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Abstract

Artificial intelligence is often treated as a black box, but its inter-
nal dynamics can be understood through the lens of physics and com-
plexity science. In this paper, we explore how simple rules—from the
Ising model to Hopfield networks—generate complex behaviors that
resonate with the mechanisms of modern AI, including attention. By
drawing from statistical mechanics, symmetry, and Wolfram’s ideas of
simple computational rules, we propose that machine learning embod-
ies universal principles of complexity, bridging physics and artificial
intelligence.

1 Introduction

Artificial intelligence (AI) has become a central driver of technological and
scientific progress. Yet, despite its success, much of Al is treated as a “black
box”—powerful but opaque. Physics, by contrast, provides a tradition of
reducing complex systems to simple universal rules. In this work, we reinter-
pret neural networks and attention mechanisms through physical models of
complexity: the Ising model, Hopfield networks, and principles of symmetry
and emergence.

By linking ideas from physics and complexity science, we argue that mod-
ern Al is not fundamentally mysterious. Rather, it represents another man-
ifestation of how simple local interactions, governed by mathematical rules,



can give rise to global organization. This perspective not only demystifies
AT but also provides a framework for future interdisciplinary research at the
boundary of physics, mathematics, and machine learning.

2 Foundations in Physics

The Ising model is one of the simplest yet most profound models in statistical
mechanics. Its Hamiltonian is given by

H = — Jijsisj — Zhigi) (].)
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where s; = £1 are spins, J;; the couplings, and h; external fields. Despite its

apparent simplicity, the model reproduces essential features of real materi-

als, including magnetization, critical phenomena, and spontaneous symmetry

breaking.

Ising Model: 10x10 Spin Lattice
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Figure 1: Ising model on a 2D lattice: each spin interacts with its neighbors,
giving rise to collective order and phase transitions.

The importance of the Ising model lies in its universality: a wide range of
physical, biological, and even social systems can be mapped onto its struc-
ture. The emergence of order from local interactions serves as a prototype
for how global patterns arise from microscopic rules.

In 1982, Hopfield [I] extended these insights to neural computation. By
treating neurons as binary spins, he introduced an energy function for neural
networks: )
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where w;; represents synaptic weights. The network evolves toward minima of
this energy landscape, making it a model of associative memory. The connec-
tion between spin glasses and memory systems demonstrated that cognition
itself could be framed as a problem in statistical mechanics.
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Figure 2: Energy landscape of a Hopfield network: stored patterns are at-
tractor basins, and the system evolves toward these minima.

3 From Symmetry to Complexity

A central theme in physics is symmetry. Symmetry provides constraints,
conservation laws, and structural beauty. Yet it is often the breaking of
symmetry that gives rise to rich dynamics: phase transitions, novel states of
matter, or emergent structures.

Complexity science, as articulated by Wolfram [2], shows that simple rules
are sufficient to generate arbitrarily complex patterns. In his work on cellu-
lar automata, he demonstrated that even a one-dimensional line of binary
cells, updated according to local deterministic rules, can produce structures
ranging from simple repetition to randomness to highly organized self-similar
patterns.

From this viewpoint, complexity arises when local rules iterate over time,
creating feedback loops and higher-order patterns. Systems built on “tiny
rules” and minimal components can evolve into self-organizing entities with
giant, often unpredictable patterns. This definition is key to understanding
both natural systems and artificial intelligence: complexity is not imposed
from the top down but emerges from the bottom up.



Wolfram Rule 30 Cellular Automaton

Figure 3: Emergent complexity in Wolfram’s cellular automaton (Rule 30).
Simple local rules generate intricate global patterns over time.

4 Al and Attention as Complex Systems

Modern neural networks, especially attention-based models, can be seen as
analogs of interacting particle systems. In transformers, attention scores
dynamically regulate the effective couplings between units, reshaping how
information flows through the network. Conceptually, this is similar to mod-
ulating J;; in the Ising Hamiltonian, allowing different patterns of interaction
depending on context.

Thus, attention introduces adaptive couplings, making the system capable
of rapid reconfiguration. What appears as a black box in practice is, in reality,
the emergent dynamics of many simple units following deterministic update
rules. Complexity here is not accidental but structural: self-organization
arises naturally when local interactions are iterated at scale.

5 Mathematical Framing

The analogy between physical and neural systems can be made precise:

e Ising Model: Binary spins s; = %1, fixed couplings J;;, phase transi-
tions at critical points.

e Hopfield Network: Binary neurons with weights w;;; memory re-
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Figure 4: Attention mechanism in a transformer: weights «;; dynamically
regulate couplings between units, analogous to J;; in an Ising Hamiltonian.
trieval as convergence to attractor states.

e Transformer Attention: Real-valued activations with dynamically
computed couplings, where attention weights
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serve as time-varying J;;.

This mathematical mapping shows that Al architectures embody prin-
ciples long known in physics: energy minimization, adaptive coupling, and
emergent order from local interactions.

6 Discussion and Conclusion

From the Ising model to modern attention mechanisms, the unifying theme is
that simple rules generate complex behaviors. Wolfram’s notion of complex-
ity as the evolution of simple systems into self-organized patterns provides
a lens for interpreting machine learning: neural networks are not opaque
mysteries but instances of a broader principle of emergence.



By grounding Al in physics and complexity science, we open new avenues
for cross-disciplinary research. Symmetry, self-organization, and universality
are not just abstract concepts but guiding principles for understanding how
intelligence—Dbiological or artificial—arises in complex systems.
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