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Abstract

We investigate the nature of probability and the possibility of prediction within the
framework of Universal Modular Dynamics (UMD), where physical structure is defined in
terms of the density operator ρ, its modular generator K = − log ρ, and the associated
spectral distribution p(k).

In contrast to conventional approaches, where probability is introduced as a primary
concept, we develop a structural interpretation in which probability emerges as a derived
property of the underlying organization.

We show that the probability of a state is determined by the interplay of three factors:
its structural weight within p(k), its accessibility to the observer, and its dynamical stability.
This leads to the interpretation of probability as a measure of structural realizability.

Within this framework, prediction is not understood as the determination of specific
future events. Instead, it corresponds to the analysis of the spectrum of possible states and
their relative stability under structural evolution.

We demonstrate that observed outcomes arise from the competition between structurally
allowed configurations, constrained by accessibility and stabilized by dynamics. This provides
a unified description of probability, transitions, and observable behavior without introducing
probability as an independent postulate.

The results establish a consistent framework in which probability and prediction are
derived from structure, and suggest that complex systems may be analyzed in terms of their
accessible and stable configurations, rather than through direct event-based forecasting.
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1 Introduction

The concept of probability plays a fundamental role in modern physics, yet its origin remains
conceptually ambiguous. In classical theories, probability is typically interpreted either as a
frequency of outcomes or as a measure of incomplete knowledge. In quantum mechanics, it is
introduced axiomatically through the Born rule, without being derived from a deeper structural
principle.

Similarly, prediction is commonly understood as the determination of probabilities for future
events based on known dynamical laws. This perspective assumes that both probability and
events are primary elements of the description.

Within the framework of Universal Modular Dynamics (UMD), a different viewpoint becomes
possible.

In UMD, the physical structure of a system is defined by the spectral distribution p(k) asso-
ciated with the modular generator K = − log ρ. As demonstrated in previous works, structural
features such as organization, boundaries, and accessibility can be derived from this distribution.

This raises a natural question:

Can probability be derived from structure rather than introduced as a primitive concept? (1)

If probability is indeed a structural property, then prediction must also be reinterpreted.
Instead of predicting specific events, one should analyze the set of possible configurations and
their relative stability within the structure.

In this context, probability is expected to depend on multiple structural factors, including
the weight of a state within the distribution, its accessibility, and its stability under dynamical
evolution.
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This leads to a shift in perspective: prediction is no longer the determination of a single
outcome, but the characterization of a spectrum of possible states and their relative likelihood.

Such a framework is particularly relevant for complex systems, where the full structure is
not accessible and direct prediction of events becomes infeasible. In these cases, one can instead
analyze the stability and accessibility of different configurations.

As an illustrative example, one may consider macroscopic systems with many interacting
components, where multiple scenarios coexist and compete. In such systems, the goal is not to
predict a specific outcome, but to identify which configurations are structurally favored.

It is important to emphasize that such examples are used only for illustration and do not
constitute direct predictions within the theory.

The aim of this work is to formalize probability as a structural quantity within UMD, to define
prediction in terms of accessible and stable configurations, and to demonstrate that observed
outcomes may be understood as the result of structurally constrained probabilistic transitions.

This provides a unified framework in which probability and prediction emerge from the
internal organization of structure, without requiring additional postulates.

2 Problem Statement

Despite the central role of probability in physical theories, its conceptual status remains unre-
solved. In classical frameworks, probability is interpreted either as a frequency or as a measure
of incomplete knowledge, while in quantum mechanics it is introduced axiomatically without
derivation from a deeper structural principle.

Similarly, prediction is typically understood as the determination of probabilities of future
events based on known dynamical laws. This approach assumes that both probability and events
are fundamental elements of the description.

Within the framework of Universal Modular Dynamics (UMD), these assumptions can be
reconsidered.

Since the structure of a system is defined by the spectral distribution p(k), and quantities
such as organization, boundaries, and accessibility are derived from it, it is natural to ask
whether probability itself can be expressed as a structural property.

This leads to the first central question:

Can probability be derived from the internal structure of the system? (2)

A second question concerns the nature of prediction:

What does it mean to predict, if access to the full structure is fundamentally limited? (3)

A key difficulty arises from the fact that any observer has access only to a subset of the full
structure. As a consequence:

• probability cannot be defined with respect to the complete structure alone,

• prediction cannot be reduced to the determination of specific future events,

• observed outcomes must be interpreted as arising from restricted accessibility.

This necessitates a reformulation of both probability and prediction.
In particular, it becomes necessary to:

• define probability as a derived structural quantity,

• establish its dependence on accessibility,
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• incorporate the role of dynamical stability,

• and reinterpret prediction as the analysis of possible states rather than specific outcomes.

The central hypothesis of this work is that probability reflects the degree of structural real-
izability of a state:

probability ∼ structural realizability. (4)

Accordingly, prediction is understood as:

prediction ∼ analysis of structurally allowed and stable states. (5)

The objective of this work is to formalize this perspective and to demonstrate that proba-
bilistic behavior and predictive structure can be derived from the internal organization of p(k),
without introducing probability as an independent postulate.

This approach provides a consistent framework for analyzing systems where direct event-
based prediction is not possible, while preserving a rigorous structural interpretation of proba-
bility.

3 Conceptual Framework

To formalize probability and prediction within the framework of Universal Modular Dynamics,
we introduce a set of structural quantities that characterize the realizability of states.

Unlike conventional approaches, where probability is postulated, here it is derived from the
internal structure of the spectral distribution p(k).

3.1 State Space

Let S = {Si} denote the set of possible states of the system.
Each state Si corresponds to a configuration of the spectral distribution p(k).
Thus, the space of states is determined by the structure itself.

3.2 Structural Weight

To each state we assign a structural weight:

W (Si), (6)

which measures the contribution of the state to the overall distribution p(k).
Interpretation:

• large W (Si) corresponds to structurally dominant configurations,

• small W (Si) corresponds to suppressed configurations.

3.3 Accessibility

Due to limited access to the full structure, we introduce the accessibility function:

A(Si), (7)

which measures the degree to which a state is accessible within pacc(k).
Interpretation:

• A(Si) = 0 implies the state is not observable,

• A(Si) > 0 implies the state can contribute to observed outcomes.
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3.4 Stability

Not all accessible states persist under dynamics. We therefore define a stability factor:

S(Si), (8)

which characterizes the dynamical persistence of the state.
Interpretation:

• stable states survive evolution,

• unstable states decay or transition.

3.5 Probability Definition

We define the probability of a state as:

P (Si) ∼ W (Si)A(Si)S(Si) (9)

Thus, probability is not fundamental, but arises from structure.

3.6 Normalization

To obtain a normalized distribution, we define:

P (Si) =
W (Si)A(Si)S(Si)∑
j W (Sj)A(Sj)S(Sj)

. (10)

This allows interpretation of P (Si) as a relative likelihood.

3.7 Transitions

Prediction requires consideration of transitions between states:

P (Si → Sj). (11)

These transitions depend on:

• structural compatibility,

• accessibility of the transition,

• stability of the resulting configuration.

Thus, transitions are governed by structural constraints rather than arbitrary probabilities.

3.8 Synthesis

The framework leads to the following interpretation:

W → structural significance,

A → accessibility,

S → stability.

(12)

Together, these define probability as:

P = W ·A · S, (13)

which provides a unified structural basis for probabilistic behavior.
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4 Analysis

Using the structural framework introduced in the previous section, we now analyze the behavior
of probabilities and transitions between states.

The central goal is to understand how the interplay between structural weight, accessibility,
and stability determines observable outcomes.

4.1 Dominance Regimes

The probability of a state is given by:

P (Si) ∼ W (Si)A(Si)S(Si). (14)

Depending on system conditions, different factors may dominate:

• Structural dominance: when W (Si) is large, the system favors configurations inherent
to its structure.

• Accessibility dominance: when A(Si) is small, even structurally significant states are
suppressed.

• Stability dominance: when S(Si) is large, stable configurations dominate observable
outcomes.

Thus, probability results from competition between these factors.

4.2 Suppression Mechanisms

A state becomes effectively impossible if any factor is negligible:

W (Si) ≈ 0 or A(Si) ≈ 0 or S(Si) ≈ 0. (15)

This leads to structural suppression of states.

4.3 Transition Structure

Consider transitions between states:
Si → Sj . (16)

Their probability depends on structural compatibility:

P (Si → Sj) ∼ Cij Aij Sij , (17)

where Cij encodes compatibility between configurations.
Thus, transitions are constrained by structure.

4.4 Transition Barriers

Transitions may be suppressed by barriers:

Bij ∼
1

P (Si → Sj)
. (18)

High barriers correspond to rare transitions, while low barriers indicate likely transitions.

6



4.5 Critical Regimes

Critical behavior arises when multiple states have comparable probabilities:

P (Si) ≈ P (Sj). (19)

This corresponds to:

• instability,

• competition between configurations,

• sensitivity to perturbations.

4.6 Probability Phase Transitions

Changes in system parameters may lead to abrupt redistribution of probabilities:

∆P (Si) ≫ 0. (20)

This can be interpreted as a phase transition in probability space.

4.7 Dynamics of Probability

Under structural evolution:
p(k) → p(k, λ), (21)

probabilities evolve:
P (Si) → P (Si, λ). (22)

Thus, probability is a dynamical quantity.

4.8 Main Result

The analysis leads to the conclusion:

probability = dynamical interplay of structure, accessibility, and stability. (23)

Prediction is therefore understood as the study of evolving probability distributions rather
than determination of specific outcomes.

5 Physical Interpretation

The formalism developed in the previous sections allows for a direct physical interpretation of
probability and prediction within the framework of Universal Modular Dynamics.

The central result is that probability is not a fundamental quantity, but emerges as a conse-
quence of the internal structural organization of the system.

5.1 Probability as Structural Property

In this framework, probability reflects the degree to which a state is compatible with the under-
lying structure.

probability = degree of structural realizability (24)

Physically, this means:

• highly probable states correspond to natural structural configurations,

• low-probability states require fine-tuned conditions and are therefore suppressed.
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5.2 Prediction as Scenario Analysis

Prediction is not the determination of a specific future event.
Instead, it corresponds to:

prediction = analysis of accessible and stable configurations (25)

This implies that the future is described by a set of competing states rather than a single
predetermined outcome.

5.3 Observability and Accessibility

Not all structurally significant states are observable.
Observed probability depends on accessibility:

Pobs(Si) ∼ A(Si)P (Si). (26)

Thus:

• some states exist structurally but remain unobserved,

• observable outcomes correspond to accessible regions of the structure.

5.4 Stability and Classical Outcomes

Stable states dominate observed behavior.

classical outcomes = stable accessible configurations (27)

This explains:

• reproducibility of measurements,

• emergence of classical behavior,

• suppression of unstable configurations.

5.5 Dynamical Nature of Probability

Probability evolves with the structure:

P (Si) → P (Si, λ). (28)

Thus:

• probability is not static,

• prediction must account for structural evolution.

5.6 Limits of Prediction

Due to limited accessibility, prediction is fundamentally constrained.

prediction is intrinsically limited (29)

This implies:

• exact prediction of events is not possible,

• only the structure of possible outcomes can be analyzed.

8



5.7 Illustrative Interpretation

In complex systems with many interacting components, one observes:

• coexistence of multiple scenarios,

• competition between configurations,

• dominance of stable and accessible states.

Such interpretations serve only as illustrations and do not imply direct prediction of specific
events.

5.8 Synthesis

The physical interpretation may be summarized as:

future = set of structurally allowed evolving configurations (30)

Thus, the future is neither fully determined nor arbitrary, but constrained by structure,
accessibility, and stability.

6 Conclusion

In this work, we have investigated the nature of probability and the meaning of prediction within
the framework of Universal Modular Dynamics (UMD), where physical structure is encoded in
the spectral distribution p(k) associated with the modular generator K = − log ρ.

In contrast to conventional approaches, probability has not been introduced as a primary
concept. Instead, it has been derived as a consequence of structural organization, accessibility,
and dynamical stability.

We have shown that the probability of a state is determined by the combined effect of three
factors:

P (Si) ∼ W (Si)A(Si)S(Si), (31)

where W characterizes structural weight, A encodes accessibility, and S represents dynamical
stability.

This formulation leads to a reinterpretation of probability as a measure of structural realiz-
ability, rather than as an externally imposed quantity.

A central result of this work is that prediction cannot be understood as the determination of
specific future events. Instead, it corresponds to the analysis of the spectrum of possible states
and their evolution under structural constraints.

Observed outcomes arise as the result of competition between structurally allowed configu-
rations, constrained by accessibility and stabilized by dynamics.

Within this framework:

• probability is not fundamental but emergent,

• prediction is intrinsically limited by accessibility,

• and observable reality reflects only a restricted portion of the full structure.

These results extend the UMD program:

Structure −→ Boundaries −→ Accessibility −→ Probability. (32)
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Thus, probability and prediction are incorporated into a unified structural framework, where
they arise naturally from the internal organization of the system.

In a broader perspective, this implies that the future is neither fully determined nor purely
random. Rather, it consists of a set of structurally allowed, dynamically evolving configurations,
among which stable and accessible states are realized.

The formalism developed here provides a consistent basis for analyzing probabilistic behavior
in complex systems, while maintaining a strict separation between structural analysis and direct
event-based forecasting.

This establishes Universal Modular Dynamics as a framework in which probability and pre-
diction are not postulated, but derived.

A Structural Definitions and Notation

This appendix summarizes the key structural definitions and notation used throughout the
paper. The goal is to provide a consistent and self-contained reference for all quantities appearing
in the formalism.

A.1 Full Structure

The system is described by the spectral distribution:

p(k), (33)

associated with the modular generator:

K = − log ρ. (34)

The distribution p(k) encodes the complete structural information of the system.

A.2 State Space

The set of possible states is denoted by:

S = {Si}, (35)

where each state corresponds to a configuration of the distribution p(k).

A.3 Structural Weight

Each state is assigned a structural weight:

W (Si), (36)

which measures its contribution to the overall structure.

A.4 Accessibility

Accessibility is defined as:
A(Si), (37)

representing the degree to which a state is accessible within the reduced structure pacc(k).

A.5 Stability

The stability of a state is defined as:
S(Si), (38)

which characterizes its persistence under dynamical evolution.
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A.6 Probability

Probability is defined as:
P (Si) ∼ W (Si)A(Si)S(Si), (39)

with normalized form:

P (Si) =
W (Si)A(Si)S(Si)∑
j W (Sj)A(Sj)S(Sj)

. (40)

A.7 Transitions

Transitions between states are represented as:

Si → Sj , (41)

with transition probabilities determined by structural compatibility, accessibility, and stability.

A.8 Transition Barriers

Transition barriers are defined as:

Bij ∼
1

P (Si → Sj)
, (42)

indicating the difficulty of transitions between states.

A.9 Dynamics

Under structural evolution:
p(k) → p(k, λ), (43)

the state probabilities evolve as:
P (Si) → P (Si, λ). (44)

A.10 Summary

The key structural relations are:

W → structural weight,

A → accessibility,

S → stability,

P → probability.

(45)

These definitions provide a unified structural basis for probability and prediction within
Universal Modular Dynamics.
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