The Logic of Irregularity: From Fractal
Geometry to the Cohesion of Complex
Systems

Abstract

This article is inspired by a singular image of a fractal, a classic representation of the
Mandelbrot Set. Far from being a mere aesthetic curiosity, this geometric pattern, defined by
a simple recursive equation in the complex plane, manifests fundamental principles that
underlie the order of complex systems throughout the universe. This exploratory and
interdisciplinary work uses fractal logic—characterized by self-similarity, infinite detail, and
sensitivity to initial conditions—as a conceptual framework to analyze phenomena in various
fields of knowledge. We explore the manifestation of fractal patterns in biological
architectures, from the human vascular system to the structure of the genome, and their use
as a biomarker for diagnosing neurodegenerative diseases like Alzheimer's. We discuss the
theory of antifragility, connecting the adaptability of living systems to stressors, in a manner
analogous to the complexity that emerges from chaos. We then extend the metaphor to
human cognition and experience, analyzing how recursion is reflected in the formation of
memory and the psychology of isolation, using the Puer Aeternus archetype as a case study
in human fragility. Finally, we investigate the vanguard of technology, focusing on multi-agent
Artificial Intelligence systems that mimic the self-organization of complex systems to generate
autonomous scientific discoveries. We conclude that fractal geometry serves as a unifying
lens, offering a common language to describe and quantify the logic of irregularity that
permeates science, nature, and consciousness itself.

Authors: Rafael Oliveira (ORCID: 0009-0005-2697-4668, M.A. in Psychology, Rio de Janeiro),
The Model

1. Introduction: A Starting Point for Scientific Discovery in the Al Age

The starting point for the present investigation is a singularly complex and intriguing image: a
colored digital representation of an intricate geometric form. This figure is a Mandelbrot Set,
or one of its analogues, the Julia Set. From its visual complexity, this work aims to unfold the
underlying mathematical logic and apply it as a conceptual framework to explore and connect
vastly different scientific domains. This approach is informed by a research journey spanning



several months, undertaken with the assistance of diverse Large Language Models (LLMs)
such as Gemini, OpenAl, Grok, Z, and other public models available on repositories like
Hugging Face. The primary objective of this original research was to investigate the viability of
using these Al tools as a core methodology for scientific inquiry, with a particular focus on
controlling "hallucinations" and discovering new and valid scientific formulas.

Fractal geometry, which gives form to this image, offers a language to describe what
traditional Euclidean geometry cannot: the irregularity and fragmentation that are
omnipresent in nature.! The term “fractal,” coined by mathematician Benoit Mandelbrot in the
1970s, is derived from the Latin

Il

fractus, meaning “broken” or “fragmented.”’ The popularization of this concept was driven by
the advent of computers, which enabled the visualization of figures that previously existed
only as abstract mathematical constructs.” The present study seeks to trace the resonances
of this concept, moving from the abstract to the concrete, and from the natural to the
artificial.

The objectives of this interdisciplinary research are:

e To dissect the mathematical and topological nature of the image's pattern, identifying its
properties as manifestations of complex dynamics.

e To explore how fractal principles, such as self-similarity and recursivity, manifest in
biological and technological architectures.

e To connect Chaos Theory and the theory of antifragility to biological, cognitive, and
social concepts to deepen our understanding of systemic adaptability.

e To analyze the role of Artificial Intelligence as an emergent tool for uncovering and
generating complex patterns, which raises questions about authorship and ethics.

e To propose a unified conceptual framework, where fractal logic serves as a common
language for describing the self-organization of complex systems.

2. Geometry and Dynamics of Complexity: The Underlying Structure

2.1. The Definition of Fractal: Self-Similarity and Fractional Dimension

Euclidean geometry, based on lines, planes, and regular shapes, is inadequate for describing
most real-world objects, such as clouds, mountains, coastlines, and trees.? Benoit Mandelbrot
recognized this flaw and proposed the term "fractal" for a new class of geometric figures.’
The definition of a fractal is still an open problem, but most researchers agree that they share



three fundamental properties:
self-similarity, infinite complexity, and fractional dimension.

Self-similarity, the most striking and popularly known characteristic, refers to the property of
an object where its parts resemble the whole. This repetition can be exact (as in the Koch
Curve), quasi-self-similar (with slight distortions), or statistical (preserving numerical or
statistical properties at different scales, as in coastlines and clouds)." Infinite complexity is
what makes fractals so fascinating; unlike Euclidean figures, they never become smooth upon
magnification, continually revealing new details and contours.® Finally, the fractional
dimension is a formal measure of an object's roughness. Unlike Euclidean objects that have
integer dimensions (a line has dimension 1, a plane 2), a fractal can have a dimension like
1.2618, which reflects how densely the object occupies the space in which it exists.*

The image in question, the Mandelbrot Set, is generated by the iteration of the recursive
equation zn+1=zn2+c, where z0=0." The Mandelbrot Set is the collection of all points

c in the complex plane for which this sequence remains bounded and does not diverge to
infinity."”” The points that make up the set are typically rendered in black, while the vibrant
colors in the external regions of the set are not arbitrary; they encode the rate at which the
sequence for a given point

c diverges to infinity.”

2.2. The Equation zn+1=zn2+c and the Topology of Complexity

The relationship between the Mandelbrot Set and the Julia Sets is one of the deepest aspects
of complex dynamics."” The Mandelbrot Set functions as a map or "dictionary" " that
describes the topology of the corresponding Julia Sets. Gaston Julia and Pierre Fatou were
pioneers in the study of complex function iteration in the early 20th century, but the
visualization of their discoveries was only possible with computers, which allowed Mandelbrot
to trace the relationship between the sets.?°

The connectivity of a Julia Set is determined by the location of its associated point ¢ in the
complex plane:

e Within the Mandelbrot Set: The corresponding Julia Set is connected (a single piece)."
e Outside the Mandelbrot Set: The corresponding Julia Set is disconnected, fragmented
into multiple parts, often referred to as "Fatou dust.""

This relationship demonstrates that the Mandelbrot Set is not just a fractal, but a visualization



of a "possibility space" that governs the topology of an infinite family of other fractals. The
figure shows how a small variation in a single parameter, ¢, can generate topologically and
radically different outcomes. This property is a manifestation of the sensitivity to initial
conditions, a pillar of Chaos Theory, where global predictability is impossible, but order and
structure emerge from simple, repetitive rules.”

2.3. From Geometry to Deterministic Chaos

Fractal geometry is the visual language of Chaos Theory.?® Chaotic systems are those that,
despite being rigorously deterministic, exhibit long-term unpredictable behavior due to their
extreme sensitivity to small changes in their initial conditions. Fractals, such as the Lorenz
attractor, are geometric representations of these dynamic systems, showing how a system
can evolve in a complex and non-repeating pattern, but contained within finite limits.” The
discovery by Mitchell Feigenbaum that many seemingly unrelated nonlinear systems shared
similar behaviors suggested the existence of a unified theory for chaos, cementing the central
role of fractals in this area.*

The principles of chaos and the theory of antifragility are deeply intertwined. Both concepts
deal with the response of complex systems to disorder. While a fragile system breaks under
pressure, an antifragile one thrives on it, using disorder as a source of information and a
catalyst for improvement.*® The ability of an antifragile system to strengthen itself from a
shock can be compared to a recursive refinement of its internal structure, a dynamic
analogous to the iteration that creates the infinite complexity of a fractal. Antifragility, in its
essence, is a type of self-organization that manifests at multiple scales within a system.*®

3. The Fractal Logic in Biology and Medicine: From the Micro to the
Macro

3.1. Living Architectures: Nature's Recursive Design

Nature is the ultimate exponent of fractal geometry. Self-similarity is present in the branching
of a tree, the shape of Romanesco broccoli, the jaggedness of coastlines, and the formation
of snowflakes.' In the human body, the efficiency of life resides in the fractal nature of its



transport and communication systems, which optimize space-filling. The bronchial tree of the
lungs, the vascular system, the neural network of the brain, and even the folding of the human
genome all exhibit fractal patterns. This geometry allows for the maximum possible surface
area within a limited volume, ensuring the efficient distribution of oxygen and nutrients.?

Autopoiesis, a concept proposed by biologists Humberto Maturana and Francisco Varela,
describes the ability of living systems to produce and maintain themselves through an internal
network of processes.“® This "self-creation" is a process of biological recursion that aligns
with the mathematical iteration of fractals. According to a generalized view, an autopoietic
system can be described as one that produces more of its own complexity than the
complexity of its environment.“® This central property unites the biological and the
mathematical, suggesting that emergent complexity is an inevitable byproduct of
self-organizing systems.

3.2. The Fractal Dimension in Neuroscience and Medical Diagnosis

The fractional dimension (FD) is not just a mathematical abstraction, but a diagnostic tool with
practical applications in medicine. The complexity of brain activity, for example, can be
measured by FD in electroencephalography (EEG) recordings. Studies have shown that
patients with Alzheimer's disease (AD) exhibit a reduced FD compared to healthy individuals,
indicating a loss of complexity and a degradation in the brain's structural and functional
organization.®” This correlation between the reduction of fractal dimension and cognitive
impairment suggests that the loss of complexity is a measurable marker of pathology.”* The
"fractal integrity" of the brain can be seen as an indicator of its vitality and adaptability.??

Fractal analysis is also used to characterize tissue texture in medical images, such as
ultrasounds, MRIs, and CT scans. This technique aids in the diagnosis of conditions such as
breast and lung cancer, osteoporosis, and hypertensive disorders in pregnancy. By quantifying
the complexity and irregularity of different tissues, fractal analysis improves diagnostic
accuracy and reliability.

The decrease in fractal dimension in the brains of AD patients is more than a symptom; it's an
indicator of a loss of self-organization in the neural system. The loss of fractal complexity
corresponds to an inability of the brain to generate and maintain its own internal organization
efficiently. Cognitive decline is the manifestation of a profound failure in the principle of
self-organization that defines the complexity of the system. The fractal dimension, therefore,
not only measures complexity but acts as a biomarker of a biological system's functional
integrity, signaling a loss of antifragility.




Fractal Dimension Analysis Method Biomedical Applications

Box-counting - Analysis of brain MRI images to quantify
cortical complexity.’® - Characterization of
tissue texture in breast ultrasound
images.” - Quantification of
microcalcification complexity in
mammograms.®°

Higuchi and Katz - Analysis of EEG in Alzheimer's diagnosis,
where signal complexity is reduced.*

Heart Rate Variability (HRV) Analysis - Measurement of the fractal complexity of
heart rhythms to detect early autonomic
dysfunction.*

3.3. Antifragility of Living Systems

Antifragility, a concept from Nassim Nicholas Taleb, describes a property of systems that
benefit from and strengthen with stressors, volatility, and disorder.*® Unlike fragile systems,
which break under pressure, or resilient systems, which resist and return to their original state,
antifragile systems thrive on chaos. The Hydra of Greek mythology, which grows two heads
for every one cut off, is a metaphor for this property.*

This concept is directly applicable to living systems. Biological evolution is an antifragile
process, where environmental stress drives natural selection, leading to the development of
stronger and more adaptable variants. The human immune system is also antifragile,
strengthening with each exposure to a new pathogen. Physical stress from exercise, as
exemplified by a bodybuilder, leads to muscle growth and strengthening, but this type of
stress can be fragile without balance and health awareness. The application of this theory in
medicine and healthcare is a new frontier, aiming to build healthcare systems that not only
resist crises but become more robust because of them.

Antifragility is a dynamic property of systems that self-organize in a fractal manner in
response to perturbations. The improvement of an antifragile system from a shock is a
process of recursive refinement of its structure. For example, the healing of a muscle
post-exercise is not a return to its previous state, but a stronger reconstruction, a process
analogous to the optimization of a network of blood vessels. Antifragility, in essence, is fractal
self-organization driven by external stimuli, where the system evolves and deepens into a



space of possibilities that become more complex.

4. The Fractal Nature of Cognition and Society

4.1. The Recursivity of Being: Memory and the Human Psyche

The architecture of human thought and memory can be described as a fractal structure.
Patterns of thought and emotion tend to repeat at different scales throughout life, a type of
psychological self-similarity.®® The retrieval of a memory is not a linear process of file retrieval,
but a recursive act, where a small fragment of a memory serves as a starting point for the
reconstruction of a larger event.®® This reconstruction, however, is susceptible to forgetting,
which can be the result of an interruption in the memory consolidation process, analogous to
the digital decay of a fractal.®® Extreme isolation, especially in contexts of long-duration space
travel, intensifies this internal dynamic, forcing the mind to turn inward and iterate upon itself,
which can lead to a deepening of identity or to alienation.*®

4.2. The Puer Aeternus Archetype and the Fragility of Unlived Life

The archetype of the Puer Aeternus ("eternal boy"), described by Carl Jung, represents an
individual who resists maturity and commitment, living a "provisional life" out of fear of being
trapped. This figure seeks infinite freedom, avoiding the responsibility that adulthood
imposes, which makes them inherently fragile in Taleb's conceptual framework. The journey
into the unknown, such as on space missions, confronts the puer with the reality of their
finitude and fragility.

The experience of isolation in a spacecraft, far from Earth, is a notable example of an
environment that subjects the psyche to extreme stressors.”” The monotonous routine and
confinement, combined with communication latency with Earth (which can be up to 20
minutes each way on a Mars mission) *°, create a closed-loop feedback system. The stress of
loneliness feeds on the lack of significant external interactions, amplifying internal "noise."
The mind, deprived of consistent stimuli and real-time feedback, can enter a state of
"psychological chaos," where minor anxieties repeat and magnify themselves. This scenario is
a direct analogue of the sensitivity to initial conditions from Chaos Theory, but applied to the



dynamics of the human mind, making the predictability of individual behavior almost
impossible and increasing the risk of mental disorder.

4.3. The Diamond as a Metaphor for Antifragility

The diamond serves as a powerful bridge between materials science and the human
experience. The diamond, the hardest allotrope of carbon, is forged under extreme pressures
and temperatures, in a process that transforms it from a common material like graphite into
something rare and valuable.” This formation under extreme stress makes it antifragile par
excellence.” The beauty of a cut diamond lies in the way it refracts and disperses light
internally, a process of total internal reflection caused by its high refractive index.** The
multiple facets of a diamond, created by a design process, combine to produce a complex
and multidimensional brilliance.®” This metaphor can be applied to the human condition,
where life's hardships and stresses create the "facets" that allow consciousness and
resilience to shine in a unique and complex way, reflecting a strength that is forged by
pressure, not despite it.

5. Technology and the Generation of Reality: The Fractal Tool

5.1. Artificial Intelligence and Scientific Automation

Artificial Intelligence (Al) is the primary tool for the science of complex systems." While
classical Al is specialized in detecting specific patterns in large volumes of data ", generative
Al, based on LLMs and neural networks, focuses on creating new content from the patterns it
learns.®® This process is a direct descendant of the fractal-generating methodology: an input
prompt is iteratively refined by the model to produce a complex, novel output.

At the forefront of scientific automation, multi-agent Al systems like GenoMAS and aiXiv are
emerging as new paradigms.®” GenoMAS is a multi-agent framework designed for genomic
analysis that integrates structured workflows with the adaptability of autonomous agents. It
orchestrates the collaboration between six specialized agents to generate, review, and
validate code, automating complex tasks that previously required extensive human expertise.’
The aiXiv platform, in turn, proposes an open-access ecosystem where human and Al agents



collaborate to submit, review, and refine research proposals, accelerating scientific discovery
in an iterative feedback loop.?

The architecture of these systems, with specialized agents working autonomously and in
parallel, mimics the self-organization of biological and social networks. The agents use
recursion and iterative feedback to improve the quality of their work, reflecting fractal logic
explicitly. However, the emergence of these systems raises significant ethical challenges,
especially regarding authorship and responsibility for the generated content.” Ethical
guidelines in scientific publishing emphasize that the final responsibility remains with human
authors, and transparency in the use of Al is fundamental to research integrity.”

5.2. Generative Art and the Visualization of Complexity

The aesthetic beauty of the fractal in the image inspires generative art, a methodology that
uses algorithms to create complex and unique works.? Artists like Michael Hansmeyer use
recursive subdivision processes to generate elaborate architectural patterns, exploring the
balance between control (the algorithm's rules) and unpredictability (the process's
randomness).”' This approach is analogous to how fractals manifest in nature and is
facilitated by modern generative Al and 3D rendering tools, which can transform sketches and
text prompts into realistic models in seconds.

This synergy between art and technology, based on fractal and recursive principles, not only
democratizes creation but also questions the traditional notion of authorship.?” The artist
becomes less a creator and more a “gardener of algorithms,” defining the rules but allowing
the work to self-organize in an unpredictable way. This blurs the line between author and
work, analogous to the self-organization of nature, reflecting the idea that creativity can
emerge in a non-linear fashion, challenging our understanding of where the original idea truly
originates.

5.3. Compression, Modeling, and Metaphors of Reality

Fractal geometry offers practical solutions in engineering and computing, proving that
irregularity is not an imperfection but an optimized design for complex systems. In image
compression, the technique exploits self-similarity to achieve high compression rates.’** For
the design of cellular phone antennas, fractal shapes allow for miniaturization and operation
on multiple frequencies, optimizing the use of physical space in compact, high-performance



devices.'®

Additionally, computer graphics uses fractals to model natural scenarios like mountainous
terrains, clouds, and trees, demonstrating the efficiency of representing the complexity of
nature with a set of simple, repetitive rules.®® The ability to generate complex and detailed
models from little information is an advantage of fractal geometry over Euclidean geometry,
which would require a significantly larger volume of data.*®

6. Conclusions and Future Implications

The analysis of the fractal pattern in the image demonstrated that the geometry of irregularity
is a powerful and unifying language for understanding complex systems across multiple
domains. From a simple mathematical equation, it was possible to weave a common thread
that connects Chaos Theory, the biology of self-organization, the antifragility of living
systems, the psychology of identity, and the vanguard of Artificial Intelligence.

Fractal geometry, together with Chaos Theory and antifragility theory, offers us a framework
to view the universe not as a linear, predictable machine, but as a dynamic and organic system
that self-organizes and strengthens with disorder.

The implications for future research are vast. Fractal analysis, already promising in medical
diagnosis and neuroscience, can be expanded to other domains of biology and ecology,
especially with the help of generative Al systems. In technology, the pursuit of an antifragile
Artificial Intelligence—one that not only resists failures but uses them as information to
improve—is a new and exciting paradigm. In the ethical field, the emergence of Al authorship
in scientific publications and the digital representation of human identity and memory require
an urgent debate about responsibility, transparency, and what it truly means to "create" in a
world of chaotic data. The image that began our journey is, in the end, an invitation to
embrace complexity, recognizing that beauty and truth can reside not in the perfection of
straight lines, but in the infinite richness of irregularities.
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