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Abstract

Classical thermodynamics provides a powerful description of energy conservation, irreversibility,
and entropy production, but it does not explicitly formalize information as a state-level quantity
capable of governing the emergence and persistence of organization. In this article, | present a
unified framework linking information, entropy, and system dynamics for a broad class of
physical, biological, and computational systems. | argue that organization is not fully captured
by entropy alone, and | formalize organization as a dynamical balance between usable
information and effective entropy.

I introduce (i) operational definitions of usable information and effective entropy that can be
adapted across domains, (ii) a general organizational potential describing whether a system
tends toward stable structure or toward disorder, and (iii) a dynamical formulation that predicts
transitions between organization, dynamic equilibrium, and disorganization. | show how this
framework recovers known results from statistical physics and nonequilibrium thermodynamics,
while also providing a coherent language for biological maintenance of order and formachine
learning dynamics. | conclude with testable predictions and a roadmap for empirical validation.

Keywords
Information thermodynamics; self-organization; nonequilibrium systems; entropy

production; complexity science; biological organization; learning dynamics; emergent
structure; system stability.



1. Introduction

Organization is ubiquitous: crystals form from melts, patterns arise in driven fluids, living cells
maintain structure far from equilibrium, and learning systems develop stable internal
representations from data. Yet the principle-level explanation of organization remains
fragmented across disciplines.

Thermodynamics captures a universal tendency toward entropy increase in isolated systems,
but real-world organization commonly appears in open systems exchanging energy and matter
with their environment. Nonequilibriumthermodynamics and dissipative structure theory explain
how fluxes can sustain patterns, but they often leave implicit the role of
information—constraints, correlations, and structured degrees of freedom that distinguish
meaningful organization from mere low entropy.

In this article, | take the position that information must be treated as a fundamental organizing
variable. | propose a unifying framework that couples:

e Information (constraints, correlations, predictive structure),
e Entropy (effective disorder, dispersion, uncertainty),

e Dynamics (evolution laws determining stability, transitions, and irreversible behavior).

My goals are:

e To define a minimal, operational set of quantities linking information to thermodynamic
evolution.

e To propose a unified dynamical statement that distinguishes organization, equilibrium,
and disorganization.

e To derive consequences across physical and biological systems and outline
computational implementations.



2. Related Foundations

2.1 Thermodynamics and nonequilibrium structure
The second law constrains total entropy in isolated systems, but open systems can locally
decrease entropy while exporting entropy to the environment. Prigogine’s theory of dissipative

structures demonstrates that driven systems can generate stable patterns when fluxes exceed
critical thresholds.

2.2 Information theory and physical computation
Shannon defined information as uncertainty reduction. Landauer established a physical cost to
erasure, linking information to thermodynamic irreversibility. Jaynes connected statistical
mechanics to inference, showing that “entropy” can be interpreted as a measure of missing
information under constraints.
2.3 The gap
Despite these advances, there is still no widely adopted unified state-level framework that:
e treats information as operationally measurable in evolving systems, and

e predicts when information-driven organization can dominate entropic drift.

| address this gap by proposing a general balance law.



3. Core Definitions
| use intentionally broad definitions, designed to be specialized for each domain.
3.1 System state

Let a system be described by a time-dependent state x(r) in a state space X. The state can
represent:

e microstate distributions (physics),
e concentrations and reaction networks (chemistry),
e regulatory states (biology),

e parameter vectors and representations (machine learning).

3.2 Effective entropy

| define effective entropy Sef'f(t) as any operational measure of disorder relevant to the system’s
macroscopic organization. This may be:

e thermodynamic entropy (or entropy production rate),
e coarse-grained entropy over macrostates,
e spectral entropy of signals,

e dispersion/instability measures of internal variables.

The key requirement is that Seff increases when the system becomes more disordered or less
constrained in an organizational sense.

3.3 Usable information

| define usable information Iuse(t)as the component of information that is actionable for
stabilizing structure or performing work-like organization. Operationally, it may correspond to:

e constraints reducing accessible configurations,



mutual information between parts,

predictive information in time-series,

functional information in biological networks,

compressible structure in computational models.

Importantly: not all “information” is usable—random data may be informational in Shannon’s
sense but not stabilizing.



4. The Unified Framework

4.1 Organizational potential

| define an organizational potential q)(t)as a scalar that captures whether the system tends
toward organization or disorganization. The simplest general form is a balance functional:

° CD(t) increases when usable information dominates,
° q)(t)decreases when effective entropy dominates.

This paper does not require a unique closed form; instead, | specify minimal structural
properties:

o 0P/dluse>0,
« 0P/9Sef<0,

transitions occur when ¢ crosses a critical threshold.
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Figure 1. Conceptual overview of the unified framework linking information, entropy, and
system dynamics. Organization emerges from the balance between usable information,
which constrains system behavior, and effective entropy, which drives dispersion and
disorder.

4.2 Extended organizational principle
| state the unifying principle in a physically interpretable form:

A system tends toward stable organization when the rate and magnitude of usable information
acquisition exceeds the effective entropic drift imposed by its dynamics and environment.

This statement is deliberately general and can be made quantitative once luse and Seff are
chosen.



4.3 Dynamical formulation

| express the system’s organizational evolution as:

dP — F dIuse dSeff
dt dt ' dt

,w(t),uu)) ,

where u(t) denotes environmental coupling
(fluxes, controls, inputs).

This structure highlights an important point:
organization is dynamical, and depends on

both internal evolution and external driving.



5. Main Consequences

5.1 Three organizational regimes

The framework predicts three regimes:

1. Organization regime
d® /dt > 0: structure strengthens,
robustness increases, stable patterns
emerge.

2. Dynamic equilibrium regime
d® /dt ~ 0: organization persists but
does not significantly grow; maintenance
dominates.

3. Disorganization regime
d® /dt < 0: structure decays; noise,

dispersion, or instability dominates.

These regimes provide a clean language to interpret:
e phase transitions in driven physics,

e homeostasis vs collapse in biology,



e convergence vs divergence in learning systems.
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Figure 2. Three organizational regimes predicted by the framework. When usable
information dominates, systems evolve toward stable organization. Balanced dynamics
correspond to dynamic equilibrium, while entropy-dominated dynamics lead to
disorganization. Transitions occur near critical thresholds.

5.2 Thresholds and critical transitions

A crucial implication is that systems should show critical thresholds where small parameter

changes flip the sign of d®ldt.
This is consistent with:
e pattern onset thresholds (e.g., Rayleigh—Bénard),

e tipping points in ecosystems,



e instability thresholds in neural training.

6. Physical Systems
6.1 Pattern formation as informational constraint selection

In driven physical systems, energy flux enables exploration of state space, while entropy
production accompanies dissipation. Organization emerges when the dynamics select
low-dimensional attractors (patterns) that effectively encode constraints (i.e., increase usable
information).
Examples:

e convection cells,

e chemical Turing patterns,

e crystallization under controlled cooling.
Within my framework:

e the attractor reduces accessible macrostates (information gain),

e stability depends on resisting entropic perturbations.

6.2 Connection to nonequilibrium thermodynamics

When specialized to thermodynamic entropy production O(r), | interpret Seff as a function of &

and coarse-graining scale. The framework becomes compatible with known results: driven order
requires sustained dissipation, but structure selection requires informational constraints.



7. Biological Systems

7.1 Life as sustained organization
Living systems continuously maintain organization through:
e metabolism (energy throughput),
e regulation (information processing),
e repair and replication (constraint reinforcement).
In this framework:
e metabolism supplies the energetic substrate enabling maintenance,
e information (genetic/regulatory) provides the constraint architecture,

e entropy pressures (noise, degradation) drive continual
maintenance.

7.2 Homeostasis and adaptation
Homeostasis corresponds to dynamic equilibrium: d®/d=0 but with ongoing entropy export.

Adaptation corresponds to a positive growth regime where the organism increases usable
information relative to effective entropy.
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Figure 3. Cross-domain interpretation of organizational dynamics. The same
information—entropy balance governs structure formation in physical systems, biological
organization, and computational learning systems, despite differences in scale and
substrate.

7.3 Failure and collapse

Disease, aging, or ecosystem collapse can be modeled as transitions to d®/dr<0, where
entropic drift overwhelms informational control. This yields clear experimental questions: identify

measurable proxies of Juse and Seff and test whether their balance predicts collapse.



8. Computational and Learning Systems

8.1 Learning as organization in parameter space
In machine learning:
e representations become structured through training (information increases),
e noise, overparameterization, and instability introduce entropic drift.

| interpret training success as moving into a regime where organizational potential grows.
Overfitting and training collapse correspond to entropy-dominated dynamics.

8.2 Practical operationalization
A practical contribution of this framework is that it suggests building:
e metrics dashboards (information proxies + entropy proxies),
e optimizers/controls that promote information growth while suppressing entropic drift,

e early-warning signals for instability (sharp changes in d®/dt).



9. Experimental Predictions

| list testable predictions that do not depend on a single formula, only on the framework:

e Early warning signal: approaching instability, Seff rises faster than Iuse, producing a
measurable drop in organizational potential.

e Critical thresholds: in driven systems, structure onset occurs when informational
constraints become dominant over noise (observable as a sudden change in correlation
structure).

e Intervention principle: increasing usable information (better constraints, feedback
control, error correction) should stabilize organization more efficiently than purely
increasing energy throughput.

e Cross-domain scaling: systems at different scales (chemical networks vs biological
networks) can be compared by normalized measures of constraint strength vs disorder.



10. Discussion
This work proposes a general unifying language:
e thermodynamics provides constraints (entropy, dissipation),
e information provides the architecture of constraints (correlations, predictability),
e dynamics determines stability, critical transitions, and irreversibility.

The key conceptual advance is not replacing thermodynamics, but extending its explanatory
scope by formally centering information as a driver of organization.

| emphasize that multiple operational definitions of information and entropy may coexist. The
framework’s strength is that it remains valid under different instantiations, provided the
quantities satisfy the monotonicity requirements described in Section 3.



11. Limitations and Scope

This paper is foundational and conceptual; domain-specific quantitative instantiations
require careful choice of measurable proxies.

“Usable information” is distinct from Shannon entropy; experimental operationalization
should be explicit and justified.

In biology, “function” introduces additional structure not reducible to physics alone; the
framework is intended as a bridge, not a reduction.



12. Conclusion

| presented a unified framework linking information, entropy, and system dynamics to explain
organization across physical, biological, and computational domains. The framework identifies
organization as a dynamical balance between usable information and effective entropy, predicts
three organizational regimes, and implies critical thresholds and testable early warning signals.
This perspective offers a scalable foundation for future theoretical and experimental work on
self-organization, stability, and emergent structure.
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