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Abstract 
 
The persistence of organized structures in complex systems presents a long-standing challenge 
to thermodynamic theory. While entropy constrains irreversible processes and dissipation, it 
does not fully explain why certain systems maintain structure, stability, and adaptability far from 
equilibrium. In this article, We propose an information-centered framework in which organization 
emerges from a dynamical balance between usable information and effective entropy. We argue 
that information acts as a constraining force that channels system dynamics and counteracts 
entropic dispersion without violatingthermodynamic laws. We formalize this balance as a 
governing principle of organization and demonstrate its relevance across physical, biological, 
and complex adaptive systems. This work clarifies the limits of non-equilibrium thermodynamics 
and provides a unified conceptual foundation for understanding self-organization, robustness, 
and structural persistence. 
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1. Introduction 
 
Entropy is one of the most fundamental concepts in physics. It governs irreversibility, constrains 
energy transformations, and defines the arrow of time. Yet the natural world is replete with 
organized structures: physical patterns, living organisms, adaptive networks, and learning 
systems. These structures persist despite continuous entropic pressure. 
 
Non-equilibrium thermodynamics has significantly advanced our understanding of how energy 
fluxes and dissipation can sustain order. However, it remains limited in its ability to explain why 
certain systems remain organized, resilient, and adaptive, while others collapse under 
comparable energetic conditions. 
 
In this article, We argue that the missing explanatory variable is information. We propose that 
organization arises when information effectively constrains system dynamics and 
counterbalances entropic dispersion. Rather than opposing thermodynamic laws, information 
operates within them, shaping the space of accessible states. This leads to a governing 
principle of organization applicable across physical, biological, and complex systems. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
2. Entropy and the Scope of Non-Equilibrium Thermodynamics 

 
2.1 Achievements of non-equilibrium thermodynamics 

 
Non-equilibrium thermodynamics explains how open systems can maintain ordered structures 
through dissipation. It accounts for: 
 

●​ entropy production, 
 

●​ irreversible flows, 
 

●​ pattern formation, 
 

●​ stability of dissipative structures. 
 
 
These results demonstrate that order does not violate the second law when systems export 
entropy to their environment. 
 

2.2 Conceptual limitations 
 
Despite its success, non-equilibrium thermodynamics does not distinguish: 
 

●​ meaningful organization from incidental order, 
 

●​ robust structures from fragile ones, 
 

●​ adaptive systems from purely driven patterns. 
 
Two systems may display similar entropy production rates yet differ radically in stability and 
functionality. This limitation suggests that entropy alone is insufficient to characterize 
organization. 
 
 

 
 
 
 
 
 
 



3. Information as a Physical Constraint 
 
In this framework, information is not treated as an abstract symbolic quantity. We define 
information as the set of constraints, correlations, and regularities that restrict system 
dynamics. 
 
Information manifests physically as: 
 

●​ boundary conditions and symmetries in physics, 
 

●​ regulatory and genetic networks in biology, 
 

●​ learned representations and internal structure in adaptive systems. 
 
By constraining the accessible state space, information reduces effective degrees of freedom 
and channels entropy production into structured pathways. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
4. Information Against Entropy: The Governing Principle 

 
We propose the following principle: 
 
Organization persists in complex systems when usable information constrains dynamics 
more strongly than effective entropy disperses them. 
 
This principle does not contradict the second law of thermodynamics. Entropy continues to 
increase globally. However, local organization is sustained because information shapes how 
entropy is produced and exported. 
 
Information acts against entropy not by reversing it, but by limiting the directions along which 
disorder can grow. 
 

 



 
Figure 1. Conceptual illustration of the balance between informational constraints and 
entropic dispersion. Organization emerges when usable information channels system 
dynamics despite ongoing entropy production. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5. Organizational Regimes 
 
The information–entropy balance naturally defines three organizational regimes: 
 

1.​ Information-dominated regime 
Informational constraints are strong. Organization increases or remains highly stable. 

 
2.​ Balanced regime (dynamic equilibrium) 

Information compensates entropy. Structure is maintained but does not significantly 
grow. 

 
3.​ Entropy-dominated regime 

Constraints weaken. Disorder spreads and organization degrades. 
 
Transitions between these regimes occur near critical thresholds and often correspond to abrupt 
qualitative changes. 
 

 



 
Figure 2. Organizational regimes predicted by the framework. Information-dominated 
dynamics lead to stable organization, balanced dynamics correspond to dynamic 
equilibrium, and entropy-dominated dynamics result in disorganization. Transitions 
occur near critical thresholds. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6. Physical Systems 
 
In physical systems, information appears as: 
 

●​ symmetry constraints, 
 

●​ conserved quantities, 
 

●​ boundary conditions, 
 

●​ attractor structures in state space. 
 
Non-equilibrium thermodynamics explains how energy flux sustains such structures, but 
information explains why particular structures persist. Stable patterns correspond to 
configurations that encode constraints efficiently and resist entropic perturbations. 
 
This perspective clarifies pattern selection, robustness, and sensitivity to noise in driven 
physical systems. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



7. Biological Systems 
 
Living systems represent the most striking examples of sustained organization. Cells and 
organisms continuously maintain structure through metabolism, regulation, and repair. 
 
Within this framework: 
 

●​ metabolism supplies energy throughput, 
 

●​ information encodes organizational constraints, 
 

●​ failure occurs when informational control degrades faster than entropy can be 
compensated. 

 
Homeostasis corresponds to a balanced regime, while adaptation corresponds to increasing 
informational constraints through learning and evolution. 
 

 



 
Figure 3. Cross-domain interpretation of information-driven organization. The same 
information–entropy balance governs organization in physical systems, biological 
systems, and complex adaptive systems. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
8. Implications for Complex and Adaptive Systems 

 
The governing principle applies broadly to: 
 

●​ ecosystems and resilience, 
 

●​ neural and cognitive systems, 
 

●​ artificial intelligence and learning dynamics. 
 
Systems that fail to preserve informational constraints become entropy-dominated, leading to 
instability, loss of function, or collapse. Conversely, systems that increase usable information 
relative to entropy exhibit robustness and adaptability. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



9. Testable Predictions 
 
This framework yields falsifiable predictions: 
 

1.​ Organizational collapse should be preceded by measurable loss of informational 
constraints. 

 
2.​ Increasing informational control stabilizes systems more efficiently than increasing 

energy input alone. 
 

3.​ Aging and degradation correlate with declining organizational efficiency. 
 
These predictions are testable across physics, biology, and computational systems. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



10. Discussion 
 
By explicitly introducing information as a governing variable, this work clarifies the limits of 
non-equilibrium thermodynamics. Entropy constrains what is possible, but information 
determines what is stable. 
 
The phrase “information against entropy” describes a dynamical tension, not a violation of 
thermodynamic law. Information does not reverse entropy; it governs structure formation within 
irreversible dynamics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



11. Conclusion 
 

We have proposed an information-centered governing principle for organization in complex 
systems. Organization emerges when usable information constrains dynamics more effectively 
than entropy disperses them. This framework extends thermodynamic reasoning, unifies 
physical and biological perspectives, and provides a foundation for future theoretical and 
experimental research on self-organization. 
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