incomplete nature: how mind
emerged from matter. W. W. Norton & Company,
New York.

Dincer, 1., and Y. A. Cengel, 2001: Energy, entropy
and exergy concepts and their roles in thermal
engineering. Entropy 3, 116-149.

Dodig-Crnkovic, G., 2012: Physical computation as
dynamics of form that glues everything together.
Information 3, 204-218.

Folke, C., A. Jansson, J. Rockstrém, P. Olsson, S.
Carpenter, F. Chapin, A. S. Crépin, G. Daily, K



Joon Kim et al.: Rural Systems Visioneering: Paradigm Shift from Flux Measurement to Sustainability Science 115

Danell, J. Ebbesson, T. Elmqvist, V. Galaz, F.
Moberg, M. Nilsson, H. Osterblom, E. Ostrom, A.
Persson, G. Peterson, S. Polasky, W. Steffen, B.
Walker, and F. Westley, 2011: Reconnecting to
the biosphere. AMBIO: A Journal of the Human
Environment 40(7), 719-738.

DOI: 10.1007/s13280-011-0184-y.

Georgiev, G. Y., and A. Chatterjee, 2016: The road
to a measurable quantitative understanding of
self-organization and evolution. In: Gerard AJM

op  Akkerhuis  (ed)  Evolution  and
Transitions in Complexity. Springer, Switzerland.
223-232.

Gleick, J., 2011: The information: a history, a
theory, a flood. Harper Collins Publishers.

Grothmann, T., M. Petzold, P. Ndaki, V. Kakembo,
B. Siebenhiiner, M. Kleyer, P. Yanda, and N.
Ndou, 2017: Vulnerability assessment in african
villages under conditions of land use and climate
change: Case studies from Mkomazi and
Keiskamma. Sustainability 9(6), 976pp.

Harte, J., 2002: synthesis of the
Newtonian and Darwinian worldviews. Physics
Today 29, 29-34.

Harte, J., 2011: Maximum entropy and ecology: a

Jagers

Toward a

theory of abundance, distribution, and energetics.
Oxford University Press, London.

Hammond, G. P., and A. B. Winnett, 2009: The
influence of thermodynamic ideas on ecological
economics: an interdisciplinary critique. Sustainability
1, 1195-1225.

Heylighen, F., 2011: Self-organization of complex,
intelligent ontology for
transdisciplinary integration. Integral Review, 1-39.

Janhonen-Abruquah, H., J. Topp, and H. Posti-
Ahokas, 2018: Educating professionals for
sustainable futures. Sustainability 10(3), 592pp.

Jorgensen, S. E., 2006: Eco-exergy as sustainability
(Vol. 16). Wit Press.

Kang, M., B. L. Ruddell, C. Cho, J. Chun, and J.
Kim, 2017: Identifying CO, advection on a hill
slope using information flow. Agricultural and
Forest Meteorology 232, 265-278.

Jorgensen, S. E, and B. D. Fath, 2007: 4 new
ecology: systems perspective.

Kay, J. J., and M. Boyle, 2008: Self-organizing,
holarchic, open systems (SOHOs). In:
Waltner-Toews, D., J. J. Kay, and N. E. Lister
(Eds)  The Complexity,
uncertainty, and managing for sustainability.
Columbia University Press, New York, 52-78.

systems: an action

ecosystem  approach:

Kim, J., and T. Oki, 2011: Visioneering: an essential
framework in sustainability science. Sustainability
Science 6, 247-251.

Kim, J.,, J. Yun, J. Hong, H. Kwon, and J. Chun,
2011: Ecohydrologic and biogeochemical process
networks in forest ecosystems in monsoon East
Asia. In: Lenaerts, T., M. Giacobini, H. Bersini,
P. Bourgine, M. Dorigo, R. Doursat (Eds)
Advances in artificial life -ECAL 2011. The MIT
Press, 412-413.

Kleidon, A., 2012: How does the Earth system
generate and thermodynamic
disequilibrium and what does it imply for the
future of the planet?. Philosophical Transactions
of the Royal Society A 370, 1012-1040.

Kleidon, A., E. Zeche, U. Ehret, and U. Scherer,
2013: Thermodynamics, maximum power, and the

maintain

dynamics of preferential river flow structures at
the continental scale. Hydrology and Earth System
Sciences 17, 225-251.

Kumar, P., and B. L. Ruddell, 2010: Information
driven ecohydrologic
12(10), 2085-2096.

Lang, D. J., A. Wiek, M. Bergmann, M. Stauffacher,
P. Marlens, P. Moll, M. Swilling, and C. J.
Thomas, 2012: Transdisciplinary research in
sustainability —science: practice, principles, and
challenges. Sustainability Science 7, 25-43.

Lee, J. Y., 2015: Micro-mission Micro-Enterprise. (in
Korean) =A &3 AMa= 7|38,

Logan, R. K., 2013: Ulanowicz’s process ecology,
duality and emergent deism. Open Journal of
Philosophy 3, 422-428.

Meadows, D., 2008: Thinking in systems: a primer.
Chelsea Green, Vermont.

Meadows, D., J. Randers, and D. Meadows, 2004:
Limits to growth: the 30-year update. Chelsea
Green, White River Junction.

Mitchell, M., 2009: Complexity: a guided tour.
Oxford University Press, New York.

Mooney, H. A., A. Duraiappah, and A. Larigauderie,

self-organization.  Entropy

2012: Evolution of natural and social science
interactions in global change research programs.
Proceedings of National Academy of Science,
www.pnas.org/cgi/doi/10.1073/pnas.1107484110.
Nicholas, G. R., 1971: The entropy law and the
economic process. Harvard University Press.
O’Brien, K., A. Patwardhan, M. Pelling, S.
Hallegatte, A. Maskrey, T. Oki, U. Oswald-Spring,
T. Wilbanks, P. Z. Yanda with contributing
authors F. Berkhaut, R. Biggs, H.G. Brauch, K.



116 Korean Journal of Agricultural and Forest Meteorology, Vol. 20, No. 1

Brown, C. Folke, L. Harrington, H. Kunreuther,
C. Lacambra, R. Leichenko, R. Mechler, C.
Pahl-Wostl, V. Przyluski, D. Satterthwaite, F.
Sperling, L. Sygna, T. Tanner, P. Tschakert, K.
Ulsrud, V. Viguié, 2012: Toward a sustainable
and resilient future. In: Field, C. B., V. Barros, T.
F. Stocker, D. Qin, D. J. Dokken, K. L. Ebi, M.
D. Mastrandrea, K. J. Mach, G.-K. Plattner, S. K.
Allen, M. Tignor, and P. M. Migley (Eds.)
Managing the vrisks 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,
437-486.

Page, S. E., 2008: The difference: how the power of
diversity creates better groups, firms, schools, and
societies. Princeton University Press, New Jersey.

Prigogine, 1., 1980: From being to becoming: time
and complexity in the physical sciences. Freeman.

Prokopenko, M., F. Boschetti, and A. J. Ryan, 2009:
An information-theoretical primer on complexity,
self-organizatoin, and emergence. Complexity 15,
11-28, doi:10.1002/cplx.20249.

Rifkin, J., 2009: The empathic civilization: the race
to global consciousness in a world in crisis.
Tarcher/Penguin, New York.

Ruddell, B. L., and P. Kumar, 2009a: Ecohydrologic
process  networks: 1.  Identification.  Water
Resources Research 45, W03419.
DOI:10.1029/2008 WR007279.

Ruddell, B. L., and P. Kumar, 2009b: Ecohydrologic
process networks: 2. Analysis and characterization.
Water Resources Research 45, W03420.
DOI:10.1029/2008 WR007280.

Ruddell, B. L., N. A. Brunsell, and P. C. Stoy, 2013:
Applying information theory in the geosciences to
quantify process uncertainty, feedback, scale. EOS
94, 56-57.

Ruth, M., 1996: Evolutionary economics at the
crossroads of biology and physics. Journal of
Social and Evolutionary Systems 19, 125-144.

Ruth, M., E. Kalnay, N. Zeng, R. S. Franklin, J.
Rivas, and F. Miralles-Wilhelm, 2011: Sustainable
prosperity  and long-term

societal  transitions:

modeling for anticipatory management. Environmental
Innovation and Societal Transitions 1, 160-165.

Sandel, M. J., 2009: Justice: what’s the right thing
to do?. Farrar, Straus and Giroux, New York.

Standish, R. K., 2001: On complexity and
emergence. Complexity International 9, arXiv:
nlin.AO/0101006.

Ulanowicz, R.E., 2009: A third window: natural life
beyond  Newton  and  Darwin. Templeton
Foundation Press, West Conshohocken.

van Benthem, J., 2011:
information and interaction. Cambridge University
Press, Cambridge.

Waltner-Toews, D., and J. J. Kay, 2008:
Implementing the ecosystem
diamond, AMESH, and their siblings. In:
Waltner-Toews, D., J. J. Kay, N. E. Lister (Eds)

The ecosystem approach: complexity, uncertainty,

Logical dynamics of

approach:  the

and  managing  for  sustainability.  Columbia
University Press, New York, 239-255.

Waltner-Toews, D., J. J. Kay, and N. E. Lister,
2008: The ecosystem  approach: complexity,
uncertainty, and managing for sustainability.
Columbia University Press, New York.

Wiek, A., L. Withycombe, and C. L. Redman, 2011:
Key competences in sustainability: a reference
framework for academic program development.
Sustainability Science 6, 203-218.

Willis, A. J., 1997: Forum. Functional Ecology
11(2), 268-271.

Yun, J,, M. Kang, S. Kim, JH. Chun, C.-H. Cho,
and J. Kim, 2014a: How is the Process Network
Organized and When Does it Show Emergent
Properties in a Forest Ecosystem? In: Sanayei, A.,
I. Zelinka, and O. E. Rdssler, (Eds) ISCS 2013:
Interdisciplinary Symposium on Complex Systems.
Berlin, Heidelberg: Springer Berlin Heidelberg,
307-317.

Yun, J., S. Kim, M. Kang, C.-H. Cho, J.-H. Chun,
and J. Kim, 2014b:
ecohydrological systems in a temperate deciduous
forest: A complex systems perspective. Korean

Process networks of

Journal of Agricultural and Forest Meteorology
16(3), 157-168.





