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Time is often treated either as a continuous coordinate in physical equations or as a global ordering
whose arrow is explained by statistical mechanics, cosmology, or boundary conditions. FDS-O2 gives
a narrower operational account: for a finite physical observer, usable time is the ordered structure of
irreversible distinction updates in finite records. Building on FDS-O1, where an observer is defined
as a finite distinction-register and measurement as stable record formation, this paper defines a
temporal register as a physical system that records, orders, timestamps, updates, synchronizes, and
reuses distinctions under finite memory, finite clock precision, finite buffering, finite communication
bandwidth, finite latency, and finite thermodynamic budgets. The central claim is not that coordi-
nate time is unreal or that microscopic dynamics must be nonunitary. It is that finite systems access
temporal order only through register time: causal dependencies, clock labels, logs, residues, and up-
date traces carried by finite records. We make causal dependency prior to temporal labeling: record
zj is operationally after zi when the update that forms zj depends on zi through an accessible finite
update chain. When finite memory forces overwrite, compression, projection, or garbage collection,
the update map is many-to-one. Its non-injectivity can be quantified by LU = H(X|Z), the residual
set of compatible past states given the current record. This loss defines an operational arrow: future
records may contain traces of past records, but erased distinctions cannot be reconstructed from the
current finite record without external memory. The paper adds synchronization bottlenecks between
finite observers, latency-induced apparent causal inversion, finite clock coarse-graining, dissipative
projection, and long-context temporal collapse in AI-like finite-window systems. Deterministic sim-
ulations illustrate memory-fill-driven non-injectivity, fixed-memory overwrite versus append-only
logging, latency-based order inversion, clock-tick collisions, synchronization ambiguity, projection-
semigroup loss, and context-window temporal collapse. The paper does not solve the cosmological
arrow of time, the Past Hypothesis, the full Second Law, general relativity, or quantum measure-
ment. Its contribution is narrower: it converts finite record formation into a concrete operational
model of time as causal, irreversible, finite-register update.

Scope and Boundary of the Theory. This paper
does not claim that microscopic laws are fundamentally
nonunitary, that coordinate time in equations is invalid,
that relativity requires a preferred foliation, or that cos-
mology no longer requires boundary conditions. It does
not derive general relativity, quantum measurement, or
the thermodynamic Second Law in full. It treats reg-
ister time: the finite record structure through which
bounded observers access temporal order. Coordinate
time, proper time, and clock readings remain valid in
their standard domains. O2 asks what finite records
must carry for a physical system to use temporal order
at all.

Claim-status summary

Table I summarizes the central FDS-O2 claims, their
epistemic status, and the conditions under which they
should be weakened or rejected.
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INTRODUCTION

From finite measurement to finite time

FDS-O1 defined an observer as a finite distinction-
register: a physical system that registers, preserves, up-
dates, orders, and communicates distinctions through fi-
nite records, finite channels, finite buffers, and finite ther-
modynamic budgets [1]. O1 treated measurement as sta-
ble finite record formation. The present paper asks the
next operational question: what is time for such a finite
register?
The answer is deliberately modest. A finite observer

does not directly access an ideal continuum. It ac-
cesses temporal order through records: timestamps, de-
pendency edges, update traces, residues, logs, memory
states, clock ticks, and causal communication. A sys-
tem says that event a occurred before event b only if it
has a record structure that supports that comparison.
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TABLE I. Central FDS-O2 claims, epistemic status, and demotion or failure conditions.

Claim Status What would weaken or falsify it

Register time is ordered
finite-record update

Operational
definition

Finite observers use temporal order without any
record ordering, update history, clock record,
causal marker, dependency edge, or memory of
change

Causal dependency precedes
temporal labels

Structural
proposition

Stable temporal order is obtained solely from
labels even when update dependencies and causal
traces are removed or scrambled

Non-injective update induces
an operational arrow

Conditional
theorem

A finite register repeatedly overwrites or
compresses records yet reconstructs erased
distinctions from the current finite record without
external memory, hidden reservoirs, or additional
records

Synchronization is a
finite-channel record-exchange
problem

Relativity-
compatible bridge

Bounded observers establish global simultaneity
without signal exchange, finite bandwidth,
latency, synchronization records, or assumptions
about propagation

Buffers and latency can
distort recorded order

Testable
prediction

Load-dependent latency and finite buffers never
produce delayed records, order inversions,
timestamp gaps, or apparent cause-effect reversal
under controlled acquisition stress

Finite clock precision coarsens
time

Operational bridge Arbitrarily dense events are totally ordered by a
bounded finite clock without tick collisions,
synchronization error, or external ordering
information

Dissipative projection carries
housekeeping cost when
physically implemented by
irreversible reuse

Physical bridge Repeated logically irreversible temporal record
reuse violates generalized Landauer accounting
after all reservoirs, correlations, feedback records,
and work sources are included

Without a record-bearing ordering structure, temporal
comparison is not operationally available to that finite
system.

O2 therefore reformulates time at the register level.
If records could be updated reversibly and indefinitely
logged, past states could in principle remain recon-
structible. But finite systems have finite memory, fi-
nite clocks, finite buffers, finite update throughput, finite
communication bandwidth, and finite energy. Under sus-
tained acquisition, a finite temporal register must over-
write, compress, project, externalize, or garbage-collect
records. These operations are generally many-to-one.
The operational arrow is the direction in which non-
injective record updates accumulate.

Coordinate time, clock time, and register time

To prevent a common misunderstanding, O2 distin-
guishes coordinate time from the finite time available to
a physical observer. Table II summarizes the terminol-
ogy.

The central boundary statement is:

O2 does not deny coordinate time; it models finite access

to temporal order.
(1)

Coordinate time may remain an excellent parameter in
physical equations. Register time is what a finite observer
can use after records, clocks, buffers, and updates have
done their work.

Main thesis

The main thesis is:

register time = causally ordered irreversible

distinction update.
(2)

A finite temporal register produces records

rn = (zn, κn, dn, ηn), (3)

where zn is a record state, κn is a clock label or ordering
marker, dn is a dependency pointer or causal trace, and
ηn is metadata controlling stability, confidence, latency,
provenance, or synchronization. A time label is not the
root of order. It is a finite annotation attached to an
update process.
A generic temporal update has the form

zn+1 = Un(zn, xn+1, bn, θn), (4)

where xn+1 is incoming measurement content, bn is buffer
state, and θn represents clock, control, synchronization,



3

TABLE II. Coordinate time, clock time, and register time. O2 studies the finite record layer, not a replacement for coordinate
time in equations.

Term Meaning Status in O2

Coordinate time t Continuous parameter used in physical equations or coordinate charts Idealized mathematical parameter; not denied

Proper time τ Time measured along a worldline by an ideal or physical clock Compatible with O2; implemented through physical clock records

Clock time Readout of a clock device or oscillator register Finite labels with tick width, drift, jitter, wraparound, and synchronization limits

Register time Ordered finite-record structure available to a bounded observer Main object of O2

Historical order Causal/update dependency order among records More primitive than labels inside the finite register

or update context. If Un is non-injective over possible
pre-update states, no inverse exists inside the accessible
finite record. The missing distinctions are not merely
unknown; they are no longer carried by the register.

Relation to earlier time drafts

Earlier time drafts argued that truncation forms a
semigroup without inverses and that the arrow of time
follows from algebraic irreversibility. The current O2 ver-
sion narrows and operationalizes that claim. It does not
claim to solve the entire arrow-of-time problem or to re-
move the need for statistical mechanics and cosmology. It
uses the semigroup idea only at the level of finite records:
update operations that overwrite, compress, or discard
distinctions are non-invertible maps on the register state
space. The empirical content is the predicted pat-
tern of finite-register signatures: reconstruction-depth
limits, non-injectivity growth, synchronization uncer-
tainty, clock-tick collisions, buffer-shaped latency, appar-
ent causal inversion, and temporal-collapse behavior in
finite-window systems.

RELATED WORK

The arrow of time and irreversibility

The asymmetry of time has been central to physics
since Eddington’s discussion of the arrow of time [3].
Statistical-mechanical accounts relate macroscopic irre-
versibility to entropy increase, typicality, and boundary
conditions, while acknowledging the role of low-entropy
initial conditions or the Past Hypothesis [4–6]. Nonequi-
librium thermodynamics and dissipative structures ex-
plain how local order can persist through entropy export
[7, 8]. FDS-O2 does not replace these accounts. It ad-
dresses the lower operational layer: a finite observer ac-
cesses temporal order only through finite records, and
finite record updates can be non-invertible even when a
larger embedding dynamics is modeled reversibly.

Information, erasure, and reversible computation

Landauer’s principle links logically irreversible erasure
to thermodynamic cost [9]; Bennett showed that compu-
tation can be arranged reversibly when sufficient memory
and garbage management are available [10]. Modern in-
formation thermodynamics refines this accounting by in-
cluding feedback, correlations, nonequilibrium reservoirs,
and stochastic dynamics [8, 11]. O2 uses this tradition
conservatively. It does not claim that every update is a
Landauer erasure. It claims that finite temporal regis-
ters under sustained load must eventually trade memory
growth against irreversible record reuse or externaliza-
tion.

Causal ordering and finite clocks

In distributed systems, Lamport showed that event or-
dering is not merely a clock label but a structure con-
strained by causal communication and message order
[14]. In causal-set approaches, causal order is treated as
a primitive partial order for spacetime structure [15]. O2
is compatible with these traditions but does not identify
register time with spacetime discreteness. Its primitive
is finite record update: a bounded physical system uses
a partial order only when dependency information, clock
records, or causal traces survive in the register.

FINITE TEMPORAL REGISTERS

Definition 1 (Finite temporal register). A finite tempo-
ral register is a finite distinction-register that can record,
order, update, timestamp, retain, synchronize, and com-
municate distinctions over a finite window. It consists
of a record state space Z, update maps Un, clock labels
κn, buffer states bn, synchronization messages mn, and
retention rules specifying which past distinctions remain
accessible.

Definition 2 (Temporal record). A temporal record is a
tuple

rn = (zn, κn, dn, ηn), (5)

where zn is a record class, κn is a finite clock label or
ordering marker, dn is a dependency pointer or causal
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trace, and ηn is metadata controlling stability, confidence,
latency, provenance, or synchronization.

Definition 3 (Operational temporal order). For records
ri and rj, write ri ≺O rj when the finite observer O has
an accessible dependency edge, clock comparison, append
order, causal trace, or synchronization record support-
ing the claim that ri precedes rj. The relation ≺O is
observer-relative but not arbitrary: it is constrained by
retained records, causal communication, clock precision,
and update dependence.

The relation ≺O need not be a total order. Two events
may be incomparable to a finite observer if they fall
within the same clock tick, arrive through unsynchro-
nized channels, are buffered with ambiguous latency, or
have had their ordering metadata erased.

Causal dependency before temporal labels

O2 treats causal/update dependency as more primitive
than clock labels. Clock labels help compare records, but
they do not by themselves create the update chain that
makes one record depend on another.

Definition 4 (Update dependency). Let zi and zj be
accessible record states. Write

zi ≺U zj (6)

if zj is generated by a finite composition of update maps
whose domain includes a state carrying zi or a depen-
dency trace of zi.

Proposition 1 (Causal dependency is prior to register
time). If a finite observer judges zi to be operationally
before zj on the basis of its own register, then at least
one of the following must be accessible: an update depen-
dency zi ≺U zj, a clock comparison κi < κj, an append-
order trace, or a communication/synchronization record.
Among these, update dependency is the causal substrate:
a label can be copied or corrupted, but the formation of
zj from zi requires a physical update chain.

Sketch. A temporal comparison is an operational claim
made by a finite register. Such a claim must be carried
by some retained distinction: a dependency edge, a label,
a log order, or a synchronization record. A clock label is
itself a record produced by an update process. If all de-
pendency, append, and communication traces are erased
or scrambled, labels alone can no longer determine which
record causally contributed to which later record. Thus
labels are useful finite annotations, but causal/update de-
pendence supplies the physical ordering substrate within
the register.

This proposition connects O2 to causal graphs and
distributed-system logical clocks without reducing physi-
cal time to software time. O2 claims only that finite sys-
tems need retained dependency information to use tem-
poral order.

TEMPORAL CAPACITY AND BUDGET
CROSSING

A finite register has finite temporal capacity. A
schematic capacity ledger is

Ctime(t) = min{Crec, Cclk, Cbuf , Cupd, Clog, C
eff
ext, Csync}.

(7)
The terms denote stable record capacity, clock-label ca-
pacity, buffering capacity, update-throughput capacity,
log memory, effective externalized access, and synchro-
nization capacity over a window.
For a task family Ψt, distortion tolerance ε, and reten-

tion/verification window τ , let

R
(τ)
min(ε; Ψt) (8)

be the minimal temporal distinction demand required to
meet the task. The O2 temporal capacity deficit is

∆O2(t) = R
(τ)
min(ε; Ψt)− Ctime(t). (9)

Theorem 1 (Finite temporal update-exit theorem). Let
O be a finite temporal register. If

R
(τ)
min(ε; Ψt) > Ctime(t), (10)

then full-fidelity temporal reconstruction at distortion ε is
impossible unless at least one exit occurs: coarser clock
ticks, increased latency, buffering, externalized logging,
lossy compression, record overwrite, garbage collection,
task relaxation, boundary enlargement, or failure.

Proof. R
(τ)
min is the minimum number of task-relevant

temporal distinctions required to meet the ordering tar-
get. Ctime is the maximum number of temporal distinc-
tions the finite register can stabilize, label, synchronize,
update, retain, and access in the same window. If de-
mand exceeds capacity, a full-fidelity temporal record
would require distinctions not represented by any admis-
sible record state, log, timestamp, synchronization mes-
sage, or update sequence. The register must therefore
reduce demand, increase capacity, store backlog, exter-
nalize records, erase or compress prior records, relax the
task, or fail.

The empirical content of the theorem is the pre-
dicted co-occurrence of exits near independently esti-
mated crossing: reconstruction depth saturates, over-
write or garbage-collection events increase, clock ticks
collide, synchronization ambiguity grows, buffer latency
rises, local order inversions appear, and temporal reports
become compressed, delayed, merged, or missing.
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NON-INJECTIVE UPDATE AND DISSIPATIVE
PROJECTION

Let X denote the set of possible pre-update register
states and Z the set of post-update record states. A
physical update implements a map

U : X → Z. (11)

If U is injective and the register retains the required
garbage information, the update can be reversed in prin-
ciple. If U is many-to-one, then distinct pre-update
states can produce the same post-update record.

Definition 5 (Non-injectivity loss). For a finite update
U : X → Z, define the preimage multiplicity of z ∈ Z as

mU (z) = |U−1(z)|. (12)

The average non-injectivity loss is

LU = Ez∼PZ
[log2 mU (z)] . (13)

Equivalently, under the induced joint distribution on pre-
update and post-update states,

LU = H(X|Z). (14)

This quantity is the number of bits of compatible past
that remain unresolved after reading the current record.
It is a direct operational measure of lost reconstructibil-
ity.

Proposition 2 (Arrow strength from non-injectivity).
For a finite register, the operational arrow associated with
an update U strengthens as LU = H(X|Z) increases. If
LU = 0, the current record preserves enough information
to reconstruct the pre-update state. If LU > 0, multiple
possible past states are compatible with the same current
record.

If the many-to-one update is physically implemented
through irreversible reset, overwrite, compression, or
garbage collection, generalized Landauer accounting
gives the lower-bound form

Qmin ≥ kBT ln 2LU , (15)

when LU is measured in bits and the usual thermody-
namic assumptions and caveats are satisfied. Recent re-
views emphasize that practical erasure processes often
dissipate more than the ideal Landauer bound and that
finite-time, finite-bath, nonequilibrium, non-Markovian,
and quantum regimes require generalized accounting [22].
The abstract mathematical map is not automatically dis-
sipative. The heat belongs to the physical implementa-
tion when discarded distinctions are irreversibly erased
or overwritten.

Definition 6 (Dissipative projection). A dissipative pro-
jection is a physical many-to-one record update

Πdiss : X → Z (16)

that discards distinctions and stabilizes a smaller record
space through irreversible overwrite, reset, many-to-one
compression, or garbage collection. Its abstract projec-
tion structure gives non-injectivity; its physical imple-
mentation supplies thermodynamic cost.

Compatible histories. A large value of H(Past | Zt)
means that the current finite record Zt is compatible with
many possible prior histories. The observer has not re-
tained a unique reconstructible past; it has retained an
equivalence class of histories that project to the same
present record. This resembles the language of compati-
ble or consistent histories [19], but the claim here is oper-
ational rather than interpretive: FDS-O2 does not posit
branching worlds or a new quantum interpretation. It
only states that finite non-injective record updates merge
multiple past trajectories into the same accessible present
state.
The family of projections PK retaining only depth K

obeys

PK ◦ PL = Pmin(K,L). (17)

This is a semigroup under composition. It is not a group
when discarded temporal distinctions cannot be recon-
structed from the retained finite record.

SYNCHRONIZATION, LATENCY, AND
APPARENT CAUSAL INVERSION

Synchronization bottleneck

Consider two finite observers OA and OB with local
register times {ai} and {bj}. To establish a shared tem-
poral order, they must exchange records. Let CAB

chan be
the bit capacity of the record-exchange channel during
a synchronization interval, and let LAB be latency with
uncertainty δLAB . If the order relation to be established
has entropy H(∆AB), a schematic lower bound on syn-
chronization uncertainty is

δtsync ≳ δLAB +
H(∆AB)

CAB
chan

+ δtclock. (18)

This is not a derivation of relativity. It states the oper-
ational fact that cross-boundary simultaneity claims re-
quire finite signal exchange, finite channels, and finite
clock records. In relativistic settings, finite signal prop-
agation speed supplies an additional physical boundary
on record exchange, consistent with the operational con-
straints on simultaneity introduced by special relativity
[16].
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Latency-induced apparent causal inversion

Let two source events obey the source order ei ≺ ej
with times ti < tj . The finite register records them at

t̂i = ti + ℓi, t̂j = tj + ℓj , (19)

where ℓi and ℓj are load-dependent latencies. A recorded
inversion occurs when

t̂i > t̂j , (20)

which is equivalent to

ℓi − ℓj > tj − ti. (21)

This creates an apparent effect-before-cause record with-
out violating physical causality. The violation is in the
finite register’s acquired order, not in the source process.

A sufficient engineering criterion for maintaining
causally consistent records is

Cupd > henv + hsync + hoverhead, (22)

where henv is the entropy rate of the relevant event
stream, hsync is the record-exchange burden, and
hoverhead is the cost of metadata, timestamps, buffers,
and error correction. If the update capacity falls below
this demand, the register must delay, drop, merge, re-
order, or coarsen records.

Finite clocks and partial orders

A clock is itself a finite distinction-register. It maps
physical change into labels

κ : I → {0, 1, . . . ,K − 1} (23)

within an operational interval I. If multiple events map
to the same label, their order is not available from the
clock alone. Clock capacity over a window can be written
schematically as

Cclk(τ) = log2 Nticks(τ)−Hjitter −Hsync −Hwrap. (24)

Finite clocks therefore naturally produce partial orders
under high event density, jitter, drift, wraparound, or
synchronization limits.

NUMERICAL MODELS AND SIMULATIONS

The simulations are deterministic synthetic demon-
strations. They are not fits to physical detector
data, clock data, cosmological observations, AI-system
benchmarks, or human time perception. They pro-
vide a reproducible diagnostic template for the O2
model. All figures and CSV outputs are generated by
code/generate results.py.

Memory fill and non-injectivity

The first simulation contrasts cumulative distinction
history with finite retained record capacity. Incoming
distinctions accumulate over update index. Once cu-
mulative history exceeds capacity, lost bits grow. The
non-injectivity index is H(past|record), and the arrow-
strength proxy increases as memory fill forces more ag-
gressive projection.

Fixed overwrite versus append-only logging

The second simulation compares fixed-memory over-
write with expanded append-only logging. Fixed mem-
ory bounds storage at the cost of immediate overwrite.
Append-only logging preserves reconstructibility longer
but accumulates storage demand and later cleanup cost.

Latency-induced apparent causal inversion

The third simulation sends an ordered event stream
through a finite buffer with load-dependent latency.
When latency differences exceed source event gaps, the
recorded order locally inverts. This produces apparent
effect-before-cause observations without violating source
causality.

Finite clock precision

The fourth simulation maps a bursty event stream into
finite clock ticks. As tick width grows, multiple events
collide in the same clock label and temporal order be-
comes partial or ambiguous.

Synchronization bottleneck

The fifth simulation models two finite observers at-
tempting to establish shared order through a finite
record-exchange channel. Synchronization uncertainty
decreases with channel capacity but remains bounded be-
low by latency uncertainty, jitter, and clock uncertainty.

Projection semigroup and non-injectivity

The sixth simulation uses a toy family of projections
that retain only depth k from an initial depth K0. The
number of compatible microhistories per record grows as
retained depth falls. The loss H(past|record) quantifies
how much past remains unreconstructible.
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FIG. 1. Finite register time: memory fill increases non-injectivity. Cumulative history demand eventually exceeds finite register
capacity. The retained record saturates while compatible past information H(past|record) grows. The arrow-strength index is
a normalized loss of reconstructible past.

Long-context temporal collapse

The seventh simulation treats a long-context AI-like
system as a finite temporal register. Once task history
exceeds the context window, exact historical order is re-
placed by compression, summary, or discard. The model
predicts temporal step confusion, false memory of order,
and plan drift when task-history demand crosses finite
context capacity.
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FIG. 2. Append-only logging delays erasure; finite memory forces overwrite. Fixed memory keeps storage bounded but increases
overwritten distinctions and heat-floor proxy. Expanded memory lowers immediate erasure but accumulates physical storage
and delayed garbage collection.
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FIG. 3. Latency can make recorded order differ from causal source order. Under load, latency differences exceed event separation
and generate local apparent causal inversions in the record stream.
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FIG. 5. Synchronization is a finite-channel record-exchange problem. As communication capacity increases, shared-order
uncertainty decreases, but latency and jitter impose an ambiguity band. This is an operational account, not a derivation of
relativistic simultaneity.
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FIG. 6. Dissipative projection increases compatible past histories. Retaining fewer temporal distinctions increases non-
injectivity loss H(past|record) and the arrow-strength index.
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system must summarize or discard. The lost-order proxy increases together with temporal-confusion and plan-drift proxies.
This is an engineering projection, not a claim about subjective experience.
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DOMAIN-SPECIFIC PROJECTIONS

Distributed acquisition and control

In high-rate acquisition, robotics, and distributed con-
trol, apparent temporal failures often occur upstream
of planning or inference. Buffers fill, events are times-
tamped late, logs are garbage-collected, channels desyn-
chronize, and causally earlier events can be recorded after
later events. O2 provides a finite-register diagnostic: if
Cupd and Csync fall below event entropy rate and syn-
chronization burden, temporal order degrades before the
controller sees the world.

Long-context AI and temporal-collapse failure

Transformer-based and large language model systems
provide a useful engineering example of finite temporal
registers with bounded context windows [17, 18]. A long-
context AI system can be treated as a finite temporal reg-
ister with context capacity Cctx. Empirical studies show
that information access can degrade with position and
context length, even when the nominal context window
is large [20, 21]. Let Ht be the task history and Rtask(t)
the number of temporal distinctions required to preserve
step order, commitments, dependencies, and causal state.
If

Rtask(t) > Cctx, (25)

then the system must apply a projection

πctx : Ht → H̃t. (26)

The resulting history is not the original past; it is a
compressed, truncated, or distributional representation.
This can produce temporal hallucination, step-order con-
fusion, lost commitments, plan drift, and false memory of
earlier instructions. This is an engineering analogy and
diagnostic projection, not a claim that language models
possess physical time experience.

Human and biological time

Biological time perception also depends on finite record
formation, attention, working memory, and update rate.
O2 suggests that some timing distortions can be inter-
preted as finite-register effects: event density exceeds up-
date capacity, attention gates update frequency, or mem-
ory compression merges adjacent temporal distinctions.
This is a projection for future empirical work, not a bio-
logical theory completed here.

EXPERIMENTAL PROTOCOLS

Protocol 1 (Finite temporal budget-crossing test).
Specify a finite register boundary, clock source, record
carrier, buffer, and retention window. Estimate Crec,
Cclk, Cbuf , Cupd, Clog, C

eff
ext, and Csync. Increase event

entropy rate, synchronization burden, or history length

until R
(τ)
min crosses Ctime. Measure reconstruction depth,

tick collisions, buffer occupancy, order inversions, over-
write events, externalization, and heat proxy.

Protocol 2 (Causal-dependency degradation test). Feed
a controlled causal event graph into a finite logging sys-
tem. Remove or compress dependency edges while keep-
ing raw timestamps available. O2 predicts that temporal
order judgments should degrade when dependency traces
are removed, even if clock labels remain.

Protocol 3 (Latency inversion test). Feed a timestamped
ordered event stream through a finite buffer under in-
creasing load. Compare source order with recorded order.
O2 predicts local order inversions when latency variabil-
ity exceeds event separation.

Protocol 4 (Synchronization bottleneck test). Let two
observers synchronize through a channel of adjustable ca-
pacity and latency. Measure shared-order agreement and
simultaneity ambiguity as a function of channel capacity.
O2 predicts a finite ambiguity band controlled by latency
uncertainty and record-exchange capacity.

Protocol 5 (Projection-depth reconstruction test). Re-
tain only the last K layers, bits, or dependency edges of
an event history. Measure the number of compatible past
histories consistent with the current record. O2 predicts
growth of H(past|record) as retained depth decreases.

LIMITATIONS AND FALSIFICATION

First, O2 is an operational finite-record model, not a
complete theory of time. It does not solve the cosmo-
logical low-entropy initial condition problem. Second, it
does not deny reversible microdynamics. It states that
finite accessible records can evolve by non-injective up-
date maps even when a larger embedding dynamics is
reversible. Third, it does not define a preferred foliation
of spacetime. Each observer’s temporal access is imple-
mented by local clocks, causal communication, and finite
record order. Fourth, Landauer accounting applies only
to physically implemented logically irreversible opera-
tions under relevant thermodynamic assumptions. Fifth,
simulations in this paper are synthetic demonstrations,
not empirical tests.

The strong version of FDS-O2 would be weakened or
rejected by any of the following:
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1. a finite physical observer that uses temporal or-
der without any record order, clock label, update
trace, causal dependency, synchronization record,
or memory of change;

2. stable temporal order obtained solely from labels
after dependency edges, causal traces, and synchro-
nization metadata are removed or scrambled;

3. repeated finite-memory overwrite or many-to-one
compression with perfect reconstruction of erased
distinctions from the current finite record alone;

4. arbitrary event density totally ordered by bounded
clocks without tick collisions, latency uncertainty,
or external ordering information;

5. bounded observers establishing global simultane-
ity without finite signal exchange, latency assump-
tions, clock synchronization, or record communica-
tion;

6. no change in reconstruction depth, latency, order-
ing ambiguity, buffer occupancy, synchronization
uncertainty, or erasure events when temporal de-
mand crosses independently estimated temporal ca-
pacity;

7. logically irreversible temporal record reuse below
generalized Landauer accounting after all reser-
voirs, feedback records, correlations, and work
sources are included.

CONCLUSION

A finite observer does not use time as a magical ex-
ternal primitive. It uses temporal order through finite
records: timestamps, dependency edges, update traces,
logs, residues, memory states, communication messages,
and clocks. Once this is made explicit, time inherits the
finite-register constraints developed in O1. A temporal
register has limited memory, limited clock precision, lim-
ited update throughput, limited buffer capacity, limited
synchronization bandwidth, and limited thermodynamic
budget.

The main result is operational: when temporal demand
exceeds temporal capacity, the observer cannot maintain
full-fidelity order. It must coarsen clock ticks, buffer,
delay, overwrite, compress, externalize, garbage-collect,
relax the task, or fail. Causal dependency is prior to
temporal labeling because labels themselves are finite
records generated by physical update chains. The arrow
of register time is the direction in which non-injective up-
dates accumulate. Future records can preserve traces of
the past, but erased distinctions cannot be reconstructed
from the current finite record alone.

In this operational sense, the arrow available to a finite
observer is the price of finite memory: to keep updating,
the system must forget, compress, overwrite, or external-
ize parts of its own past. O2 therefore supplies the oper-
ational trident’s second anchor. O1 states what it means
to measure as a finite record. O2 states what it means for
records to become temporally ordered under causal, ir-
reversible update. O3 should next treat the macroscopic
thermodynamic cost of maintaining such finite records
under memory reuse.
Finally, FDS-O2 suggests an operational time-

resolution/energy-throughput tradeoff. A finite register
can use finer temporal ticks only by increasing its up-
date rate, synchronization rate, memory turnover, or
irreversible housekeeping operations. If each tick re-
quires stabilizing btick bits and the tick interval is ∆t,
the update throughput must satisfy Cupd ≳ btick/∆t.
When these updates require reset, overwrite, compres-
sion, or garbage collection, the housekeeping power has
a Landauer-style lower bound Phk ≳ kBT ln 2 · berase/∆t.
This is not a derivation of the quantum energy-time un-
certainty relation. It is a macroscopic finite-register con-
straint: sharper operational time requires more physical
updating.

Notation Summary

Simulation Parameters

The simulations are deterministic and use fixed syn-
thetic parameters in code/generate results.py. Fig-
ure 1 uses an update index n ∈ [0, 100], a rising input-
bit stream, and an 18-bit register capacity. Figure 2
compares a 28-bit fixed-memory register with append-
only logging and delayed garbage collection after update
90. Figure 3 uses 160 source events with load pulses
that increase latency and cause local order inversion.
Figure 4 maps a bursty event stream into finite clock
ticks with tick widths from 0.10 to 4.2. Figure 5 uses
a synchronization load of 22 bits and finite channel ca-
pacities from 0.5 to 40 bits per exchange interval. Fig-
ure 6 uses an initial depth K0 = 16 and retained depths
k ∈ {16, 14, 12, 10, 8, 6, 4}. Figure 7 uses a 16,000-token
context window proxy and a growing temporal task-
history demand. No proprietary data, detector data,
clock data, cosmological data, AI benchmark data, or
human-subject data are used.

Reproducibility Checklist

1. Code availability: all simulation code is included in
the replication package.

2. Deterministic execution: the random seeds are
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TABLE III. FDS-O2 notation summary.

Symbol Meaning

O finite observer or distinction-register
R finite temporal register
Z finite record state space
zn record state after update n
rn temporal record tuple (zn, κn, dn, ηn)
κn finite clock label or ordering marker
dn dependency pointer or causal trace
Un update map from current record and input to next record
Hn possible histories up to update n
πn projection from histories to finite records
≺O operational temporal order available to observer O
≺U causal/update dependency relation
Ctime accessible temporal ordering capacity
Csync synchronization capacity between finite observers
Cclk clock-label capacity after jitter and synchronization uncertainty
Cupd update-throughput capacity

R
(τ)
min(ε; Ψ) minimal task-relevant temporal distinction demand

∆O2 temporal capacity deficit
LU non-injectivity loss H(X|Z) of update U
Phk housekeeping power associated with irreversible record reuse
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fixed.

3. Figure reproduction: running python

code/generate results.py regenerates all
figures and CSV outputs.

4. Data status: all numerical outputs are synthetic
demonstrations generated from the stated model.

5. Platform independence: the code uses standard
Python scientific libraries.

Boundary of Applicability

FDS-O2 applies to systems that implement finite tem-
poral records: they have record carriers, finite clocks,
finite buffers, finite update throughput, finite reten-
tion windows, finite synchronization channels, and finite
memory reuse constraints. It does not apply to ideal
mathematical time parameters with unbounded preci-
sion, nor does it make claims about nonunitary fun-
damental dynamics or a preferred cosmic foliation. It
is compatible with reversible microscopic dynamics and
standard relativity when those theories are interpreted
as descriptions of larger state spaces, coordinate conven-
tions, or invariant relations rather than as finite observer
records.

CODE AVAILABILITY

The simulation code used to generate Figs. 1–7 is in-
cluded in the accompanying replication package under
code/generate results.py. Running the script regen-
erates all figures (PDF and PNG) and CSV tables in a
single pass.

AI ASSISTANCE DISCLOSURE

AI-assisted tools were used for language polishing,
structural feedback, LaTeX drafting support, and code-
debugging assistance. The author reviewed and edited
all content and remains responsible for all claims, ref-
erences, simulations, and conclusions. No AI system is
listed as an author.
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