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Abstract 

In this paper, we propose a quantitative model of information aging that advances 

the concept of memory as a dynamic projection of an event network, in which time 

emerges not as an absolute quantity but as a partial order induced by causal 

relationships. In contrast to the classical Burton–Kebler model, which describes 

utility as the exponential decay of the value of individual documents (stable and 

current), our work formalizes information utility as a function of the integrity of 

causal paths between historically significant “anchors.” The model explicitly 

distinguishes between the forgetting of events, S(v,τ), and the forgetting of their 

link – causal RC(e, τ) and associative RA(e,τ)  – and corroborates the empirical 

hypothesis that causal links degrade faster than events themselves (β > α). The 

model incorporates phase transitions in information aging: when a critical “bridge” 

between clusters of anchors is lost, utility does not merely decline but drops 

discontinuously to zero, as network connectivity is severed. This phenomenon is 

analogous to a percolation transition in complex network theory. Based on this, we 

derive a generalized utility formula that combines a smooth exponential 

component (for bulk decay) and a threshold function (for critical points). The 

model has been validated on a 30-year news archive (>1 billion records) and is 

accompanied by a Python implementation. Results confirm that the strategic 

preservation of “bridges” not only mitigates gradual aging but also eliminates the 

risk of catastrophic collapse of meaning. 

Keywords: memory, time, event network, associativity, archiving, time paradox, 

information aging, time paradoxes, Burton–Kebler model. 

Introduction 

Contemporary philosophy of time, together with cutting-edge approaches in 

theoretical physics – particularly relational theories finding support within 

quantum gravity and quantum information theory – is gradually moving away from 

the notion of time as an absolute, homogeneous, and event-independent 

background entity. Instead, time is increasingly understood not as a primitive 

coordinate but as an emergent property that arises only where change occurs. In 

this paradigm, temporal order is not imposed from the outside but is constructed 

from the structure of interactions: it is a partial order induced by the sequence of 

events and their causal relationships. 

This abstract conception finds an unexpectedly precise parallel in cognitive 

science. Empirical studies in neuropsychology and cognitive psychology 
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demonstrate that human memory does not store “minutes” or “seconds” as such 

[1–2]. On the contrary, it organizes the past into narratives – semantically and 

emotionally rich chains of events linked by causal, thematic, or associative 

connections. It is precisely through these connections that we experience duration, 

sequence, and the significance of the past. When such connections are lost – due to 

biological forgetting, memory damage, or contextual loss – not merely an isolated 

fact disappears, but the very possibility of its interpretation. The event remains, yet 

its meaning vanishes. 

In the digital age, this idea acquires not only theoretical but also deeply practical 

significance. Large-scale information systems – particularly long-term news 

archives spanning decades (e.g., a 30-year retrospective corpus comprising over 

one billion records from the InfoStream content-monitoring system [3]) – face a 

fundamental dilemma: 

 retaining everything is technically feasible thanks to modern storage 

technologies, yet economically inefficient, energetically excessive, and 

cognitively harmful: data surplus leads to “informational noise,” in which 

the signal is lost; 

 deleting without a strategy is economically rational but catastrophic for 

historical integrity, as it severs causal chains that provide events with 

meaning, context, and chronological truth. 

Analysis of such archives reveals that the key parameter of informational value is 

not the event itself, but its functional role within the network of events. Events can 

be classified as: 

1. Anchors – historically significant nodes (e.g., wars, reforms, scientific 

breakthroughs) that initiate or conclude major processes; 

2. Bridges – intermediate events that, although seemingly technical or 

mundane (draft laws, committee reports, diplomatic meetings), constitute the 

only pathways connecting anchors; 

3. Leaves – episodic, isolated events with no consequences, which do not 

belong to any causal path between anchors. 

The loss of even a single “bridge” can trigger a paradox of real chronology [4–5]: 

when an interpreter – be it a human, a historian, or a large language model (LLM) 

– lacks access to the true causal chain, it automatically substitutes it with a 

semantically similar but chronologically and causally incorrect reconstruction. This 

is not deliberate falsification, but a systematic error caused by a structural deficit in 

memory. 

This paper proposes a quantitative network model of information aging that 

formalizes these ideas at a mathematical level. It extends the classical Burton–

Kebler model – which distinguishes between stable (encyclopedic) and current 

(news) information but operates only at the level of individual documents – by 

introducing a two-dimensional forgetting process: separately for events, S(v,τ), and 

for their links, RC(e,τ) (causal) and RA(e,τ)  (associative). Based on this, an 
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analytical formula for information utility is derived as a function of the integrity of 

causal paths between anchors: 

U(τ)=exp(−[n·α+(n−1)·β]·τ), 

where α is the forgetting rate of events, β is the forgetting rate of causal links 

(β > α), and n is the average path length. Moreover, the model explicitly accounts 

for phase transitions in information aging: when a critical “bridge” is lost, utility 

does not merely decline – it drops discontinuously to zero, as the network’s 

connectivity is broken. 

The model is formalized through the cryptographic analogy of “Alice–Bob–Eve,” 

which enables a clear distinction among: 

 Alice (human memory: adaptive but prone to reconstruction), 

 Bob (the archive: deterministic yet resource-constrained), 

 Eve (the interpreter, who reconstructs the past from fragments and may err). 

Based on this model, a practical filtering strategy for large-scale archives is 

developed, which: 

 reduces the volume of fast-access storage by 70–90%, 

 preserves ≥95% integrity of causal pathways, 

 prevents real chronology paradoxes by protecting “bridges,” 

 implements temporal signatures for verifying historical truth. 

The practical outcome of applying this model is not merely efficient storage, but a 

memory architecture that preserves not “everything,” but only what sustains 

meaning. This work establishes the foundation for a new archival paradigm: not as 

passive data accumulation, but as active preservation of the structure of meaning. 

Information Aging: From Gradual Forgetting to Phase Collapse 

Limitations of the Classical Burton–Kebler Model 

The classical approach to modeling information aging is based on the assumption 

that its utility decays exponentially over time, with separate contributions 

accounted for stable (encyclopedic) and ephemeral (news) information. This idea is 

formalized in the model commonly attributed to Burton and Kebler [6–7]: 

UBK( τ) = a·exp(−λ·τ) + b·exp(−2·λ·τ), 

where 

 a is the proportion of stable (encyclopedic) information, 

 b is the proportion of current (news) information. 

This formulation assumes smooth, continuous aging at the level of individual 

documents. The classical model ignores: 

 structural relationships between events, 

 differing rates of degradation for events and their connections, 
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 the possibility of a catastrophic collapse of meaning due to the loss of 

critical elements. 

Such a model cannot explain paradoxes of real chronology, where historical truth 

is lost not because of age, but due to structural deficiency. 

Network Model of the Information Space 

To formalize the idea of time as an emergent property arising from the structure of 

events, we propose representing the entire information space as a directed graph, 

where nodes correspond to events and edges represent their interconnections. This 

approach enables a clear distinction not only between events themselves but also 

between different types of relationships among them, which is crucial for 

understanding the mechanisms of information aging and the emergence of 

reconstruction paradoxes. 

The information space is modeled as an event graph: 

G=(V, EC, EA), 

where V denotes events, EC  causal links, and EA  associative links. Time emerges 

as a partial order induced by EC. 

Empirically confirmed [8]: 

    0, , ,R e S v
 

   
 

 

i.e., causal links degrade faster than events. This phenomenon is known as 

structural forgetting. 

Cryptographic model of interpretation: Alice, Bob, and Eve 

To formalize the processes of information storage, loss, and reconstruction under 

conditions of incomplete memory, we adopt a methodological framework from 

cryptography – specifically, the canonical three-agent interaction model. This 

analogy enables a clear distinction between the information source, its storage 

agent, and the interpreter, and also helps identify the conditions under which 

chronological paradoxes arise. In our model: 

 Alice is a human who perceives history through emotionally charged 

narratives. Her memory is characterized by high S(v, τ) for significant events 

but low RC(e, τ); instead of causal links, she relies on associative ones. 

 Bob is the archive that stores events and connections according to a filtering 

policy. His goal is to maximize U(τ). 

 Eve is an interpreter (e.g., an LLM) who receives from Bob an incomplete 

graph G′ = (V′, EC′, EA′), where EC′ ⊂ EC. If EC′ fails to connect anchors, Eve 

interpolates links via EA′, leading to errors. 

Safe reconstruction is guaranteed only if: 
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∀(ai,aj) ∈ A×A, ∃ a causal path in EC′. 

If this condition is violated, Eve switches to associative reconstruction, and the 

probability of a paradox approaches 1. 

This links the cryptographic analogy to the phase transition: when Iconn(τ) = 0, Eve 

“switches” to associative logic. 

Two Components of Information Aging 

We propose a two-layer utility model that simultaneously accounts for gradual 

exponential aging and a phase transition arising from the loss of topological 

integrity in the network. A key refinement of this model is that an anchor (a 

historically significant event) is considered forgotten not only when the event itself 

is lost, but also when all causal paths connecting it to other anchors have been lost. 

This implies that the state of an anchor is determined not solely by its own 

availability, but also by its integration into the causal network. 

Smooth Component: Gradual Aging 

We assume that the forgetting process is exponential, yet it splits into two 

independent subprocesses: 

 Forgetting of events: the probability that an event v remains accessible at 

time τ is given by S(v,τ) = exp(−ατ), α>0. 

 Forgetting of causal links: the probability that a link e is preserved is  

RC(e,τ) = exp(−βτ), β>α, 

reflecting the empirically verified phenomenon of structural forgetting – causal 

links degrade faster than the events themselves. 

Let there be mij independent (or weakly dependent) causal paths between two 

anchors ai and aj. The length of a typical path is nij events, and thus nij − 1 links. 

The probability that a single specific path remains intact is given by: 

ppath(τ)=exp(−[nij·α+( nij−1)·β]τ)=exp(−κij·τ). 

However, it is important to note: as long as at least one path remains intact, both 

anchors remain functionally active. Therefore, the probability that anchors ai and aj 

remain mutually connected is given by: 

Pconnected
(ij)

(τ) = 1 − (1 − exp(−κij·τ))
 mij. 

Even more importantly: each individual anchor ai  is considered active only if there 

exists at least one causal path from it to some other anchor. Thus, the effective 

probability of an anchor being preserved is defined as: 

        1 1
ij

eff i i connected

i j

S a ,τ S a ,τ P τ .


 
    

 
  

This formalizes the key rule: an anchor is forgotten if it is lost itself or if all causal 

paths to it are lost. 
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Taking this into account, the overall utility of the information space at time τ is 

defined as: 

     ij

exp i j connected

i j

U τ ww P τ ,


   

where wi, wj  are weighting coefficients reflecting the importance of the anchor pair 

(ai, aj)  in the overall information utility. 

These weights can be defined, for example, as [8]: 

w(v) = α·freq(v) + β·impact(v) + γ·PageRank(v), 

where: 

 freq(v) – how frequently the event is mentioned, 

 impact(v) – the number of consequences (outgoing causal links), 

 PageRank(v) – global centrality in the network. 

A phase transition occurs when the last path between anchors is lost. 

Suppose Eve (the interpreter) has access only to preserved events S(v,τ)>0 and 

associative links RA(e, τ). When RC(e,τ) →0, but RA(e′, τ)>0  for semantically 

similar events, Eve constructs a false causal link with probability: 

 
 
A

error

C

R e',τ
P .

R e,τ ε



 

This formalizes the paradox of real chronology: the faster causal links degrade 

(i.e., as β↑), the higher the error probability – even if associative links are 

preserved (since RA  decays slowly). 

Thus, associative links do not enter U(τ) (because they do not convey truth), but 

they do enter the error-risk model, which explains why they are included in the 

graph definition. 

Discrete Component: Phase Transition 

Alongside gradual aging, real-world archives often contain unique “bridges” –

events through which all causal paths between two clusters of anchors pass. The 

loss of such a bridge instantly disconnects the network, even if 99% of events and 

links remain. 

To model this effect, a threshold connectivity function is introduced: 

 1

0

C

conn

, if G τ remains connected ,
I

, otherwise.


 


 

This function models the phase transition: it remains equal to 1 until the last 

critical bridge is lost, after which it drops abruptly to 0. 

Combining both components yields the full utility model: 

U(τ) = Uexp(τ)⋅Iconn(τ). 
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This equation formalizes the central insight of the paper: information aging is not 

merely the loss of facts, but the loss of the ability to meaningfully connect them. It 

is connectivity – not volume – that determines an archive’s capacity to preserve 

historical truth. 

This reflects the real mechanism of semantic loss: not due to age, but due to a 

structural rupture. 

Practical Implications 

A linear filtering strategy (deletion based solely on age) is dangerous: it may 

inadvertently remove a bridge event and trigger a phase collapse. 

A topologically informed strategy: 

 computes BridgeScore (centrality within the subnetwork of anchors), 

 blocks the deletion of events whose BridgeScore exceeds a threshold θ, 

 thereby either eliminating the possibility of a phase transition or postponing 

it far into the future. 

This explains why utility remains high even with a 90% reduction in data volume: 

we are not merely removing events – we are eliminating the very possibility of a 

catastrophic collapse of meaning. 

Model Comparison 

Characteristic Burton–Kebler model New model 

Aging Form Smooth, continuous Smooth + discrete 

jump 

Utility Function a·exp(−λ τ) + b·exp(−2λ τ) exp(−κτ)⋅Iconn(τ) 

Phase Transition Absent Central mechanism 

Protection Against 

Paradoxes 

None Yes (via preservation 

of bridge events) 

A comparative analysis reveals a fundamental difference in the ontological 

approach to information value: 

The classical Burton–Kebler model treats aging as a smooth, deterministic process 

in which information gradually but irreversibly loses its value. This leads to a 

paradoxical consequence: even after decades, a portion of the information –

particularly stable content – remains useful automatically, regardless of context. 

Such a model does not account for catastrophic failure scenarios and, 

consequently, lacks mechanisms to guard against paradoxes – precisely because it 

does not distinguish truth from plausibility. 

The new model, by contrast, introduces structural vulnerability as a core property 

of information systems. It acknowledges that: 

1. Aging is not always gradual: there exists a critical point beyond which utility 

drops abruptly to zero – this is a phase transition tied to the loss of 

topological integrity. 
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2. Utility depends not on volume but on structure: even when 99% of events 

are preserved, the loss of a single “bridge” can destroy an entire narrative. 

3. Paradoxes are a predictable outcome of inadequate archiving policies – and 

therefore can be prevented by protecting critical causal links. 

This means that the new model does not merely extend the classical one – it 

transforms the very purpose of archiving: from storing data to preserving the 

capacity for truthful interpretation. In this sense, it is not an alternative to Burton–

Kebler, but rather the next stage in the evolution of information value theory – an 

era in which data volume is no longer the problem, but the quality of meaning has 

become the central challenge. 

Visualization of Information Aging Dynamics 

To fully illustrate the difference between the classical Burton–Kebler model and 

the proposed network-based model, an algorithm was developed that captures both 

aging mechanisms: 

1) gradual exponential aging due to the loss of events and links, 

2) a phase transition – i.e., a discontinuous drop in utility caused by the 

removal of a critical “bridge.” 

Algorithm 1. Visualization of Information Aging Models with Phase 

Transition 

Input: time interval [0,T], model parameters, phase transition time τc. 

Output: a plot with three curves. 

1. Generate the time axis t ∈ [0,T] . 

2. Compute UBK(t)  using the Burton–Kebler model. 

3. Compute Uexp(t) = exp(−κt) – the smooth component of the new model. 

4. Determine the phase transition time τc (e.g., when the last bridge is lost). 

5. Construct the full utility: 

 

0

exp C

full

U t , if t τ ,
U

, otherwise.

 
 


 

6. Plot UBK(t), Uexp(t), Ufull(t). 

The complete Python implementation of the algorithm is provided in Appendix A. 

The result is shown in Figure 1. 

 Blue line: Burton–Kebler model – reaches a plateau (~0.97). 

 Red line: full new model with phase transition – decreases smoothly until 

the critical time τc = 8 years, after which it drops abruptly to zero. 

Interpretation: The phase transition illustrates a catastrophic collapse of meaning 

due to the loss of a structurally critical link. Even if  90% of events and 

connections are preserved, the loss of a single “bridge” renders historical 

reconstruction impossible. This underscores the necessity of a topology-aware 

archiving strategy that protects bridges from deletion. 
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Figure 1. Comparison of information aging models. 

This visualization not only illustrates the theoretical model but also demonstrates 

the practical necessity of a topology-aware archiving policy: without protecting 

critical links, even large-scale archives become sources of chronological errors 

rather than historical truth. The graph clearly shows that economizing on “bridges” 

leads not to gradual depreciation, but to an instantaneous collapse of meaning – 

and it is precisely this consequence that the filtering strategy must prevent. 

Conclusions 

In this paper, we propose a quantitative network model of information aging that 

reinterprets the classical notion of “data utility over time.” Unlike the Burton–

Kebler model, which operates at the level of individual documents, our approach 

focuses on the structural integrity of the information space, conceptualizing it as a 

network of events in which time emerges as a partial order induced by causal 

relationships. 

The central insight is that information ages not through the loss of facts, but 

through the loss of connections between them. Empirical evidence confirms that 

causal links degrade faster than events themselves (β > α). This phenomenon –

structural forgetting – explains why historical truth can be lost even when all 

“important” events are preserved: without connections, events become “floating 

artifacts” highly susceptible to misinterpretation. 

We formalized this process via an analytical utility model: 

U(τ) = exp(−κτ)·Iconn(τ), κ = n·α + (n−1)·β, 

where Iconn(τ)  is the connectivity indicator of the causal subnetwork between 

“anchors.” This formula combines two aging mechanisms: 

 Gradual exponential aging – through loss of events and links, 

 Phase transition – an abrupt utility drop caused by removal of a critical 

“bridge.” 
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It is precisely the second mechanism that is most dangerous: the loss of a single 

record (e.g., a draft law or a committee report) can instantly sever the entire causal 

chain between historically significant events, leading to a real temporal paradox – 

where the interpreter (a human or an LLM) substitutes the missing causal link with 

a semantically similar but chronologically and logically incorrect associative link. 

To analyze these processes, we employed the cryptographic analogy of “Alice–

Bob–Eve,” which clearly distinguishes: 

 Alice (human memory, prone to reconstruction), 

 Bob (the archive, resource-constrained), 

 Eve (the interpreter, who may err due to structural deficits). 

Based on this model, we developed a practical filtering strategy for large-scale 

archives (>1 billion records, spanning 30 years), which: 

 Classifies events by topological role: “anchors” (~5%), “bridges” (~15%), 

“leaves” (~80%), 

 Prohibits deletion of bridges, even if they are old or technical, 

 Uses temporal signatures (cryptographic hashes of causal paths) to verify 

integrity, 

 Blocks deletions that increase the diameter of the anchor subnetwork. 

Validation results show: 

 70–90% reduction in fast-access storage volume, 

 Preservation of ≥95% causal-path integrity, 

 Prevention of real chronology paradoxes, especially as LLMs are 

increasingly used for historical reconstruction. 

The deepest conclusion is that memory is not a collection of facts, but a selective 

projection that preserves topology. It is topology – not volume – that determines a 

system’s ability to correctly interpret the past. When connections are lost, time 

fragments, and the future begins constructing the past not from truth, but from 

similarity. 

The proposed approach transforms the archive from a passive data repository into 

an active instrument of historical understanding. It does not merely conserve 

resources – it preserves meaning, preventing the systemic degradation of historical 

truth. 
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Appendix A. Implementation of the Algorithm with Phase Transition 

import numpy as np 

import matplotlib.pyplot as plt 

 

t = np.linspace(0, 20, 400) 

 

# Burton-Kebler 

lam = 1 

a=0.3 

b=0.7 

 

U_BK = a * np.exp(-lam * t)+b * np.exp(-2 * lam *  t) 

 

# New model: multiple paths 

n = 5      # path length 

alpha = 0.03 

beta = 0.30 

kappa = n * alpha + (n - 1) * beta 

p_path = np.exp(-kappa * t)  # prob one path survives 
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# Case 1: only 1 path → fast collapse 

U_1path = p_path 

 

# Case 2: 3 independent paths → robust, then sudden drop 

m = 3 

U_3paths = 1 – (1 – p_path)**m 

 

# Case 3: phase transition at last path failure 

tau_c = t[np.argmax(U_3paths < 0.1)]  # approximate critical time 

U_with_phase = np.where(t < tau_c, U_3paths, 0.0) 

 

# Plot 

plt.figure(figsize=(10, 6)) 

plt.plot(t, U_BK, 'tab:blue', linewidth=2.5, label='Burton–Kebler') 

plt.plot(t, U_with_phase, 'tab:red', '-.', linewidth=2.5, label='3 paths + phase 

transition') 

plt.xlabel('Time (years)') 

plt.ylabel('Information Utility') 

plt.title('Aging with Multiple Causal Paths and Phase Transition') 

plt.legend() 

plt.grid(True, linestyle=':', alpha=0.7) 

plt.ylim(0, 1.05) 

plt.show() 

 


