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Abstract

The emergence, persistence, and collapse of organization in complex systems remain difficult to
quantify using classical thermodynamic variables alone. While entropy production describes
irreversibility and dissipation, it does not capture the capacity of a system to sustain structured,
stable, and adaptive behavior. In this article, | introduce the IOE ratio (Informed Organizational
Efficiency ratio) as a quantitative measure of organizational potential. The IOE ratio expresses
the balance between usable information and effective entropy within a system and provides a
scalar indicator of whether organization is expected to grow, stabilize, or degrade. | develop the
theoretical foundations of the IOE ratio, analyze its properties, and demonstrate its applicability
across physical, biological, and computational systems. This work establishes the |IOE ratio as a
unifying metric for organizational dynamics in complex systems.
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1. Introduction

Complex systems across physics, biology, and artificial intelligence exhibit a remarkable ability
to form and maintain organization far from equilibrium. Examples include pattern formation in
driven fluids, metabolic regulation in living cells, and structured representations in learning
systems. Despite their diversity, these systems share a common challenge: they must resist
entropic degradation while remaining adaptable.

Classical thermodynamics provides constraints on energy and entropy but does not offer a
direct quantitative measure of organizational capacity. As a result, organization is often
described qualitatively or indirectly through proxies such as order parameters or entropy
production rates.

In this article, | address this gap by introducing a quantitative indicator—the IOE
ratio—designed to measure organizational potential directly. The IOE ratio builds on my
previous conceptual work on informed organizational efficiency and provides a practical bridge
between theory and measurement.



2. Limits of Entropy-Based Descriptions

2.1 Entropy as disorder and irreversibility

Entropy quantifies the dispersion of energy, uncertainty of microstates, and irreversibility of
processes. In non-equilibrium thermodynamics, entropy production characterizes dissipation in

open systems.
While essential, entropy alone does not:
e distinguish functional organization from trivial order,
e predict robustness or adaptability,
e capture informational constraints embedded in system structure.

2.2 The need for an additional variable

Two systems may have similar entropy production rates yet vastly different organizational
outcomes. This observation indicates that entropy must be complemented by a variable
describing constraint strength and structural coherence. Information naturally fulfills this role.



3. Usable Information and Effective Entropy
3.1 Usable information

| define usable information as information that actively constrains system dynamics. It
includes:

e correlations between components,
e regulatory or feedback structures,
e predictive regularities,

e learned representations.

Not all information is usable: random noise may carry high Shannon entropy but provides no
organizational constraint.

3.2 Effective entropy

Effective entropy refers to the component of disorder that actively degrades structure.
Depending on the domain, it may correspond to:

e thermodynamic entropy production,
e noise-induced dispersion,
e instability of internal variables,

e loss of coherence in representations.



4. Definition of the IOE Ratio

| define the IOE ratio as a dimensionless quantity expressing the balance between usable
information and effective entropy:

IOE ratio = Usable Information / Effective Entropy
Conceptually:
e |OE > 1 — organizational potential dominates,
e |OE =1 — dynamic equilibrium,
e |OE <1 — entropic degradation dominates.

The IOE ratio does not replace entropy; it contextualizes it by accounting for informational
constraints.
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Figure 1 — Conceptual Definition of the IOE Ratio

Conceptual representation of the IOE ratio. Organizational potential depends on the balance
between usable information, which constrains dynamics, and effective entropy, which drives
dispersion.



5. Organizational Regimes Defined by the IOE Ratio
The IOE ratio defines three universal organizational regimes:
5.1 Growth regime (IOE > 1)

Information dominates entropy. Structure strengthens, correlations increase, and robustness
improves.

5.2 Maintenance regime (IOE = 1)

Information compensates entropy. Organization is preserved but does not significantly expand.
5.3 Degradation regime (IOE < 1)

Entropy overwhelms informational constraints. Structure degrades, and collapse becomes likely.

These regimes apply across domains and scales.
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Figure2 Organizational
regimes predicted by the IOE ratio. Transitions occur near critical thresholds where
informational constraints no longer compensate entropic forces.



6. Physical Systems

In physical systems, usable information appears as symmetry constraints, boundary conditions,
and attractor structures. Effective entropy arises from thermal noise and dissipation.

The IOE ratio:
e explains pattern persistence,
e predicts robustness against perturbations,

e clarifies why certain dissipative structures dominate others.



7. Biological Systems
Living systems maintain high IOE ratios through metabolism, regulation, and repair. Genetic and
regulatory networks encode usable information, while entropy arises from molecular noise and
degradation.
A decline in IOE predicts:
e aging,
e disease,

e |oss of homeostasis.

Adaptation and evolution correspond to long-term increases in usable information.
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Figure 3 — Cross-Domain Interpretation of the IOE Ratio
Cross-domain interpretation of the IOE ratio in physical, biological, and computational systems.



8. Computational and Learning Systems

In machine learning systems:
e usable information corresponds to structured representations,
o effective entropy corresponds to noise, instability, or overparameterization.

Training success corresponds to increasing IOE. Overfitting and training collapse correspond to
declining IOE.

The IOE ratio provides a diagnostic tool for monitoring learning stability.



9. Testable Predictions
The IOE framework yields falsifiable predictions:
1. Organizational collapse is preceded by a measurable drop in IOE.

2. Increasing informational constraints stabilizes systems more efficiently than increasing
energy input alone.

3. Systems with similar entropy production can exhibit different outcomes depending on
IOE.



10. Discussion

The IOE ratio provides a quantitative bridge between information theory and thermodynamics. It

clarifies why entropy alone cannot predict organization and offers a unified language for stability
and self-organization.

Importantly, the IOE ratio is not tied to a single measurement method; it is a framework
variable adaptable to domain-specific definitions.



11. Conclusion

I introduced the IOE ratio as a quantitative measure of organizational potential in complex
systems. By explicitly balancing usable information against effective entropy, the IOE ratio
predicts organizational growth, maintenance, and collapse across physical, biological, and
computational domains. This metric provides a foundation for a more complete theory of
organization beyond entropy-based descriptions.



Supplementary Information

The IOE Ratio: Quantifying Organizational Potential in Complex Systems

Supplementary Note S1 — Formal Interpretation of the IOE Ratio
The IOE ratio is introduced as a dimensionless indicator designed to quantify the organizational
potential of a system. Its purpose is not to replace entropy or energy-based descriptions, but to
complement them by explicitly incorporating informational constraints.
Conceptually, the IOE ratio captures the relative dominance of structure-forming constraints
over disordering forces. A high IOE ratio indicates that correlations and constraints actively
shape system dynamics, while a low IOE ratio indicates that disorder dominates.
This interpretation applies across domains, provided that usable information and effective

entropy are defined consistently with the system’s physical or functional properties.

Supplementary Note S2 — Distinction Between Usable Information and Shannon
Information

Shannon information measures uncertainty reduction in messages but does not distinguish
between structure and noise. In contrast, usable information refers specifically to information
that constrains system behavior.

Examples:

e Random noise may have high Shannon entropy but zero usable information.

e Regulatory feedback in biology may have modest Shannon entropy but high usable
information.

e |Learned representations in neural networks often compress raw data while increasing
usable information.

This distinction is essential to avoid conflating disorder with organization.



Supplementary Note S3 — Effective Entropy as an Operational Quantity

Effective entropy is defined as the component of disorder that actively degrades organization.
Depending on the system, it may be approximated by:

e entropy production rate (physics),
e variance or noise amplitude (dynamical systems),
e loss of coherence in biological signaling,
e instability or dispersion of learned parameters (machine learning).
The framework does not require a unique definition of entropy, but it requires that effective
entropy increases when structure becomes less stable.
Supplementary Note S4 — Mathematical Properties of the IOE Ratio
Although the IOE ratio is presented conceptually, it satisfies several general properties:
1. Scale invariance
Multiplying both usable information and effective entropy by the same factor leaves the IOE
ratio unchanged.
2. Threshold behavior
Organizational transitions occur near IOE = 1, corresponding to a balance between constraint
and dispersion.
3. Monotonicity
Increasing usable information while holding entropy constant increases organizational

potential.

4. Non-negativity
Both numerator and denominator are non-negative by construction.

These properties make the IOE ratio suitable as a control or diagnostic variable.

Supplementary Note S5 — Relation to Free Energy and Other Frameworks



The IOE ratio is conceptually related, but not equivalent, to:
e free energy minimization,
e information bottleneck methods,
e entropy—information trade-off models.
Unlike free energy, the IOE ratio:
e does not assume equilibrium,
e does not require a probabilistic generative model,
e focuses on organizational capacity rather than inference alone.

The IOE ratio can therefore coexist with multiple theoretical frameworks.

Supplementary Note S6 — Physical Systems: Measurement Strategies

In physical systems, usable information may be approximated through:

e correlation lengths,

e symmetry-breaking measures,

e attractor dimensionality,

e predictability of macroscopic variables.
Effective entropy may be approximated through:

e entropy production,

e thermal noise strength,

e fluctuation amplitudes.

Experimental protocols could track the IOE ratio during phase transitions or pattern formation.

Supplementary Note S7 — Biological Systems: Interpretation



In biological systems:

e usable information corresponds to regulatory architecture, signaling fidelity, and genetic
constraints,

o cffective entropy corresponds to molecular noise, degradation, and stochastic
fluctuations.

A declining IOE ratio is expected to correlate with:
e aging,
e disease progression,
e loss of homeostasis.

Conversely, development and adaptation correspond to increases in usable information.

Supplementary Note S8 — Learning Systems and Artificial Intelligence
In computational systems:

e usable information may be estimated via representation structure, mutual information
between layers, or compression metrics,

e cffective entropy may be estimated via gradient noise, parameter dispersion, or
instability measures.

Monitoring the IOE ratio during training may provide early warning signals for overfitting or
collapse.

Supplementary Note S9 — Limitations and Cautions



The IOE ratio is a conceptual and operational framework, not a universal formula. Its
interpretation depends on:

e careful choice of proxies,

e domain-specific validation,

e explicit reporting of measurement assumptions.
The IOE ratio should not be used without justification of how information and entropy are
operationalized.

Supplementary Note S10 — Experimental and Theoretical Outlook

Future work should focus on:

e defining standardized proxies for usable information,

e validating IOE-based predictions experimentally,

e comparing IOE dynamics across scales and domains,

e integrating IOE monitoring into adaptive control systems.

The IOE ratio opens a pathway toward a quantitative science of organization.
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