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Abstract: Wicked problems, such as climate change, systemic poverty, and healthcare inequalities, represent

the most pressing and intractable challenges facing society today. We propose a novel approach that leverages

complex systems theory as a comprehensive framework for understanding and tackling these challenges. By

applying concepts such as state space analysis, attractors, and nonlinear dynamics, we offer a sophisticated toolkit

for mapping the intricate web of interactions defining wicked problems and exploring potential interventions.

Our approach moves beyond traditional reductionist methods, embracing the inherent complexity and dynamism

of these issues. We demonstrate how this framework can lead to more nuanced, adaptive, and effective strategies

for addressing persistent societal problems. Despite the prevalence of wicked problems and the availability of

complex systems theory, practical applications of this approach remain uncommon. This paper aims to bridge this

gap, illustrating the potential of complex systems theory to transform our engagement with intractable problems

and pave the way for more robust, holistic solutions. By synthesizing insights from mathematics, physics, and

social sciences, we present a transdisciplinary approach that promises to revolutionize how we conceptualize and

address society’s most challenging issues.
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1. Introduction

In an increasingly interconnected and complex world, society grapples with a class of challenges
that defy traditional problem-solving approaches: wicked problems. First conceptualized by design
theorists Horst Rittel and Melvin Webber in 1973 [1], wicked problems are characterized by their
resistance to conventional methodologies, their mutable nature, and the absence of definitive solutions.
Climate change, global poverty, healthcare inequities, and systemic racism exemplify these intractable
issues that continue to challenge policymakers, researchers, and citizens alike.

This paper presents a groundbreaking approach to addressing wicked problems by synthesizing
advanced mathematical concepts from dynamical systems theory with complex societal challenges.
Our work bridges the gap between abstract mathematical frameworks and concrete societal issues,
offering a novel interdisciplinary lens that spans mathematics, physics, social sciences, and policy stud-
ies [2,3]. This innovative integration promises not just more nuanced approaches, but a transformative
potential in how we conceptualize and address society’s most persistent and impactful issues.

The nature of wicked problems as infinite games—scenarios without clear endpoints or definitive
solutions—places them at the heart of societal relevance [4]. Unlike finite games with well-defined
rules and outcomes, wicked problems evolve continuously, shaped by the very attempts to solve them.
This dynamic nature ensures their ongoing significance, as each intervention spawns new challenges
and opportunities, keeping these issues at the forefront of social, political, and scientific discourse.

Traditional reductionist approaches have proven inadequate in addressing the complex, intercon-
nected, and dynamic nature of wicked problems [5]. These issues resist simplification and cannot be
solved by breaking them down into isolated components. Instead, they demand a holistic approach
that can capture their multifaceted nature, nonlinear interactions, and emergent properties [6,7]. It is
in this context that we propose complex systems theory as the most suitable toolkit for engaging with
wicked problems.
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Our approach employs specific mathematical concepts such as state spaces, attractors, and
nonlinear dynamics to model and analyze wicked problems [8]. By applying these tools, we can map
the intricate web of interactions that define wicked problems, explore potential interventions, and
predict their ripple effects across various scales and timeframes. This framework allows for a deeper
understanding of the system’s overall dynamics, identification of tipping points, and exploration of
how the system responds to interventions [9].

While complex systems theory has been applied to various fields, there remains a significant
gap in its systematic application to wicked problems. This paper aims to fill this gap by providing
a comprehensive framework that not only theorizes about wicked problems but also offers practical
tools for addressing them. Our work has broad implications for future research and policy-making,
potentially revolutionizing how we approach global challenges [10].

The practical applications of this approach are far-reaching. Policymakers and practitioners can
use these insights to develop more adaptive and resilient strategies for addressing wicked problems.
For instance, this framework could inform the design of climate change mitigation policies that account
for complex social-ecological interactions, or guide the development of poverty reduction programs
that recognize the interconnected nature of economic, educational, and health factors [11–16].

By embracing the complexity of these challenges and utilizing the tools of complex systems
theory, we can develop more effective approaches to some of society’s most persistent and impactful
issues. This paper not only promises more robust solutions but also a deeper understanding of the
interconnected nature of our world and the societal dynamics that shape our collective future.

The paper unfolds as follows. First, we define and describe wicked problems as complex systems.
Second, we explain why wicked problems cannot be addressed through traditional reductionist
approaches and models. Third, we provide a dynamical systems mathematical toolkit that allows us
to treat and understand wicked problems through the lens of complex systems theory. We conclude
with a discussion of future directions and the potential transformative impact of this approach on
addressing society’s greatest challenges.

2. Wicked Problems as Complex Systems in Society’s Greatest Challenges

The study of wicked problems and the application of complex systems theory to societal challenges
have evolved significantly over the past few decades. This section provides a systematic review of the
relevant literature, highlighting the progression of thought in these areas and identifying the gap that
our research aims to fill.

Wicked problems – we argue – can be understood as quintessential complex systems, embodying
all the intricate characteristics that define such systems [1]. They exhibit clear nonlinearity, where
interventions and outcomes are not proportionally related. For instance, in addressing climate change,
doubling our efforts to reduce emissions doesn’t necessarily lead to twice the impact. This nonlinearity
is closely tied to the emergent nature of wicked problems, where the overall challenge arises from the
complex interactions of numerous components. Systemic racism, for example, emerges from countless
individual, institutional, and societal interactions, creating a whole that is far more complex than the
sum of its parts [17].

2.1. Evolution of Wicked Problem Concept

The concept of wicked problems was first introduced by Rittel and Webber [1] in the context
of urban planning. Since then, the concept has been applied to various fields. In environmental
sciences, Levin et al. [18] applied the concept to climate change, characterizing it as a "super wicked"
problem. In Public Policy: Head [17] explored the implications of wicked problems for public policy
and governance. In Management: Camillus [19] discussed strategies for tackling wicked problems
in business contexts. In Education: Hoffman et al. [7] examined wicked problems in the context of
sustainability education.
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The sheer number of interacting components in wicked problems is staggering. Climate change
mitigation exemplifies a wicked problem due to its intricate and interconnected nature [20]. Key
elements such as Government Policies, Global Energy Consumption, Industrial Practices, Public
Awareness, and International Agreements are deeply intertwined. Changes in one element can trigger
complex ripple effects across others, illustrating the difficulty of addressing climate change through
isolated solutions.

Moreover, climate change involves a multitude of stakeholders with diverse interests—governments,
industries, the public, and international bodies—all navigating different priorities and perspectives.
This diversity complicates decision-making and consensus-building, further underscoring the com-
plexity of the issue [21].

Uncertainty is inherent in climate change mitigation efforts, spanning technological feasibility,
economic impacts, and political will. Disagreements often arise regarding the effectiveness of various
policies and strategies, adding layers of complexity to finding sustainable solutions.

The dynamic and evolving nature of climate change introduces feedback loops and emergent
properties that require adaptive responses over time. Unlike simple or complicated problems, wicked
problems like climate change lack clear-cut solutions or endpoints. Instead, they demand ongoing
collaboration, innovation, and interdisciplinary approaches to address their multifaceted challenges
comprehensively.

Figure 1. Nodes represent key elements such as Government Policies, Global Energy Consumption,
Industrial Practices, Public Awareness, and International Agreements. Connections (edges) illustrate
how these elements interact: Government Policies influence Industrial Practices and Global Energy
Consumption, while Public Awareness impacts Government Policies and International Agreements.
International Agreements in turn influence both Government Policies and Global Commitments. The
diagram visualizes the complex interdependencies involved in addressing climate change, emphasizing
the interconnected nature of these elements and their roles in mitigation efforts.

Understanding wicked problems through the lens of complex systems theory illuminates why they
are so challenging to address and why they require holistic, adaptive approaches rather than simple,
linear solutions. This perspective underscores the necessity of systems thinking and interdisciplinary
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collaboration in tackling society’s most persistent and evolving challenges. By recognizing the complex,
interconnected nature of these problems, we can develop more nuanced and effective strategies to
navigate the intricate web of causes, effects, and stakeholder interests that define our most pressing
societal issues.

In this network diagram (Figure 1) illustrating Climate Change Mitigation as a Wicked Problem,
various interconnected elements are depicted.

Nodes (Elements):

1. Government Policies: Regulations, incentives, and targets set by national governments to reduce
carbon emissions and promote sustainable practices.

2. Global Energy Consumption: Total energy usage worldwide, influenced by industrial demand,
transportation needs, and residential consumption patterns.

3. Industrial Practices: Manufacturing processes, resource extraction methods, and waste man-
agement strategies employed by industries globally, impacting carbon emissions and resource
consumption.

4. Public Awareness: Level of understanding, concern, and engagement of the general public
regarding climate change issues, influencing political will and consumer behavior.

5. International Agreements: Treaties, protocols, and agreements among nations aimed at reducing
greenhouse gas emissions, setting global targets, and fostering cooperation on environmental
issues.

Edges (Connections):

1. Government Policies → Industrial Practices: Influence of governmental regulations on indus-
trial methods and practices.

2. Government Policies → Global Energy Consumption: Impact of government policies on overall
energy demand and consumption.

3. Industrial Practices → Global Energy Consumption: Influence of industrial operations on
global energy usage and associated emissions.

4. Industrial Practices → Greenhouse Gas Emissions: Contribution of industrial activities to
greenhouse gas emissions.

5. Public Awareness → Government Policies: Influence of public sentiment and awareness on the
formulation and implementation of governmental policies.

6. Public Awareness → International Agreements: Impact of public awareness and advocacy on
global agreements and commitments.

7. International Agreements → Government Policies: Influence of global treaties and agreements
on national policy frameworks.

8. International Agreements → Global Commitments: Commitments and obligations agreed
upon internationally to address climate change.

This diagram visually represents the interconnectedness and interactions among various elements
crucial to understanding and addressing climate change as a wicked problem. It highlights how
changes in one element can affect others, illustrating the complexity and multifaceted nature of
mitigation efforts.

2.2. Complex Systems Theory in Social Sciences

A complex system is a network of interconnected components that collectively exhibit behavior
and properties not evident from examining the individual parts in isolation [22,23]. These systems
are characterized by their nonlinear nature, where outputs are not proportional to inputs, and simple
cause-and-effect relationships fail to describe their dynamics [24,25]. The hallmark of complex systems
is emergence - the appearance of novel properties or behaviors that arise from the interactions among
components, yet cannot be predicted solely from understanding these components separately [26].

Self-organization is another key feature, as complex systems spontaneously develop ordered
structures or patterns without external direction. They demonstrate remarkable adaptability, changing
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their behavior or structure in response to internal or external pressures. Feedback loops play a
crucial role in this adaptability, creating circular processes where outputs influence inputs, leading to
self-reinforcing or self-regulating behaviors [27,28].

Complex systems often display hierarchical organization, consisting of nested subsystems across
multiple scales [29,30]. They are typically open systems, exchanging energy, matter, or information
with their environment. A defining characteristic is their sensitivity to initial conditions, where small
changes in starting points can lead to dramatically different outcomes over time - a phenomenon
popularized as the "butterfly effect" [31,32].

These systems comprise a large number of interacting components, and it’s the richness of these
interactions that gives rise to their complexity [33]. Importantly, complex systems resist reductionist
analysis; they cannot be fully understood by studying their components in isolation, as the interactions
between parts are just as crucial as the parts themselves [34].

Examples of complex systems abound in nature and society: ecosystems, the human brain, social
networks, financial markets, and climate systems all exhibit these characteristics. Understanding
and managing such systems often requires interdisciplinary approaches and specialized tools from
complex systems theory, including network analysis, agent-based modeling, and nonlinear dynamics.
By embracing this systems view, researchers can better grapple with the intricate, often unpredictable
nature of the world around us. E.g. social inequalities economics [27].

The application of complex systems theory to social sciences has gained traction in recent years.
Castellani and Hafferty [2] provided a comprehensive overview of complexity science in sociology.
Thurner et al. [3] offered an introduction to complex systems theory with applications to various
fields, including social sciences. Walby [27] explored the intersection of complexity theory and social
inequalities.

2.3. Mathematical Approaches to Social Problems

Several researchers have attempted to apply mathematical concepts to social issues. Strogatz [8]
discussed the application of nonlinear dynamics to various fields, including some social phenomena.
Boccaletti et al. [25] explored the structure and dynamics of complex networks, with potential applica-
tions to social systems. Bar-Yam [28] introduced the concept of multiscale variety in complex systems,
which has implications for understanding social complexity.

2.4. Interdisciplinary Approaches to Wicked Problems

Recent literature has emphasized the need for interdisciplinary approaches to wicked problems.
Brown et al. [21] advocated for transdisciplinary approaches to wicked problems. Kawa et al. [6]
discussed the importance of interdisciplinary training for addressing wicked problems. Zivkovic [35]
proposed a complexity-based diagnostic tool for tackling wicked problems, emphasizing the need for
diverse perspectives.

2.5. Gap in Current Research

While the literature has made significant strides in understanding wicked problems and applying
complex systems theory to social issues, there remains a notable gap. Few studies have systematically
applied the full toolkit of dynamical systems theory—including concepts like state spaces, attractors,
and bifurcations—to the analysis and management of wicked problems.

Moreover, while many researchers have called for interdisciplinary approaches, there is a lack of
frameworks that effectively bridge the gap between advanced mathematical concepts and practical
policy-making for wicked problems. Our research aims to fill this gap by providing a comprehensive,
mathematically grounded framework for understanding and addressing wicked problems, while also
offering practical tools for policymakers and practitioners.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 July 2024                   doi:10.20944/preprints202407.1438.v2

https://doi.org/10.20944/preprints202407.1438.v2


6 of 19

This systematic integration of complex systems theory, dynamical systems mathematics, and
wicked problem management represents a novel contribution to the field, with the potential to
significantly advance our ability to address some of society’s most pressing challenges.

Wicked problems – we argue – can be understood as quintessential complex systems, embodying
all the intricate characteristics that define such systems [1]. They exhibit clear nonlinearity, where
interventions and outcomes are not proportionally related. For instance, in addressing climate change,
doubling our efforts to reduce emissions doesn’t necessarily lead to twice the impact. This nonlinearity
is closely tied to the emergent nature of wicked problems, where the overall challenge arises from the
complex interactions of numerous components. Systemic racism, for example, emerges from countless
individual, institutional, and societal interactions, creating a whole that is far more complex than the
sum of its parts [17].

The self-organizing nature of wicked problems is evident in how they develop patterns and struc-
tures without external direction. Economic inequality, for instance, can self-organize into persistent
structures without any deliberate design. This self-organization is complemented by the remarkable
adaptability of wicked problems. As we attempt to address issues like poverty, the nature of the
problem itself evolves, adapting to new economic and social conditions, often in unexpected ways [11].

Feedback loops are integral to the persistence of wicked problems. In public health crises,
for example, poor health outcomes can lead to reduced economic productivity, which in turn can
exacerbate health conditions, creating a self-reinforcing cycle. These problems also exhibit a hierarchical
organization, existing across multiple scales. Climate change, for instance, involves processes ranging
from molecular interactions to global atmospheric patterns [18].

The openness of wicked problems as systems is evident in their constant exchange of information
and influences with their environment. Global economic issues, for example, are affected by and
affect countless external factors, from technological innovations to geopolitical events. This openness
contributes to their sensitivity to initial conditions, where small changes in our initial approach can lead
to vastly different outcomes over time (we will get back to this in section3), as seen in how different
countries’ initial responses to the COVID-19 pandemic led to divergent long-term situations [36].

3. Beyond Reductionism: Embracing Nonlinearity through Complex Systems Theory

In science, a reductionist approach refers to the practice of explaining complex phenomena by
reducing them to simpler, more fundamental principles or components [5]. The goal is to understand
the whole by breaking it down into its constituent parts and examining how these parts interact. This
approach assumes that complex systems can be understood completely by studying their individual
components and their interactions in isolation [37].

Our traditional views of cause-and-effect closely related to the reductionist paradigm of New-
tonian science assume a linear perspective in which the output of a system is proportional to its
input [2]. This perspective is predictable and is derived from an additive model in which the system
is the sum of its parts. For example, in biology, a reductionist approach might involve studying a
biological process at the molecular or cellular level to understand its mechanisms, without necessarily
considering broader systemic influences or interactions with other biological processes [38]. Similarly,
in physics, reducing complex systems to fundamental particles and laws of physics is a reductionist
method used to understand physical phenomena [39].

Critics of reductionism argue that it may oversimplify complex systems and fail to capture
emergent properties that arise from the interactions of components at higher levels of organization
[40]. They advocate for more holistic approaches that consider the system as a whole and its context,
acknowledging the influence of environmental, social, and systemic factors on the phenomena being
studied [41].

The limitations of reductionist approaches become glaringly apparent when confronting wicked
problems, which are quintessential examples of complex, nonlinear systems [42]. Wicked problems,
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such as climate change, systemic poverty, or healthcare inequality, resist traditional problem-solving
methods due to their inherent complexity and interconnectedness [17].

Reductionist scientific tools, while powerful for linear systems, are fundamentally ill-equipped to
capture the essence of wicked problems [3]. For instance, traditional statistical methods often assume
linearity and independence of variables, assumptions that break down when dealing with issues like
climate change. The intricate interplay between greenhouse gas emissions, oceanic currents, atmo-
spheric patterns, and human behavior cannot be adequately modeled using simple linear regressions
or analyses of variance [43].

Similarly, classical economic models that work well for simple market dynamics fail to adequately
describe the complex web of factors contributing to systemic poverty [44]. Attempts to address poverty
by focusing solely on income levels or employment rates neglect the crucial nonlinear feedback loops
involving education, health, social capital, and institutional structures that often perpetuate the cycle
of poverty [45].

The temptation to force wicked problems into linear models for the sake of analytical convenience
is particularly dangerous. By doing so, we risk losing the very essence of what makes these problems
so challenging and persistent. For example, attempting to understand the opioid crisis by studying
drug addiction in isolation neglects the crucial nonlinear interactions between healthcare policies,
socioeconomic factors, pharmaceutical industry practices, and individual psychology that drive the
epidemic. Van Zee (2009) shows the role of pharmaceutical marketing practices in the opioid epidemic,
demonstrating the interplay between industry practices and public health outcomes. Dasgupta et al.
(2018) emphasize the complex social and economic determinants of the opioid crisis, underscoring the
need for a comprehensive approach to address it.

Instead of shoehorning wicked problems into reductionist frameworks, we ought to adapt and
further develop scientific methods to respect and capture their inherent nonlinearity [46]. This is where
complex systems theory shines. It provides a suite of tools and approaches specifically designed to
handle the nonlinear dynamics, emergent properties, and holistic nature of wicked problems [22].

Complex systems theory embraces nonlinearity rather than trying to eliminate it [24]. In address-
ing climate change, for instance, it utilizes methods such as network analysis to map out the intricate
web of interactions between various environmental, social, and economic factors [43]. Agent-based
modeling can simulate the emergence of system-level climate behaviors from individual and institu-
tional actions [47], while nonlinear time series analysis can detect patterns in seemingly chaotic climate
data [8].

Moreover, complex systems theory acknowledges that the behavior of wicked problems cannot
always be predicted with certainty [28]. Instead, it focuses on understanding the system’s overall
dynamics, identifying tipping points and phase transitions, and exploring how the system responds to
interventions [9]. This approach is adaptable and sustainable, and aligns much more closely with the
true nature of wicked problems than attempts to force them into linear, reductionist models.

By employing complex systems theory, we safeguard the core nature of wicked problems in
our scientific inquiries and policy-making efforts [48]. We recognize that the solution to healthcare
inequality, for example, is often more than the sum of its parts - improving access to medical care,
enhancing health education, and addressing socioeconomic disparities - and that the interactions
between these components are just as important as the components themselves [49].

As we grapple with increasingly complex global challenges, from sustainable urban development
to managing global pandemics, our scientific methods and policy approaches must evolve to match
the nonlinear nature of these wicked problems [10]. Complex systems theory provides the framework
and tools to do just that, allowing us to embrace the complexity of these challenges rather than
trying to reduce them to overly simplistic models [3]. This approach not only leads to more accurate
understanding but also opens up new avenues for effective intervention in some of society’s most
persistent and evolving problems [50].
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In the following section, we outline the complex systems toolkit, which offers a comprehensive
framework for understanding and effectively addressing wicked problems. This suite of methods
and approaches enables the analysis, modeling, and intervention needed to tackle the multifaceted
challenges of complex societal issues. Importantly, because this framework is scale-free, it can be
applied to any open system, from cellular processes to entire ecosystems, facilitating a holistic approach
to problem-solving across diverse domains and scales [28].

4. Complex Systems’ Dynamical Theory Tool Kit

Complex Systems Theory (CST) represents a paradigm shift in scientific thinking, offering a
framework to understand and analyze systems that defy traditional reductionist approaches. At its
core, CST addresses systems composed of numerous interacting components that collectively exhibit
nonlinear dynamics and emergent behaviors [51–53]. These systems, pervasive in nature and society,
demonstrate properties that transcend the sum of their constituent parts.

The hallmark of a complex system lies in its network of nonlinear interactions, which give rise
to macro-level phenomena emerging from micro-level processes [39,54,55]. This emergence, coupled
with the system’s adaptive capacity and self-organization, distinguishes complex systems from merely
complicated ones. Moreover, these systems often display sensitivity to initial conditions and are
characterized by intricate feedback loops, further complicating their analysis and prediction [31,56,57].

Chaos in dynamical systems refers to behavior that is highly sensitive to initial conditions. In
chaotic systems, small changes in starting conditions can lead to vastly different outcomes over time.
This phenomenon is often referred to as the "butterfly effect," popularized by the idea that a butterfly
flapping its wings in Brazil could set off a chain of events leading to a tornado in Texas [31,58–61].

Key characteristics include:

• Deterministic yet Unpredictable: Chaotic systems are deterministic (governed by specific rules),
but their long-term behavior is practically unpredictable due to sensitivity to initial conditions.

• Bounded: Despite their unpredictability, chaotic systems remain within certain bounds.
• Mixing: Chaotic systems tend to mix their phase space, visiting all possible states over time.
• Fractal Structure: The attractors of chaotic systems often have fractal structures.

The scope of complex systems is vast, spanning biological [62], social [63], physical [64], and
technological domains [65]. From the intricate dynamics of ecosystems and neural networks to the
unpredictable fluctuations of financial markets and climate systems, complex systems permeate our
world at various scales. This ubiquity underscores the critical importance of CST in addressing
contemporary scientific and societal challenges.

The development of CST has been driven by the need to tackle phenomena that elude explanation
through linear, cause-and-effect models. As such, it has fostered the development of novel analytical
tools and methodologies. Network theory [66], dynamical systems analysis [8], agent-based modeling
[67], and information theory [68] have all become integral to the CST toolkit, enabling researchers to
probe the intricacies of complex systems with unprecedented depth.

The relevance of Complex Systems Theory (CST) extends far beyond academic curiosity. It
provides crucial insights for addressing pressing issues such as climate change [69], economic stability
[70], ecosystem management [71], and understanding neurological disorders [72–75].

This section will explore the fundamental concepts of Complex Systems Theory, tracing its
historical development and examining its key mathematical formalisms. We will delve into core
concepts such as state space, attractors, bifurcations, and emergence, providing both qualitative
explanations and mathematical representations. These ideas form the bedrock of CST and are essential
for understanding how complex systems behave and evolve over time.

State Space Representation

State Space and Trajectories are fundamental concepts in dynamical systems theory that provide
a powerful framework for understanding and analyzing wicked problems. Trajectories in state space
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show the path a system follows over time, while attractors represent the long-term behavior of the
system. For wicked problems, identifying attractors can help predict stable states or outcomes the
system might gravitate towards, aiding in planning and intervention strategies. Let’s expand on these
ideas and their applications:

The state space, also known as phase space, is a conceptual space that represents all possible
states or configurations of a system [8,60]. For a wicked problem, each dimension of this space
might correspond to a different variable or aspect of the problem. For example, in studying climate
change as a wicked problem, dimensions of the state space might include global average temperature,
atmospheric CO2 concentration, sea level, biodiversity indices, economic indicators (e.g., global GDP),
energy consumption patterns

Each point in this multi-dimensional space represents a unique configuration of the system at
a given time. In a multi-dimensional state space, the state of the system at any given time t can be
represented as a vector x(t) in an n-dimensional space:

In a multi-dimensional state space, the state of the system at any given time t can be represented
as a vector x(t) in an n-dimensional space:

x(t) =


x1(t)
x2(t)

...
xn(t)


Differential Equation

The evolution of complex systems can often be described using differential equations, which
define how the system changes over time. For example, the Lotka-Volterra equations model predator-
prey interactions in ecology. Understanding these dynamics is crucial for predicting how changes in
one part of the system affect the whole. The evolution of the system can often be described by a set of
coupled ordinary differential equations (ODEs):

dx(t)
dt

= f(x(t), t)

where:

• x(t) is the state vector at time t.
• f(x(t), t) is a vector-valued function that determines the rate of change of the state vector.

Example: Lotka-Volterra Equations

As a concrete example from ecology, consider the Lotka-Volterra equations, which model predator-
prey interactions: {

dx
dt = αx − βxy
dy
dt = δxy − γy

where:

• x(t) and y(t) represent the prey and predator populations, respectively.
• α, β, δ, γ are positive constants representing interaction rates.

Trajectories in State Space

The trajectory of a system in state space is the path that the state vector x(t) follows over time.
These trajectories represent the evolution of the system from one state to another, governed by the
differential equations.
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If we denote the initial state of the system as x(0), the trajectory x(t) for t > 0 shows how the
system evolves starting from x(0):

x(t) =


x1(t)
x2(t)

...
xn(t)


Trajectories can converge to fixed points (equilibrium), limit cycles (oscillatory behavior), or more

complex attractors, depending on the nature of the system and the governing equations.

Attractors in State Space

In CST, attractors are important concepts representing the long-term behavior of a system. An
attractor is a set of states toward which a system tends to evolve over time. [73–75]. Types of attractors
include:

• Point Attractor: A single point in state space where trajectories converge, indicating a stable
equilibrium.

• Limit Cycle: A closed loop in state space where trajectories cycle indefinitely, indicating periodic
behavior. Limit cycles are closed, isolated trajectories in the phase space of a system that other
nearby trajectories either spiral towards or away from. They represent periodic behavior in a
system. Characteristics of Limit Cycles:

1. Periodicity: The system returns to the same state after a fixed time interval.
2. Isolation: They are isolated in phase space; nearby trajectories are not closed.
3. Stability: Can be stable (attracting nearby trajectories) or unstable (repelling them).
4. Dimensionality: Typically occur in systems with at least two dimensions.

• Strange Attractor: A complex structure in state space characterized by chaotic dynamics, where
trajectories exhibit sensitive dependence on initial conditions. Strange attractors are complex
geometric structures in phase space that represent the long-term behavior of chaotic systems.
They exhibit fractal properties and sensitive dependence on initial conditions. Characteristics of
Strange Attractors:

1. Fractal Dimension: They have non-integer dimensions, indicating complex, self-similar
structures.

2. Sensitivity to Initial Conditions: Trajectories that start close together will diverge exponen-
tially over time.

3. Bounded: Despite chaotic behavior, the system remains within certain limits.
4. Never Repeating: Trajectories on the attractor never exactly repeat, yet remain within a

defined region.

Basins of Attraction

A basin of attraction is the set of initial conditions in the state space that eventually lead to a
particular attractor. In other words, it’s the region of influence for an attractor. For wicked problems,
understanding basins of attraction can provide insights into how different starting points or interven-
tions might lead to specific outcomes. Key characteristics include: Boundaries: Basins of attraction are
separated by boundaries called separatrices. These boundaries can be complex and fractal in nature
for some systems. Size and Shape: The size and shape of a basin can indicate how robust or fragile
an attractor is. Larger basins suggest more stable attractors. Multiple Basins: Complex systems often
have multiple basins of attraction, each associated with a different attractor. Transitional Zones: Near
the boundaries between basins, small perturbations can push the system from one basin to another.

Let A be an attractor in a state space X . The basin of attraction B(A) for A is defined as:
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B(A) = {x0 ∈ X | lim
t→∞

ϕt(x0) ∈ A}

where ϕt is the flow of the dynamical system, i.e., ϕt(x0) is the state of the system at time t starting
from initial condition x0.

The basin of attraction refers to the set of initial conditions that lead to a particular attractor.
Understanding these basins can inform which interventions might move the system towards a desirable
state. For example, in climate policy, identifying basins can help determine effective strategies for
reducing carbon emissions.

Stuck State

Imagine a ball rolling in a hilly landscape – it might get trapped in a valley, unable to climb out
on its own. This is similar to a "stuck state" in complex systems, where the system becomes trapped in
a particular configuration.

Figure 2. This figure illustrates the concept of an attractor in complex systems theory. The black
curve represents the attractor, akin to a valley where the system converges over time. The red circle
denotes the system state within the valley, signifying stability and minimal free energy. The blue arrow
illustrates the system’s movement towards the attractor, emphasizing its tendency to minimize free
energy and attain equilibrium. Regions with higher free energy are labeled on the sides of the plot,
contrasting with the stable state of the attractor.

A stuck state xs can be characterized by a local minimum in the free energy landscape. Mathemat-
ically, for a small neighborhood N (xs) around xs:

F(xs) ≤ F(x) ∀x ∈ N (xs)

where F(x) is the free energy function.
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Perturbation

Now, imagine giving that ball a little push – that’s like a "perturbation" in our system, a small
change that might help it escape its stuck state and explore new possibilities. A perturbation can be
represented as a temporary addition to the system’s dynamics:

dx
dt

= f (x) + ϵ(t)

where f (x) represents the unperturbed dynamics and ϵ(t) is the perturbation term, which may
be a function of time and/or state.

Perturbations are small changes or disturbances to the system. Analyzing how these perturbations
affect the system’s stability can reveal how resilient the system is and what changes might lead to
significant shifts in behavior. This is crucial for managing crises or preventing undesirable outcomes.

Lyapunov Function

But how do we know if our system is stable or if it’s on the verge of dramatic change? This
is where the "Lyapunov exponent" comes in. Think of it as a measure of how quickly two nearly
identical states in our system might diverge over time. A positive Lyapunov exponent suggests
that small differences can lead to big changes – a hallmark of chaotic systems. These concepts help
us understand how complex systems maintain stability, adapt to changes, or potentially undergo
significant transformations.

A Lyapunov function V(x) for an attractor A satisfies:
1) V(x) > 0 for all x ̸= A, and V(A) = 0
2) dV(x)

dt ≤ 0 for all x
More precisely, for a dynamical system dx

dt = f (x):

dV(x)
dt

= ∇V(x) · f (x) ≤ 0

This condition ensures that the system’s state moves towards regions of lower ’energy’ or ’free
energy.’

In the context of the Free Energy Principle, we can consider the free energy F(x) itself as a
Lyapunov function:

dF(x)
dt

= ∇F(x) · f (x) ≤ 0

This formulation directly ties the concept of attractors and stability in dynamical systems to the
principle of free energy minimization.

These functions help assess the stability of a system by measuring how quickly small differences
in initial conditions can grow over time. In chaotic systems, where small changes can lead to vastly dif-
ferent outcomes (the “butterfly effect”), Lyapunov functions are vital for understanding and managing
unpredictability.

4.1. Applying Complex Systems Analysis to Wicked Problems

While the theoretical framework of complex systems theory provides a powerful lens for under-
standing wicked problems, its practical application requires specific methodologies and tools. This
section outlines how key concepts from complex systems analysis can be applied to wicked problems.

1. State Space Analysis for Wicked Problems: To apply state space analysis to a wicked problem,
we first identify the key variables that define the problem. For example, in climate change,
these might include greenhouse gas concentrations, global average temperature, sea levels, and
economic indicators. Each variable becomes a dimension in the state space. The current state
of the problem is then represented as a point in this multidimensional space. Methodology: a)
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Identify and quantify key variables b) Construct a multidimensional state space c) Plot historical
data to visualize trajectories d) Use statistical techniques like principal component analysis to
reduce dimensionality if needed

2. Attractor Identification in Wicked Problems: Attractors in wicked problems represent stable states
or patterns that the system tends towards. Identifying these can help understand why certain
problematic situations persist and how to shift the system to more desirable states. Methodology:
a) Analyze historical data to identify recurring patterns b) Use time series analysis techniques
like recurrence plots c) Apply clustering algorithms to identify regions of state space where
trajectories converge d) Employ dynamical systems modeling to simulate and identify potential
attractors

3. Network Analysis for Stakeholder Mapping: Wicked problems often involve complex networks
of stakeholders. Network analysis can reveal key influencers, information flow patterns, and
potential intervention points. Methodology: a) Identify relevant stakeholders b) Map connections
and interactions between stakeholders c) Calculate network metrics (e.g., centrality, clustering
coefficient) d) Visualize the network to identify key nodes and communities

4. Agent-Based Modeling for Simulating Interventions: Agent-based models can simulate how
individual actions and interactions lead to emergent behaviors in wicked problems. Methodology:
a) Define agents and their behaviors b) Set up environmental conditions and rules c) Run
simulations with various parameters d) Analyze results to understand potential outcomes of
interventions

5. Sensitivity Analysis and Scenario Planning: Given the complexity of wicked problems, under-
standing how sensitive outcomes are to changes in different variables is crucial. Methodology: a)
Identify key parameters in the system b) Systematically vary these parameters c) Analyze how
changes affect outcomes d) Develop multiple scenarios based on different parameter combina-
tions

5. Discussion

The application of dynamical systems toolkit to wicked problems, seen as complex systems, offers
a novel framework for understanding and addressing complex societal challenges. By employing
these concepts, researchers and policymakers can gain valuable insights and develop more effective
strategies for intervention.

Mapping the ’landscape’ of possible system states and outcomes is a crucial first step in addressing
wicked problems. This process involves identifying the key variables that define the system’s state
space and understanding how these variables interact. For instance, in addressing climate change, this
might involve mapping the relationships between greenhouse gas emissions, global temperatures, sea
levels, and economic indicators. This comprehensive mapping allows for a more holistic understanding
of the problem space, revealing potential pathways and barriers to desired outcomes.

Identifying stable and unstable configurations of the system is another critical aspect of this
approach. Stable configurations, represented by attractors in the state space, can help explain why
certain problematic situations persist despite intervention attempts. For example, in tackling systemic
poverty, understanding the stable configurations can reveal self-reinforcing cycles of limited education,
job opportunities, and economic mobility. Conversely, identifying unstable configurations can highlight
leverage points where small interventions might lead to significant changes.

The ability to predict potential tipping points or critical transitions is perhaps one of the most
valuable outcomes of applying dynamical systems theory to wicked problems. These tipping points,
represented by bifurcations in the system, can lead to rapid, often irreversible changes in system
behavior. In the context of ecosystem management, for instance, recognizing early warning signs of
an impending regime shift (such as a coral reef transitioning to an algae-dominated state) can inform
timely interventions to prevent undesirable transitions.

Designing interventions that can shift the system towards more desirable attractors is a key goal
in addressing wicked problems. This approach moves beyond simplistic, linear thinking to consider
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how interventions might alter the overall landscape of the system. For example, in urban planning,
instead of focusing solely on individual infrastructure projects, this approach might consider how
various interventions could collectively shift the city towards a more sustainable, livable attractor state.

Understanding why certain interventions might have unexpected or counterintuitive effects is
crucial for effective policy-making. Complex systems often exhibit nonlinear responses and feedback
loops that can lead to surprising outcomes. For instance, well-intentioned policies to reduce drug use
might inadvertently create more dangerous black markets, or efforts to protect endangered species
might disrupt broader ecosystem dynamics. By modeling these complex interactions, policymakers
can better anticipate and mitigate unintended consequences.

The application of Complex Systems Theory (CST) to wicked problems opens up novel avenues
for research and intervention. By viewing these challenges through the lens of dynamical systems, we
can generate new questions and hypotheses that may lead to innovative solutions.

Table 1. Novel Research Directions Emerging from CST Application to Wicked Problems

Wicked Problem Area Novel Research Question Hypothesis
Climate Change How do tipping points in different

Earth subsystems (e.g., Arctic sea
ice, Amazon rainforest) interact to
influence global climate stability?

Multiple tipping points are inter-
connected, creating a network of
critical transitions that can am-
plify or mitigate climate change
impacts.

Urban Planning Can we identify urban devel-
opment attractors that simulta-
neously optimize for economic
growth, social equity, and environ-
mental sustainability?

Cities have hidden ’sustainabil-
ity attractors’ that, when identi-
fied and targeted, can guide ur-
ban development towards more
balanced and resilient states.

Poverty How do micro-level economic
behaviors create macro-level
poverty attractors, and what
perturbations can destabilize
these attractors?

Poverty persists due to emergent
attractors formed by interactions
between individual behaviors, in-
stitutional structures, and eco-
nomic policies.

Public Health How does the topology of social
networks influence the spread of
health behaviors and the effec-
tiveness of public health interven-
tions?

The structure of social networks
creates ’behavior basins’ that can
either amplify or dampen the ef-
fects of public health initiatives.

Ecosystem Management Can we develop early warning sig-
nals for critical transitions in cou-
pled social-ecological systems?

Changes in the statistical prop-
erties of key variables (e.g., in-
creased variance) can serve as uni-
versal early warning indicators
across diverse social-ecological
systems.

Political Polarization How do echo chambers in social
media create stable attractors of
political beliefs, and what pertur-
bations can break these attractors?

Political polarization emerges
from the interaction between
individual cognitive biases and
the structure of information flow
in social networks.

Economic Inequality Can we model wealth distribution
as a dynamic system to identify
leverage points for reducing in-
equality?

Economic inequality is main-
tained by self-reinforcing feed-
back loops, but strategic policy in-
terventions can create new attrac-
tors of more equitable wealth dis-
tribution.

However, it’s important to note that while these concepts provide powerful tools for understand-
ing and addressing wicked problems, they also highlight the inherent unpredictability and complexity
of these issues. The presence of chaos and sensitivity to initial conditions in many complex systems
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means that long-term, precise predictions may be impossible. This realization should encourage a shift
towards more adaptive, flexible approaches to policy-making and problem-solving.

Moreover, the application of these concepts requires interdisciplinary collaboration and a will-
ingness to embrace complexity. It challenges traditional, siloed approaches to problem-solving and
demands a more holistic, systems-level perspective. This can be challenging in practice, particularly
within existing institutional and political frameworks that may favor simpler, more easily communi-
cated solutions.

In conclusion, the application of dynamical systems concepts to wicked problems offers a promis-
ing approach for developing more nuanced, effective strategies for addressing complex societal
challenges. By providing tools to map system landscapes, identify critical transitions, design targeted
interventions, and understand complex system behaviors, this approach can lead to more robust
and adaptive solutions. However, it also requires a shift in thinking and practice, emphasizing the
need for interdisciplinary collaboration, adaptive management, and a comfort with complexity and
uncertainty. As we continue to face increasingly complex global challenges, embracing these concepts
and approaches will be crucial for developing effective, sustainable solutions.

6. Conclusion

The application of complex systems theory to wicked problems represents a paradigm shift in
how we approach society’s most intractable challenges. This paper’s original contribution lies in
its synthesis of advanced mathematical concepts from dynamical systems theory with the pressing
societal issues encapsulated by wicked problems. By framing these challenges within the context of
state spaces, attractors, and nonlinear dynamics, we provide a novel lens through which to view and
address complex societal issues.

Future research directions:

1. Empirical validation: Develop and conduct large-scale studies to empirically test the effectiveness
of complex systems-based interventions on specific wicked problems, such as climate change
mitigation or poverty reduction.

2. Computational modeling: Create advanced computational models that simulate the dynamics
of wicked problems, incorporating real-world data to enhance predictive capabilities and test
various intervention strategies.

3. Interdisciplinary metrics: Develop new metrics and indicators that can capture the multidi-
mensional nature of wicked problems, integrating insights from various disciplines to measure
progress and impact.

4. Adaptive policy design: Research methodologies for designing adaptive policies that can evolve
in response to the changing dynamics of wicked problems, as predicted by complex systems
theory.

5. Network analysis of stakeholders: Conduct in-depth network analyses of stakeholder interactions
in specific wicked problems to identify key influencers, potential leverage points, and patterns of
information flow.

6. Early warning systems: Investigate the potential for developing early warning systems for critical
transitions or tipping points in social-ecological systems, based on complex systems principles.

7. Cross-cultural comparative studies: Examine how different cultural contexts influence the
dynamics of wicked problems and the effectiveness of complex systems-based approaches.

g) Practical implications for policymakers and practitioners:

1. Systems thinking training: Implement training programs for policymakers and practitioners to
develop systems thinking skills and understand complex systems concepts.

2. Collaborative platforms: Create interdisciplinary platforms or task forces that bring together ex-
perts from various fields to address specific wicked problems using a complex systems approach.
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3. Scenario planning: Utilize complex systems models to develop more sophisticated scenario
planning tools, allowing decision-makers to explore potential outcomes of different policy
interventions.

4. Adaptive management frameworks: Develop and implement adaptive management frameworks
that allow for continuous learning and adjustment of strategies based on feedback and emerging
patterns.

5. Stakeholder engagement tools: Design new tools and methodologies for engaging diverse
stakeholders in the problem-solving process, informed by complex systems insights on network
dynamics and emergence.

6. Policy experimentation: Encourage small-scale policy experiments that can test complex systems-
based interventions, with built-in mechanisms for rapid learning and scaling.

7. Data integration systems: Develop integrated data systems that can capture and analyze the
multifaceted nature of wicked problems, providing real-time insights to decision-makers.

8. Complexity-aware evaluation: Implement evaluation methodologies that account for the non-
linear and emergent properties of complex systems, moving beyond traditional linear cause-and-
effect assessments.

9. Cross-sector collaboration: Foster partnerships between government, private sector, and civil
society organizations to address wicked problems, leveraging the diverse perspectives and
resources of each sector.

10. Long-term strategic planning: Incorporate complex systems thinking into long-term strategic
planning processes, encouraging policymakers to consider potential ripple effects and unintended
consequences of interventions.

The originality of our approach is evident in several key aspects. We bridge the gap between
abstract mathematical concepts and concrete societal challenges, demonstrating the practical applica-
bility of complex systems theory to real-world problems. Unlike traditional reductionist approaches,
our framework embraces the full complexity of wicked problems, offering a more comprehensive
and nuanced understanding of these issues. By emphasizing the dynamic, evolving nature of wicked
problems, we provide a framework that can adapt to changing circumstances and emerging challenges.
The application of concepts like attractors and bifurcations offers new possibilities for identifying
tipping points and predicting system-wide changes in complex societal issues. Moreover, our approach
suggests new avenues for intervention, focusing on systemic leverage points and nonlinear effects
rather than linear, cause-and-effect solutions.

The relevance of this approach for science is profound and far-reaching. This work contributes to
the growing field of complexity science, demonstrating its applicability to some of the most challenging
problems in social sciences and policy. Our framework encourages cross-disciplinary collaboration,
potentially leading to new insights at the intersection of mathematics, physics, social sciences, and pol-
icy studies. The application of dynamical systems tools to social issues opens up new methodological
possibilities for studying and modeling complex societal phenomena. By providing a more sophis-
ticated understanding of wicked problems, this approach can inform more effective and adaptive
policy-making strategies. Furthermore, this work lays the groundwork for numerous future research
possibilities, from developing new mathematical models of social systems to empirical studies testing
the effectiveness of complex systems-inspired interventions.

In conclusion, the application of complex systems theory to wicked problems offers a transfor-
mative approach to understanding and addressing society’s most pressing challenges. As we face
increasingly complex global issues, this framework provides a powerful toolkit for scientists, policy-
makers, and practitioners alike. By embracing complexity and leveraging the insights of dynamical
systems theory, we open new pathways for creating more resilient, sustainable, and equitable solutions
to our most intractable problems. This approach not only advances our theoretical understanding of
complex societal issues but also holds the potential to drive real-world change, making it a crucial
frontier in the science of addressing wicked problems. As we move forward, the integration of com-
plex systems theory with societal problem-solving promises to revolutionize our approach to global
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challenges, offering hope for more effective and lasting solutions to the wicked problems that define
our era.
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