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This paper explores the principles of dissipative structures as introduced by Ilya
Prigogine through an accessible and dynamic physical model. Using a white and
blue spherical clay object, we simulate the self-organization of complex patterns
under continuous energy input, demonstrating how order can arise from chaos in
non-equilibrium systems. By applying simple manipulations such as twisting,
stretching, and folding, we observe the emergence of a tornado-like vortex, which
serves as a representation of self-organized structures that arise from fluctuations
and energy flow. This experiment offers an intuitive, hands-on demonstration of
the non-equilibrium thermodynamics underlying Prigogine’s theory and provides
a visual analogy for complex systems in nature, such as chemical reactions,
biological systems, and neural networks. In addition, the experiment draws an
analogy to the training process in artificial intelligence, where simple rules and
iterative processes lead to the emergence of complex patterns and behavior. By
using Claymation, we present a unique tool to understand and visualize the
foundational concepts of self-organization, emergence, and dissipative structures.
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Abstract

This paper explores the principles of Prigogine's dissipative structures through a
novel physical model: a white and blue spherical object, subjected to iterative
deformations, presented using Claymation as a visual and dynamic tool. The
model serves as a tangible representation of how self-organized order emerges
from an initially homogenous state under continuous energy input. Through a
series of manipulations, such as twisting, stretching, and folding, we observe the
gradual emergence of intricate vortex patterns that mimic the dynamics of non-
equilibrium systems. These patterns reflect the behavior of dissipative structures
observed in real-world systems like hurricanes, chemical reactions, and neural
networks. By comparing the development of the vortex to systems in nature, we
demonstrate how energy flow facilitates self-organization and the creation of
complex structures in far-from-equilibrium conditions. The experiment illustrates
the universal nature of dissipative structures and offers a practical framework for
understanding the processes of self-organization and emergent complexity. This
model provides valuable insights into the behaviors of both physical systems and
computational systems, such as artificial intelligence, which also exhibit patterns
of self-organization under iterative processes.

1. Introduction

Dissipative structures, a concept first introduced by llya Prigogine, are systems
that maintain their organization through continuous energy exchange while
operating far from equilibrium. These structures are formed in environments
where energy flow sustains complexity, opposing the tendency toward disorder
typical of systems in equilibrium. Unlike traditional thermodynamic systems that
evolve toward maximum entropy, dissipative structures are characterized by their
ability to self-organize, exhibiting complex, stable patterns despite the constant
input of energy. Examples of dissipative structures include hurricanes, chemical
reaction patterns, and the formation of cells in living organisms, all of which
require external energy to sustain their complex behaviors.

Prigogine’s work revolutionized our understanding of these systems by showing
how energy input and fluctuations can drive the formation of order in systems
that appear chaotic or random. His theory highlighted that, under certain



conditions, non-equilibrium systems can evolve towards new forms of order,
maintaining stability and complexity. This ability of systems to form organized
structures, despite being in a constant state of flux, is central to understanding
the dynamics of natural phenomena, as well as complex systems in both
biological and artificial environments.

The importance of using simple, accessible models to illustrate these concepts
cannot be overstated. While the theory behind dissipative structures can be
abstract and mathematically complex, employing tangible, physical models can
help bridge the gap between theoretical principles and practical understanding. In
this paper, we present the white and blue spherical model as a physical analog to
demonstrate the process of self-organization. Through Claymation, a dynamic,
visual technique that allows for the manipulation and transformation of the
model in real-time, we explore how patterns emerge and self-organize as energy
is applied. This model serves as a hands-on representation of how systems in non-
equilibrium evolve, offering an intuitive and interactive way to understand the
fundamental principles of dissipative structures and their universal applicability to
a wide range of physical and computational systems.

2. Background: Dissipative Structures and Self-Organization

Dissipative structures are dynamic systems that maintain order through
continuous energy exchange despite being far from equilibrium. Unlike systems in
equilibrium, which tend toward maximum entropy (disorder), dissipative
structures function by maintaining a steady flow of energy that prevents the
system from decaying into randomness. These systems create complex, stable
patterns, often referred to as self-organized systems, which are sustained as long
as external energy is consistently input. The primary characteristic of dissipative
structures is that they arise and persist due to the balance between energy
dissipation and energy influx, with their order maintained through a dynamic
interplay between these processes. They exhibit behaviors that would seem
counterintuitive in traditional thermodynamic systems, where order is usually
only temporary, and chaos reigns in the long run.



Real-World Examples of Dissipative Structures

1. Hurricanes and Tornadoes:
One of the most familiar examples of dissipative structures are atmospheric
vortices such as hurricanes and tornadoes. These systems are driven by
thermal energy, as warm air rises and cooler air sinks, creating a stable
rotating structure. The continuous exchange of heat energy from the ocean
surface fuels the formation and sustenance of these large-scale storm
systems. As long as the energy continues to flow, the vortex remains
organized and distinct, demonstrating the principles of self-organization in
a far-from-equilibrium system. When the energy input is disrupted (for
instance, when hurricanes move over cooler waters), the vortex begins to
break down, reflecting the irreversibility that marks the transition of
dissipative systems to more chaotic states.

2. Bénard Cells:
In the laboratory, the Bénard convection cells serve as another example of
a dissipative structure. When a fluid is heated from below, the fluid
undergoes a phase transition from a disordered state to an organized
pattern of convection cells. These cells, which form regular hexagonal
patterns, represent a stable configuration created by the continuous energy
flux through the fluid. The Bénard cells demonstrate how temperature
gradients and fluid dynamics give rise to spontaneous organization,
illustrating the principle that even in chaotic, fluid systems, order emerges
when the system is driven far from equilibrium.

3. Chemical Oscillations:
A classic example of dissipative structures can be found in chemical
reaction systems, such as the Belousov-Zhabotinsky (BZ) reaction, which
displays oscillations in concentration as chemicals interact. These
oscillations are sustained by a continuous energy flow and feedback loops
between the reactants, resulting in intricate spatial and temporal patterns
such as waves or spirals. These chemical systems demonstrate the
complexity and nonlinearity that can emerge even from simple chemical
reactions when subjected to continuous driving forces, like temperature
changes or concentration fluctuations.



4. Neural Networks and Biological Systems:
On a biological level, neural networks and the organization of cells within
multicellular organisms are also governed by dissipative structures. In the
case of neural networks, the brain is an excellent example of how self-
organized order emerges from the interactions of neurons. These networks
are not random but exhibit highly structured patterns of activity that allow
for complex processes such as learning, memory, and perception. The
organization of neural networks relies heavily on the input of electrical and
chemical energy to sustain cognitive functions. Similarly, the development
of cellular organization in living organisms, such as the process of
morphogenesis (the formation of shape and structure during
development), is driven by energy flows and feedback loops that create
highly organized, functional biological structures.

The Connection Between Dissipative Structures and Non-Equilibrium
Thermodynamics

At the core of the concept of dissipative structures is their relationship to non-
equilibrium thermodynamics. In traditional thermodynamic systems, energy flows
lead to equilibrium, where entropy reaches its maximum value. However,
dissipative structures operate in far-from-equilibrium conditions, where energy
continuously flows through the system, enabling it to maintain or increase its
order over time. This behavior contrasts sharply with the idea that systems
naturally evolve toward disorder. Instead, in dissipative structures, the flow of
energy and entropy generation are in a dynamic equilibrium, meaning that the
system sustains order by maintaining a high level of energy flow that prevents
entropy from overwhelming it.

llya Prigogine’s groundbreaking work revealed that when systems are driven away
from equilibrium, order and organization can emerge spontaneously. Non-
equilibrium thermodynamics describes how energy input into systems in a non-
equilibrium state leads to the self-organization of complex structures. These
systems rely on dissipative processes to function—an ongoing cycle of energy
input and dissipation. The organization within the system is not imposed
externally but arises from the interactions between internal components of the
system. Prigogine demonstrated that this behavior is essential to life processes



and other natural phenomena, providing insight into how complex systems, from
biological organisms to social structures, maintain order.

Far-From-Equilibrium Stability and Emergent Phenomena

The behavior of dissipative structures is intimately connected with the idea of far-
from-equilibrium stability. In traditional equilibrium systems, order is often
temporary, and chaos is the final destination. In contrast, dissipative structures
operate in a far-from-equilibrium state, where energy constantly flows through
the system to maintain its structure. In these systems, complexity and stability are
sustained, not through the conservation of energy, but through the constant
exchange of energy within the system.

These systems exhibit emergent phenomena, where patterns of order arise from
local interactions that are not immediately obvious at larger scales. For example,
the formation of vortices in fluid dynamics or the development of patterns of
brain activity in neural networks can be seen as emergent phenomena. At the
level of the individual component (whether it’s a molecule, cell, or neuron), there
is no explicit directive for order; instead, the interaction of many partsin a
specific environment leads to the spontaneous emergence of structure. These
emergent properties of dissipative structures highlight the interplay between
local and global behaviors, where microscopic interactions give rise to
macroscopic patterns of order, all driven by energy flow.

In summary, dissipative structures provide a framework for understanding how
complexity arises in nature and how self-organizing systems can remain stable
under far-from-equilibrium conditions. By studying these systems, we gain insight
into how order emerges from chaos and how self-organization plays a key role in
the evolution of complex systems, from biological organisms to social networks
and even artificial intelligence.

3. Experimental Setup: The White and Blue Spherical Model

The white and blue spherical model was designed to visually demonstrate the
principles of dissipative structures and self-organization by simulating how energy
input can create intricate patterns from a simple initial configuration. The model
uses a sphere of clay, primarily white in color, with distinct blue regions scattered
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throughout. This configuration mirrors the idea of a system in equilibrium that
contains potential for organization through external manipulation. The blue
regions serve as the focal point for pattern formation, representing discrete
energy sources within the system that interact with the uniform white base as
energy is applied.

3.1. Materials and Initial Equilibrium Conditions

The sphere is made of modelling clay that is soft and malleable, allowing for
gradual deformation while maintaining its physical integrity throughout the
experiment. The clay is predominantly white, representing a uniform, undisturbed
state with minimal structure or complexity. The blue color is introduced in small,
isolated regions spread across the sphere. These regions are strategically placed
to ensure that the initial energy input and deformations would not cause the blue
regions to blend uniformly into the white but instead lead to more complex
interactions.

The initial equilibrium condition of the system consists of a smooth,
homogeneous sphere with no apparent structure. The sphere is completely static
at the beginning, representing a system in which no energy has been applied, and
thus there is no inherent order—just a simple, uniform mass of material. This
starting configuration reflects the low-entropy state of the system before it is
subjected to the manipulations that will trigger self-organization.

The blue regions are intended to act as initial perturbations within the otherwise
homogeneous material. These blue spots will evolve as energy is introduced,
forming patterns that visually represent the interactions between these
perturbations and the system as a whole. The white clay serves as the medium
through which the blue energy traces will move, shift, and distort.

3.2. Energy Input: Gradual Twisting, Stretching, and Folding

To simulate the flow of energy in a non-equilibrium system, the spherical model
undergoes a series of iterative manipulations, such as twisting, stretching, and
folding. These actions provide the system with the energy required to drive the



process of self-organization and emergence. Each manipulation corresponds to
different forms of energy input, which results in distinct physical transformations
of the clay:

o Twisting: Twisting the sphere applies rotational forces that compress and
elongate the clay. This introduces shear stress, which leads to the initial
deformation of the blue regions within the white mass. As the blue sections
twist and stretch, they create spiraling patterns and spiral-like distortions at
the surface of the sphere, mirroring how energy in the form of heat or force
can cause patterns to form in dissipative systems. This manipulation mimics
the formation of vortices in natural systems like tornadoes or hurricanes.

« Stretching: Stretching the clay further expands the material, distorting the
shape and increasing the surface area of the sphere. The blue regions start
to interact more with the white areas, increasing their overlap. This
introduces greater complexity to the interaction between the blue and
white materials, creating more pronounced strands or filaments of blue
that weave through the white, contributing to the emergence of complex
patterns. This mirrors how convection cells or chemical waves propagate
within fluid or chemical systems.

« Folding: Folding the clay introduces layering effects, increasing the local
density of the material at certain points. As energy is applied through
folding, the blue regions within the clay may interact more intensely with
each other, and small-scale vortexes or complex banding patterns may
form. This manipulation simulates the idea of feedback loops within
dissipative systems, where local interactions influence the larger, global
behavior of the system.

These actions represent a gradual, sustained energy input to the system,
resembling how external forces drive systems to self-organize into more complex
patterns, leading to the formation of dissipative structures.



3.3. Observation of the Evolution of the Sphere from Simplicity to Complexity

As the clay undergoes these transformations, the blue regions—initially isolated
and simple—begin to interact with each other and with the surrounding white
mass. The system starts to evolve from its initial state of simplicity and uniformity
to one of increasing complexity and structure. This process follows the principles
of non-equilibrium thermodynamics, where energy flow causes the system to
shift from a disordered state to one where order emerges spontaneously through
continuous energy input.

Over time, the blue regions undergo a process of self-organization, where the
energy-induced distortions create a tornado-like vortex or spiral patterns within
the sphere. These patterns are driven by the local interactions between the blue
regions and the surrounding white material. As energy continues to be applied,
the vortex becomes more defined, with swirling and complex layering forming in
the clay. This is similar to the formation of vortex patterns in nature, such as
hurricanes or chemical oscillations. The self-organized structure reaches a point
where it stabilizes momentarily, as long as energy continues to flow through the
system.

The sphere’s transformation from an initial state of uniform simplicity to a
complex, structured pattern serves as a visual demonstration of how dissipative
systems evolve toward dynamic equilibrium. This process is representative of how
real-world dissipative structures emerge through continuous energy exchange,
and it provides an intuitive way of observing the emergent properties of such
systems in real time. The manipulation of the sphere reveals the spontaneous
appearance of structure, offering a clear example of how non-equilibrium
conditions give rise to self-organized patterns.

As the process unfolds, the resulting structure and complexity can be observed
visually, offering a concrete model for the abstract scientific concept of dissipative
structures, making it easier to grasp the theory behind self-organization and
complexity.



4. Results: Emergence of the Tornado-Like Structure

The experimental process of manipulating the white and blue spherical model
demonstrates how dissipative structures emerge from initial simplicity as a result
of continuous energy input. The transitions from a simple, homogeneous sphere
to a complex tornado-like vortex follow the principles of self-organization, with
energy facilitating the gradual evolution of the system. The observed progression
can be broken down into distinct stages, each representing a different level of
complexity in the emergent structure.

4.1. Transition from Simplicity to Complexity

The system begins in a state of uniformity and homogeneity. The clay ball,
predominantly white with scattered blue regions, is initially static and
undisturbed, representing a simple configuration with no inherent order. At this
stage, there are no clear patterns or complex structures, and the blue and white
regions coexist without interaction. This initial state mirrors the equilibrium of a
dissipative system, where there is no self-organization or complexity beyond the
basic material configuration.

As energy is applied through twisting, stretching, and folding, the system moves
away from equilibrium and begins to evolve toward more complex behavior. The
first signs of complexity appear as the blue regions start to interact with the
surrounding white mass, with the blue material being pulled and stretched. At
this stage, the blue regions gradually elongate, creating simple linear distortions
along the surface of the sphere. This phase represents the early deformation of
the system, where localized changes begin to influence the overall configuration.
The sphere is now beginning to exhibit some structure, though it is still far from
the highly organized patterns that will emerge later.

4.2. Early Deformations: Gradual Elongation and Layering of the Blue Region

As more energy is introduced, the deformations become more pronounced. The
blue regions are stretched, elongated, and forced to interact more deeply with
the white areas, creating the first indications of pattern formation. This stage is
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characterized by the gradual elongation of the blue regions, as twisting forces
start to pull the material in specific directions. The blue streaks within the sphere
begin to layer over each other, with some regions becoming more tightly wound
while others stretch out in a more dispersed pattern.

The interactions between the blue and white clay at this stage become more
complex, as the energy input leads to an increasingly layered structure. Fractal-
like characteristics begin to emerge, where small-scale distortions in the material
mirror larger ones, creating a visual resemblance to the early formation of
convection cells or reaction-diffusion patterns. These early deformations lay the
groundwork for the more intricate vortex structures that will follow.

The system is now no longer static; instead, the blue regions have begun to show
signs of patterned organization. While not yet fully structured, these early
changes mark the transition from the original, homogeneous sphere to a system
that is moving toward greater complexity.

4.3. Increased Complexity: The Development of Intricate, Fractal-Like Structures

As the energy input continues, the deformation patterns become more intricate
and fractal-like. The blue regions no longer merely elongate, but instead begin to
twist and spiral, creating swirling patterns that interact with one another. The
deformation of the blue regions starts to resemble the early stages of a vortex,
with smaller sub-patterns emerging within the larger structure. These smaller,
fractal-like layers are characteristic of emergent complexity, where the initial
linear deformations give rise to increasingly complex forms that interact at
different scales.

The twisting action causes the blue regions to follow spiral trajectories, winding
and intertwining with each other as they move across the sphere. As the blue
material becomes more intertwined with the white base, the system exhibits
clear signs of self-organization. This process mimics the way in which patterns
spontaneously emerge in nature under the right conditions of energy input. The
development of fractal-like structures reflects the non-linear dynamics at play,
where local interactions between the blue and white clay create global, organized
structures.
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At this stage, the system exhibits significant complexity, with visible signs of the
tornado-like vortex beginning to take shape. The evolving patterns are now
dynamic, with motion and increasing order emerging from the initially random
configuration of the sphere. This stage is crucial because it shows the formation of
order in a system that was originally in equilibrium.

4.4. Stable Structure Formation: The Vortex-Like Tornado Pattern

After sustained manipulation, the system reaches a point of relative stability
where the tornado-like vortex becomes clearly visible. This is the stage where the
system has organized itself into a coherent, self-sustaining pattern. The blue
regions, once scattered and disorganized, now form a tightly wound spiral,
creating a visually striking vortex. The tornado pattern represents a dissipative
structure in full formation, driven by the continuous energy input. The vortex
remains stable as long as the energy is applied, demonstrating the self-organizing
properties of dissipative structures. This stability mimics the behavior of real-
world systems like hurricanes, where the vortex structure persists as long as the
necessary energy is supplied.

At this point, the blue and white clay interact in a highly organized manner, and
the vortex serves as the attractor state of the system. Like other dissipative
systems, the energy input has led the system to settle into this stable vortex
structure, where local fluctuations have faded away to reveal the global pattern
of order. The resulting order is not imposed externally but emerges
spontaneously from the interactions of the system's components.

4.5. Breakdown and Collapse into Turbulence

However, this self-organized state is not permanent. As energy input continues,
the system may reach a critical threshold where the vortex structure becomes
unstable. This is the point at which the system transitions from order back to
disorder, reflecting the irreversibility inherent in dissipative systems. The tornado-
like vortex begins to collapse, breaking into smaller, chaotic patterns and swirling
turbulence.
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This breakdown mirrors what happens in real-world dissipative systems when
energy input exceeds the system’s ability to maintain order. For example, in
hurricanes, once the energy from warm waters is depleted or disrupted, the
vortex breaks down and dissipates. Similarly, in the clay model, once the applied
forces exceed a certain level, the structure becomes turbulent and loses its
original vortex form. The final state of the system is one of chaos and
randomness, with the blue and white regions no longer maintaining any distinct
pattern.

This collapse is an important aspect of dissipative systems, as it reflects the
temporary nature of ordered structures in non-equilibrium states. The system has
gone through a cycle of formation and collapse, illustrating the emergent and
irreversible nature of dissipative structures.

In the aftermath of the collapse, the system does not revert to its initial state but
retains fossilized remnants of the vortex pattern, highlighting the irreversible
nature of the process. These remnants serve as a visual marker of the
transformations the system has undergone, akin to how systems in nature retain
traces of past behaviors even after they have collapsed into chaos.

5. Discussion: Implications and Applications

The experimental demonstration of dissipative structures through the white and
blue spherical model provides important theoretical insights into the role of
energy flow in self-organization and complex system dynamics. By observing the
emergence of a tornado-like vortex, this experiment offers a tangible
representation of how local interactions can generate global patterns of order,
providing a clearer understanding of how similar processes operate in real-world
systems. This section explores the broader implications of these findings,
emphasizing their relevance across various scientific fields, including biology,
complex systems theory, and artificial intelligence.
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5.1. Theoretical Insights: The Role of Energy Flow in Self-Organization

At the core of the dissipative structures observed in the experiment is the concept
of energy flow driving self-organization. The transformation of the clay from a
simple sphere to a complex, tornado-like vortex is a direct result of continuous
energy input—through twisting, stretching, and folding—that induces the
formation of local patterns which, in turn, interact to form a global structure. This
mirrors the behavior of non-equilibrium systems in nature, where energy flow
enables the maintenance of complex structures that would not arise in a system
at equilibrium.

In the experiment, the tornado phase that emerges serves as a dynamic attractor,
a stable state that the system tends toward as long as energy is continuously
applied. Once the system reaches this attractor state, it maintains its order until
external conditions or energy input exceed certain thresholds, causing the system
to break down. The tornado-like structure, as a self-organized pattern, is an
example of how energy flow leads to the emergence of complex, dynamic order
from simple initial conditions. This behavior is central to understanding the
formation of similar structures in natural systems, where local fluctuations (such
as energy dispersal, thermal gradients, or chemical concentrations) contribute to
the global emergence of organized patterns.

The tornado acts as a visual representation of the power of feedback mechanisms
within dissipative systems: the local energy introduced through manipulation
creates a self-sustaining loop that reinforces the formation of the vortex. Such
feedback loops are common in natural systems, where local disturbances create
global coherence, driving the system toward dynamic equilibrium.

5.2. Broader Implications for Understanding Non-Equilibrium Systems

The experimental model not only provides insights into self-organization in
physical systems but also offers valuable analogies for understanding non-
equilibrium behavior across several domains:

1. Biology: Energy-Driven Self-Organization in Cells and Neural Networks
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In biological systems, self-organization and complex structure formation are
driven by the continuous flow of energy. Just as the blue regions in the clay
interact with the white material to form a vortex, in biological organisms, cells
and molecules constantly interact and exchange energy to create coherent
structures. For example, during embryonic development, cells self-organize into
complex tissues and organs, driven by both genetic information and energy-
driven processes. These processes often lead to the formation of stable structures
such as morphogenetic fields or neural circuits, where local interactions between
cells or neurons give rise to larger-scale patterns of order.

The emergent behavior observed in the clay model can be likened to the way
neural networks in the brain organize themselves. Just as energy input creates
complex, stable patterns in the clay, neural networks process and respond to
external stimuli by reorganizing their structure to form complex networks of
interconnected neurons. The vortex-like formation observed in the model mirrors
how complex cognitive functions, such as pattern recognition or memory
encoding, emerge from the interactions of simple neural elements.

2. Complex Systems Theory: Nonlinear Interactions in Social Systems,
Economic Models, and Artificial Intelligence

The principles of dissipative structures have important implications for complex
systems theory, which explores how nonlinear interactions between components
lead to the emergence of complex behavior in systems ranging from social
networks to economics and artificial intelligence.

In social systems, individuals interact in nonlinear ways, and local interactions can
lead to the emergence of global patterns such as trends in public opinion, the
spread of information, or the development of social movements. Similarly,
economic models exhibit the behavior of dissipative systems, where market
forces and consumer behavior interact in ways that lead to self-organizing
phenomena such as business cycles, price fluctuations, or the formation of
economic clusters.

In the field of artificial intelligence, the concept of self-organization is particularly
relevant to machine learning algorithms, especially in deep learning networks.
Like the clay model, Al systems start with random initialization, and through the
flow of data and iterative learning processes, they develop complex internal
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representations that allow them to recognize patterns and make predictions. The
self-organizing properties of these models mirror the principles observed in the
dissipative structures experiment, where initial simplicity evolves into greater
complexity as the system "learns" from external inputs. The development of
complex patterns in Al systems mirrors the tornado-like structure formed in the
clay model, demonstrating how systems can evolve from disorder to order
through energy exchange.

5.3. Irreversibility in Emergence: The Persistence of Complex Structures

One of the key aspects of dissipative structures is their irreversibility. In the
experiment, the emergent tornado pattern is stable as long as energy is
continuously supplied. However, once the energy input exceeds a certain
threshold, the system breaks down into turbulence, marking the irreversible
collapse of the structure. This behavior reflects the inherent irreversibility of
emergent phenomena in real-world systems. In the case of the clay model, once
the vortex structure collapses, it cannot be fully restored to its original state.

This principle of irreversibility is central to understanding the evolution of natural
systems. In biological evolution, for example, once a species has evolved through
successive generations, the process cannot be undone. Similarly, in Al training,
once a model has undergone a certain learning process, its structure has been
permanently altered and cannot be easily "reset" to its original state. The collapse
of the tornado in the clay model serves as a metaphor for how learning processes
in biology, Al, and even human society can be irreversible, with each
transformation building upon the previous one.

The persistence of complex structures, even after collapse, highlights the
resilience of self-organized systems. In biology, this can be seen in the way species
evolve and ecosystems adapt to changing environments. Similarly, Al models
retain fossilized traces of their learned representations, even after instability or
overfitting occurs. These residual structures represent the accumulated
knowledge or the history of the system, providing insights into how past
interactions shape future behavior.
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The irreversibility of emergence in dissipative systems reinforces the idea that
complex systems, whether biological, social, or computational, evolve through
iterative processes that cannot simply be undone, offering valuable lessons for
understanding the trajectory of systems in both nature and technology.

This section outlines the broader implications of the dissipative structure
experiment, focusing on its relevance across multiple domains and demonstrating
how these theoretical insights apply to real-world phenomena. The model serves
as an accessible entry point for exploring emergent complexity, self-organization,
and irreversibility in a range of systems.

6. Analogy with Al Training

One of the most compelling aspects of the clay model experiment is the analogy it
provides to artificial intelligence (Al) training. The evolution of the clay from a
simple, homogeneous sphere to a complex, tornado-like vortex mirrors the
processes of learning and adaptation in Al models. In both cases, energy input or
training iterations drive the system from simplicity to complexity, resulting in the
formation of self-organizing structures that represent emergent behavior. By
examining these parallels, we gain a clearer understanding of how Al systems
evolve, adapt, and ultimately reach a stable state of complex, goal-directed
behavior.

6.1. Initial State: From Minimal Complexity to Randomness

At the beginning of the clay experiment, the sphere is predominantly white, with
isolated blue regions scattered throughout. This initial state represents a system
with minimal internal structure or complexity. In terms of Al, this mirrors the early
stages of model training, where an Al model starts with random or near-zero
weights and has no internal structure or ability to recognize patterns in the data.
Just as the clay starts as a uniform mass, an Al model begins in an untrained state,
where the connections between neurons are essentially random, and the system
lacks the ability to produce meaningful outputs.
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The uniformity of the initial clay ball is essential for understanding the process of
self-organization—just as the clay starts in a state of equilibrium and needs
energy to begin its transformation, an Al model requires training data and input
from external sources to begin its journey of learning and adaptation.

6.2. Training Process: Energy Application and Iterative Learning

As energy is applied to the clay through twisting, stretching, and folding, the
structure begins to evolve. The initial linear deformations transform into
increasingly complex, intricate patterns as energy flows through the system. This
phase mirrors the training process in Al, where, through iterative updates and
parameter adjustments, the model evolves. In Al, these updates happen during
epochs of training, where the weights of the model are adjusted based on the
input data and the errors made during the model's predictions.

Just as the clay deforms and reshapes with each manipulation, an Al model learns
and refines its internal representations by adjusting its weights over successive
training steps. The blue regions in the clay, initially isolated, begin to interact with
the surrounding white material, much like how an Al model begins to detect
simple features in the data. With each step, the system's internal structure
becomes more complex, gradually leading to the formation of more defined
patterns, which parallel the model’s growing ability to recognize and extract more
complex features from its training data.

This stage demonstrates how learning algorithms can evolve and adjust the
internal structure of a system (whether physical or computational) to create
patterns and structures that were not explicitly programmed but emerge through
repeated interactions with the system's environment.

6.3. Self-Organization and Emergent Patterns

As the clay undergoes continuous manipulation, a self-organizing tornado-like
vortex emerges from the previously simple sphere. This transition from simplicity
to complexity in the clay is strikingly similar to how internal representations begin
to form in Al models. Just as the vortex is a self-sustaining pattern that arises
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spontaneously from the energy input, an Al model reaches a point where it has
learned enough from the data that it can begin to make accurate predictions and
decisions based on its learned representations. The tornado pattern is an
attractor state that the system stabilizes into, just as a well-trained Al model
stabilizes at a point where it is able to effectively generalize from data to new,
unseen examples.

This emergent self-organization of the vortex in the clay is analogous to the way
Al systems begin to generalize the patterns learned during training. The model,
initially limited to simple features, now begins to recognize higher-order
relationships between those features, resulting in the emergence of complex
behaviors—whether it’s recognizing faces in images, interpreting natural
language, or predicting outcomes based on historical data. The vortex, much like
the model’s learned knowledge, remains a stable structure that persists as long as
the system continues to receive energy input (or training data).

6.4. Critical Thresholds: Overfitting and Instability

Just as the vortex in the clay begins to break down and collapse when the energy
input exceeds the system's stability threshold, Al systems face similar challenges
when they are exposed to too much training data or excessive fine-tuning. The
collapse into turbulence in the clay is representative of overfitting in Al training,
where the model becomes too specialized to the training data and loses its ability
to generalize to new, unseen data. When a model overfits, it essentially
"memorizes" the training data, just as the clay loses its well-formed structure and
devolves into chaos.

Overfitting occurs when a model's complexity exceeds its ability to generalize
beyond the specific patterns seen in the training data. This is a critical moment in
Al training, where the model reaches a threshold of instability and the patterns it
has learned become irrelevant in real-world applications. Just as the clay’s
structure can no longer maintain its vortex when energy input goes too far, an Al
model’s performance can deteriorate when it has become too finely tuned to the
training data, losing its robustness in the face of new challenges.
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6.5. Irreversibility: The Persistence of Learned Representations

In the clay model, once the tornado-like structure collapses, it cannot be fully
restored to its original, unaltered state. This mirrors the irreversibility that
characterizes the learning process in Al. Once an Al system has learned from the
data, its internal structure is permanently altered. The system cannot simply
“unlearn” without being retrained or reset, much like how the clay retains traces
of its vortex even after the collapse.

Even after the vortex has collapsed into chaos, remnants of the original structure
remain within the clay, reflecting the way Al systems retain traces of their learned
representations. These fossilized remnants represent accumulated knowledge
and the system's evolutionary history. This persistence is a key feature of Al
training, where learned parameters influence future decision-making, even after
the model has been exposed to new data or has undergone significant changes.

In Al, just as in the clay model, the system evolves through irreversible steps, and
while it may become more robust or specialized over time, it also carries the
imprints of its learning process. These imprints serve as the foundation upon
which further learning and emergence will occur, demonstrating the
unidirectional nature of learning in both physical and computational systems.

This analogy emphasizes how Al training can be viewed as a form of self-
organization, where simple inputs and iterative processes gradually give rise to
complex emergent behavior. The clay model offers a physical demonstration of
how Al models evolve through learning and adaptation, where each step of the
training process leads to the emergence of more sophisticated representations,
while also highlighting the challenges of overfitting and the irreversibility of
learning.

7. Conclusion

The white and blue spherical model effectively illustrates the core principles of
Prigogine’s dissipative structures, providing a clear, tangible representation of
how self-organization and emergent complexity can arise from an initially simple
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and homogeneous state under the right conditions. Through iterative
manipulations such as twisting, stretching, and folding, the model demonstrates
how energy flow drives the system from orderless simplicity to complex,
organized patterns. This experiment not only visually mirrors the process by
which real-world dissipative systems, like hurricanes, neural networks, and
biological processes, evolve, but it also shows that order can emerge from chaos
when systems are continuously subjected to energy flow.

The tornado-like vortex formed in the model serves as an attractor state—a
stable, self-sustaining structure that arises through the dynamics of the system,
much like how dissipative structures naturally form in nature when energy is
consistently applied. This vortex pattern represents the self-organizing principle at
work within dissipative systems, emphasizing how local interactions can give rise
to global order. As the system evolves and reaches complexity, the model
underscores the importance of non-equilibrium conditions in maintaining
structured behavior over time, demonstrating that energy flow and dynamic
interactions are essential for the existence of organized complexity in nature.

The model serves as an intuitive tool for understanding how self-organization
functions in both natural and artificial systems. Beyond physical systems, the
principles demonstrated by the clay model offer profound insights into the
learning processes of artificial intelligence and the emergence of complex
behaviors in computational systems. Just as neural networks and biological
systems evolve and adapt, the model shows how iterative processes and energy
inputs can drive systems from randomness to structured, goal-oriented behaviors.
This universality of dissipative processes highlights their relevance in a wide array
of fields, from biology and chemistry to Al and complex systems theory, providing
a broader framework for understanding how order arises spontaneously from
seemingly chaotic beginnings.

In conclusion, the white and blue spherical model not only provides a visually
engaging and conceptually clear representation of Prigogine’s dissipative
structures but also offers a framework for understanding emergent complexity
and self-organization in both physical and computational systems. The model
serves as a powerful reminder that, under the right conditions, complex and
stable patterns can emerge from the interplay of simple rules and external forces,
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reflecting the universal nature of these processes across various scientific and
technological domains.

8. Future Work and Open Questions

The current experiment with the white and blue spherical model has provided
valuable insights into the formation of dissipative structures and the self-
organization processes that occur in non-equilibrium systems. However, several
areas remain unexplored, offering potential avenues for further research and
development. Future work could refine and expand the model, addressing open
qguestions and exploring its applications in a variety of fields, particularly in
understanding complex systems and artificial intelligence (Al). Below are some
critical directions for continued exploration.

8.1. Investigating the Critical Thresholds for the Transition Between Stable
Order and Chaos

A key area of future study lies in understanding the critical thresholds where
stable order collapses into chaos. In the current experiment, we observed that the
tornado-like vortex formed in the clay model could only remain stable within a
certain range of energy input. When the energy exceeded this threshold, the
structure broke down into a state of turbulence.

To develop a deeper understanding of this transition, it would be valuable to
investigate the parameters that govern the stability of dissipative structures.
What specific conditions lead to the emergence of chaos in a system that has
previously demonstrated stability? By exploring mathematical modeling and
systematic experimentation, it would be possible to determine the precise factors
that influence the bifurcation points where self-organized systems move from
order to disorder. This could include factors such as energy rate, material
properties, or spatial distribution of the components within the system.

Understanding these critical thresholds would enhance our ability to predict and
control the behavior of dissipative systems, both in physical experiments and in
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real-world applications, such as climate models, fluid dynamics, or neural
networks.

8.2. Introducing Additional Variables: Material Properties and Energy Inputs

Another valuable direction for future work is to introduce additional variables into
the experiment to refine the model and better simulate the complexities of
natural and artificial systems. For example, the current model relies on a single
type of material (clay) and a simple energy input (twisting, stretching, and
folding). To further explore the behavior of dissipative structures, additional
variables could be incorporated:

Material Properties: The introduction of materials with different
viscoelastic properties could provide insights into how viscosity or elasticity
influences the formation and stability of dissipative structures. Some
materials may resist deformation more strongly than others, which could
lead to different behaviors or more stable structures.

Energy Inputs: Instead of applying uniform energy through twisting or
stretching, we could vary the energy input in both intensity and type. This
could include localized heating, pressure gradients, or light-based energy.
By varying the energy source, we can study how different types of energy
influence the evolution of structures and potentially uncover new forms of
self-organization.

External Influences: External forces such as magnetic fields, electric
currents, or gravity gradients could also be introduced to observe how such
influences alter the patterns of interaction between the blue and white
regions. This could provide insights into multiphysics systems, where
multiple forces and phenomena act simultaneously.

Through the introduction of these variables, the model could be further adapted
to more accurately reflect natural systems and complex interactions, such as
those found in biological tissues or chemical reactors, expanding the model's
applicability to diverse research fields.
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8.3. Exploring Computer Simulations to Compare Real-World Behavior with
Mathematical Predictions

To complement the physical experiments and provide a more quantitative
understanding of the system's behavior, computer simulations could be used to
model the dynamics of dissipative structures. While the clay model offers a visual
and intuitive demonstration of self-organization, computational models based on
fluid dynamics, thermodynamics, and non-linear systems could help to predict the
evolution of the system under different conditions.

Using agent-based modeling, finite element analysis, or computational fluid
dynamics (CFD) simulations, we can model the evolution of the blue and white
regions within the sphere, examining how they interact, form structures, and
break down over time. These simulations could also help to identify mathematical
equations that describe the non-equilibrium dynamics of the system.

By comparing the simulation results with real-world physical experiments, we
could assess the accuracy of the model and fine-tune the experimental setup to
more closely mirror real-world dissipative systems. This would also allow us to
explore larger-scale simulations, such as modeling fluid vortices, chemical waves,
or even social dynamics, where the interactions are much more complex and
computationally intensive.

8.4. Extending the Concept to Al Systems: Simple Rules Generating Complex
Emergent Patterns

The most intriguing future direction for this research is the application of the self-
organization principles observed in the clay model to artificial intelligence (Al)
systems. The model’s progression from a homogeneous sphere to a complex,
tornado-like structure is akin to how Al systems learn from simple rules to
develop complex, emergent behaviors.

Al systems, particularly those based on deep learning, also begin with random
weights and minimal structure, and through iterative training, they evolve to
recognize complex patterns in data. Just as the clay evolves into a well-defined
vortex, Al models learn patterns and representations that allow them to make
predictions and decisions based on input data. The self-organizing nature of the
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clay model mirrors the learning process in Al, where local updates (training steps)
interact to create a global pattern (the trained model).

Future research could explore the use of the clay model as a metaphor for neural
networks or other Al architectures. For example, the model’s progression could
be used as an analogy for how neural networks gradually refine their internal
representations in response to new information. Moreover, insights from the
dissipative structure model could be used to improve Al training algorithms,
particularly in deep reinforcement learning or evolutionary algorithms, where
systems must learn to adapt and self-organize in dynamic environments.

Additionally, studying how emergent patterns form in the clay model can lead to
new insights into how complex systems such as Al can exhibit robustness and
adaptation in the face of perturbations or disruptions, much like biological
systems do.

In summary, there are many exciting directions for future research, including
investigating the critical thresholds of dissipative systems, refining the model with
additional variables, comparing real-world behaviors with simulations, and
extending the concepts to artificial intelligence. These efforts will not only deepen
our understanding of non-equilibrium systems but also offer new tools and
perspectives for studying emergent phenomena in diverse fields, from biological
networks to computational intelligence.

Jeremiah 18:6 (NIV):
“Like clay in the hand of the potter, so are you in my hand, Israel.”
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