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Abstract

Institutional decisions increasingly depend on administrative records that are distributed

across agencies, updated asynchronously, and governed by retention and operational constraints.

Treating such records as static inputs is analytically incorrect: both availability and decision

relevance are time-dependent. This paper develops a formal framework for (i) temporal se-

mantics of institutional facts, (ii) stochastic availability loss, (iii) decay of decision-relevant

value under contextual drift, and (iv) the induced limits on inference quality when relying on

retrospective reconstruction. We introduce an evidence-integrity functional that jointly accounts

for staleness, provenance uncertainty, and missingness; show how longitudinal capture strictly

dominates snapshot analysis under mild conditions; and pose capture scheduling as a constrained

optimization problem. The framework is intentionally implementation-agnostic and supports

rigorous evaluation without revealing proprietary collection or processing methods.

1 Introduction

Institutional records (permits, inspections, authorizations, program events, operational logs, etc.)

are generated by heterogeneous systems. Two properties are frequently assumed but rarely true in

practice:

1. Availability is static. Analysts often assume historical records can be recovered without

systematic loss.

2. Meaning is time-invariant. It is assumed that a record’s interpretation does not drift as

policy, processes, and dependencies evolve.

In operational environments, both assumptions fail. Records may be altered, summarized,

overwritten, archived, or deleted under retention schedules and system churn; and even when

retrievable, their decision relevance decays as the surrounding context changes.
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This paper provides a mathematical foundation for reasoning about time-sensitivity in institu-

tional data. The central objective is not to prescribe a pipeline, but to define measurable criteria

for decision-grade evidence in complex institutional systems.

2 Temporal Semantics of Institutional Facts

Institutional records encode facts whose truth and observability are time-indexed. Temporal database

theory distinguishes at least two time axes:

� Valid time (VT): when a fact is true in the modeled reality.

� Transaction time (TT): when the system recorded or asserted the fact.

Definition 1 (Bitemporal Record). A bitemporal record is a tuple r = (x, τv, τt) where x is content,

τv ⊆ T is the valid-time interval(s), and τt ⊆ T is the transaction-time interval(s).

Operational errors frequently arise from conflating VT and TT. Late entry, retroactive correction,

and backfilling can distort historical inference if time semantics are ignored.

3 A Stochastic Model of Availability

Let X denote a record generated at calendar time 0. At time t ≥ 0, define the retrievability indicator:

A(t) ∈ {0, 1},

where A(t) = 1 indicates that the record remains accessible.

Define availability probability:

A(t) = P(A(t) = 1).

We model availability using a survival function:

A(t) = exp

(
−
∫ t

0
µ(u) du

)
, (1)

where µ(t) ≥ 0 is a hazard rate capturing deletion, archival loss, system churn, or operational

overwrite. Constant µ yields exponential decay as a special case.

4 Decision-Relevant Value Under Contextual Drift

Availability alone does not ensure decision utility. Let V (t) denote the expected decision-relevant

value of a record at age t.

We adopt the parametric form:

V (t) = V0e
−λt, (2)

where λ > 0 captures contextual drift driven by policy changes, organizational evolution, and

dependency shifts.
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4.1 Recoverable Decision Value

The expected recoverable decision value is:

E(t) = E[V (t)A(t)] = V (t)A(t) = V0 exp

(
−λt−

∫ t

0
µ(u) du

)
. (3)

This formulation formalizes the compounding penalty of delayed access.

5 Evidence Integrity

Decision-grade inference depends on more than record presence. Let q be a query about an

institutional claim, and let Dt denote available evidence at time t.

Define evidence quality:

Q(q, t) = E [ϕ(S(q, t), P (q, t),M(q, t))] , (4)

where:

� S(q, t) measures staleness,

� P (q, t) measures provenance confidence,

� M(q, t) measures missingness severity,

and ϕ is monotone decreasing in each argument.

6 Limits on Retrospective Reconstruction

Let Y denote an outcome of interest. Let Dsnap
T be evidence reconstructed at time T , and Dlong

T

evidence preserved longitudinally.

Proposition 1 (Dominance of Longitudinal Capture). If availability is non-increasing for at least

one decision-relevant record class, and that class carries nonzero information about Y , then:

I(Dlong
T ;Y ) > I(Dsnap

T ;Y ),

where I(·; ·) denotes mutual information.

7 Capture Scheduling as Optimization

Let c(t) ≥ 0 denote capture effort, and let κ(c) be a convex cost.

Define objective:

J(c) =

∫ T

0
w(t)V (t)Ac(t) dt−

∫ T

0
κ(c(t)) dt,

subject to budget
∫ T
0 c(t) dt ≤ B.
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8 Evaluation Criteria

Decision-grade systems should be evaluated on:

� Evidence continuity

� Capture latency

� Provenance auditability

� Robustness to partial loss

� Calibration of uncertainty

9 Limitations

Decay parameters vary by record class and context. Estimation requires empirical calibration and

domain expertise. This paper intentionally avoids implementation details.

10 Conclusion

Institutional records are time-sensitive assets. Their availability and decision relevance decay

independently but compounding. Longitudinal capture yields structural informational advantages

that retrospective reconstruction cannot recover. Treating time as a first-class variable is therefore

necessary for decision-grade institutional intelligence.
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