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Interplanetary Time Attestation Under Light-Time Delay

Relativistic TCB Propagation, GNSS-Denied Positioning,
and Byzantine-Resilient Peer Consensus

Companion to. Proof-of-Time:
Byzantine-Resilient Temporal Ordering
in Untrusted Networks, SSRN abstract
6467220. This paper extends the
temporal-ordering model to
non-terrestrial links; it does not replace
the core wire protocol.

Specification. TTTPS draft-06 and
the companion

draft-helmprotocol-tttps-deepspace-00.

The deep-space document is an
informational profile intended for
TIPTOP and DTN discussion.

Evidence status. Results reported
here are source-level, deterministic
simulation, and unit-test evidence. No
interplanetary flight measurement or live
deep-space mesh is claimed.

Availability. Implementation evidence
is drawn from the openttt-server
deep-space modules and the shared

Heime Jorgen'*
L Independent research.
“heime. jorgen@proton.me

Abstract. Time ordering becomes a different engineering problem when the prop-
agation delay is comparable to, or larger than, the protocol’s ordinary tolerance.
This paper presents a deep-space companion profile for Proof-of-Time: a delay-
tolerant tier, relative Barycentric Coordinate Time propagation, propagation-
aware Byzantine aggregation, deterministic ephemeris and pulsar navigation in-
terfaces, and a confidence path that distinguishes marginal source spread from
inter-source dependence. The wire record remains unchanged; physical context
and verification evidence are carried out of band. We trace the profile to an im-
plementation containing integer-preserving TCB arithmetic, relative gravitational
and velocity corrections, a hysteretic tier selector, peer-health routing, and a four-
pulsar least-squares navigation solver. The reported tests establish algorithmic
and simulated properties, including the expected growth of the tolerance envelope
with one-way light time and recovery of a known position in a noise-free synthetic
navigation fixture. They do not establish flight performance, live X-ray-detector
operation, or an actually connected interplanetary mesh. The result is therefore a
reproducible design and implementation profile, not a claim of deployed space-time

Hydra-KV PotTier definition.
accuracy.

Key result. Deep-space operation is treated as a verification
context rather than a new timestamp format: local issuance, rela-
tive TCB propagation, OWLT accounting, peer aggregation, and
evidence capture remain separate. A kernel or protocol result is
not promoted beyond the assumptions and provenance that pro-
duced it.

Introduction

Interplanetary time attestation is not an attempt to make
a remote clock local. It is an attempt to state, preserve,
and verify what can be known about an event when the
communication path itself has a large and variable light-
time. The distinction matters for autonomous spacecraft,
delay-tolerant relays, and any future system that must
continue ordering events while disconnected from a ter-
restrial reference.

The contributions of this companion are fourfold. First, it
defines a relative TCB propagation path in which OWLT,
range-rate, gravitational potential, and velocity terms
are explicit. Second, it gives a positioning hierarchy
for GNSS-denied operation and records source authority
rather than assuming it. Third, it combines light-time-
adjusted peer projection with a Byzantine median and
low-peer failure states. Fourth, it places Shannon, von-
Neumann, and D3 signals in separate confidence layers
so that confidence is not confused with cryptographic in-
tegrity or physical truth.

A long link is not a fast link with a larger timeout.

The original Proof-of-Time construction orders events
using signed, hash-linked records and an ensemble of
sources. Its ordinary tiers assume that a node can com-
pare observations within a bounded operational window.
A deep-space link violates that assumption without inval-
idating the ordering problem itself.

This companion makes the separation explicit. The core
record and its cryptographic verification remain the pro-
tocol boundary. Propagation physics, position sources,
peer health, and confidence are inputs to the verification
decision and its evidence, not new fields silently inserted
into the wire record. This preserves interoperability while
allowing an implementation to choose a tier whose toler-
ance reflects the link.

The profile is informational. It describes an imple-
mentable path and its assumptions; it does not claim
that a terrestrial implementation has measured an inter-
planetary link.

Why terrestrial assumptions fail

In a terrestrial setting, the delay between issuing and
receiving a timestamp is often treated as a perturbation
around a shared civil-time reference. In an interplanetary
setting, the delay can dominate the tolerance itself. A
node cannot determine from arrival time alone whether
a remote event was recent, old, or generated during a
disconnected interval. Retransmission makes this more
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subtle: a correctly signed record can arrive after a newer
record and can still be valid as a historical observation.

The absence of GNSS creates a second separation. Po-
sition is no longer a free input to a clock discipline al-
gorithm. It is an observation with a source, uncertainty,
epoch, coordinate frame, and authority status. A system
that uses an unlabelled position estimate can produce a
numerically precise correction whose physical applicabil-
ity is unknown.

Problem definition

Let an observation o contain a local epoch, a peer report,
a position context, and a provenance chain. The verifier
must determine whether o can be compared with another
observation o' under a declared coordinate-time model.
This requires more than evaluating a signature:

Admit(o,0") = Integrity(o) A Context(o, o)
A DelayBound(o, o) A PeerPolicy (o, 0).
1)
If any required term is unavailable, the result is HOLD
or UNVERIFIABLE, depending on whether the missing
evidence is a policy input or an authority measurement.
This paper does not treat an unavailable term as zero.

Contribution boundaries

The contribution is a compositional profile and its im-
plementation evidence. It is not a new astronomical
timescale, an alternative to DSN navigation, or a claim
that a Byzantine median removes relativistic or sensor
error. The profile is useful precisely because those re-
sponsibilities remain visible: the physical layer estimates,
the peer layer aggregates, the confidence layer qualifies,
and the cryptographic layer attests what was actually ob-
served.

The remainder of the paper follows that responsibility
split. Sections 3—7 define the physical and peer model;
Sections 89 define confidence and D3; Sections 10-12
describe the data flow, implementation, and experiments;
and Sections 13-16 make the threat, failure, status, and
reproducibility boundaries explicit. The final relation-
ship section identifies which claims belong to TTTPS,
Confidence-00, P2/D3, or K-Lean.

Relation to Prior Work

Proof-of-Time supplies the signed, hash-linked temporal-
attestation primitive and source-ensemble model.
TTTPS supplies the core wire and tier vocabulary.
This paper adds only the non-terrestrial profile: prop-
agation context, position authority, peer projection,
delayed-link failure semantics, and their reproducible
evidence. K-Lean supplies a separate formal-contract
and certificate layer. Confidence-00 supplies the con-
fidence and AdaptiveSwitch terminology, while the
P2/D3 research supplies the higher-order dependence
motivation. ~ CCSDS, DSN, JPL ephemerides, and

pulsar catalogues provide external technical context, not
deployment evidence from this work. The core temporal
and delay-tolerant references are cited as [1,2, 6], while
the navigation reference artifacts are treated as [4,5].

Proof-of-Time and the TTTPS core

The Proof-of-Time paper establishes the motivation for
attesting temporal ordering when a channel controller can
benefit from misordering events. Its contribution is the
temporal-attestation primitive: signed records, linked his-
tory, source synthesis, and verification of the resulting
record. TTTPS turns that primitive into a protocol con-
text with wire fields, tiers, freshness, and integrity proce-
dures. Neither work assumes that the physical propaga-
tion context is absent; rather, the core protocol does not
need to encode every deployment-specific physical quan-
tity in its compact record.

The present paper therefore extends the deep-space ma-
terial introduced in the TTTPS draft-06 discussion while
adding a fuller implementation and evidence boundary. A
deep-space verifier must know how a timestamp was prop-
agated and under which epoch and source assumptions
it is comparable. Those facts are carried as verification
context and evidence around the record. This avoids two
opposite errors: treating the core wire record as a com-
plete physical navigation solution, or treating a physical
navigation estimate as a cryptographic attestation.

Formal verification and K-Lean

K-Lean is relevant as a model for machine-checkable con-
tracts: a theorem that compiles under a pinned toolchain
is evidence about the stated formal object. It does not
certify that a prose spacecraft claim and a Lean decla-
ration have the same identity. That distinction is also
present here. A compiled TCB function, a passing signa-
ture check, and a physically applicable coordinate frame
are different predicates. The paper retains the K-Lean
separation between a formal certificate and the claim to
which an operator attaches it.

Confidence-00 and P2/D3

Confidence-00 provides the Shannon/G-Score, von-
Neumann correlation arm, AdaptiveSwitch, hysteresis,
and insufficient-knowledge vocabulary. This paper uses
those concepts only where delayed, sparse, or cross-round
peer evidence requires a confidence decision. It does not
repeat their full derivations.

The P2/D3 work contributes the observation that pair-
wise agreement can leave higher-order dependence unre-
solved. D3 is consequently placed above the physical and
pairwise confidence layers as an informative diagnostic. It
is not imported as a replacement for the TTTPS record,
TCB propagation, XNAV, or Byzantine median.
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Space-network context

CCSDS and DSN practice supplies the operational vocab-
ulary for spacecraft time, navigation, and delayed links.
JPL ephemerides and the ATNF pulsar catalogue supply
reference data for the deterministic implementation tests.
These sources define context and comparison material;
they do not turn the reported synthetic tests into flight
measurements. The distinction is central to the paper’s
evidence policy.

Table 1 — What each cited layer contributes to this com-
panion.

Layer Contribution here

Proof-of-Time temporal attestation and

ordering problem

source-

TTTPS wire, integrity, tier, and freshness
boundary

K-Lean formal-contract and certificate disci-
pline

Confidence-00 confidence and adaptive state vocabu-
lary

P2/D3 higher-order dependence diagnostic
CCSDS/DSN/JPIspace context and reference data

System Model and Assumptions

Actors and observations

An issuer creates a local event record, a relay forwards
it, and an optional ground anchor supplies a reference
context. A peer observation contains an identity, local
epoch, range, range-rate, coordinate frame, and prove-
nance. The relay is not trusted to improve the meaning
of the observation. Every context field is retained even
when the timestamp signature verifies.

Network and fault model

The channel is delay-tolerant rather than synchronously
reliable. Loss and reordering are ordinary cases; duplica-
tion and replay are security cases. A Byzantine peer may
report an out-of-bound value, withhold a value, or collude
with another peer. A common sensor or ephemeris source
remains a correlation risk even when software identities
differ.

The system contains issuing nodes, relay nodes, and op-
tional ground anchors. Each node has local proper time, a
position context, a peer identity, and a signing key. Links
may delay, lose, reorder, duplicate, or partition messages.
Peers may be Byzantine. The baseline robustness as-
sumption is f < N/2; a peer count alone does not prove
independent clocks, independent sensors, or independent
custody.

The peer topology is represented as a directed peer graph
G = (V, E), where each edge records an admissible obser-
vation path, source and receive epochs, and relay or cus-
tody context. A ground anchor is an authority-bearing
source, not automatically an independent clock. A JPL-

verified or otherwise authority-backed ephemeris can es-
tablish position-source provenance, but it does not by it-
self establish peer independence or current applicability.

The model records a JPL or other authority status,
position-source class, epoch, coordinate frame, peer set,
and uncertainty. Low-peer and unavailable authority
regimes enter HOLD, holdover, or recovery rather than
silently asserting a stronger result. These are applicabil-
ity conditions, not claims that the environment always
satisfies them.

Observation lifecycle

An observation enters as an authenticated payload and is
first assigned an execution and correlation identifier. Nor-
malisation then binds its epoch, units, frame, and source
identity. Only after these fields are available may the ver-
ifier project the observation across a peer link. A delayed
observation can remain valid as historical evidence while
being ineligible for a current freshness decision; validity
and current applicability are separate states.

Assumption ledger

The profile carries an assumption ledger with at least the
following entries:

1. coordinate scale, frame, epoch, and unit convention;
2. position and ephemeris source plus authority status;

3. OWLT estimate, round-trip observation, and asymme-
try assumption;

4. peer population, fault bound, and independence clas-
sification; and

5. clock, range, velocity, and model uncertainty.

An absent entry is not interpreted as a benign default. It
prevents a strong PASS and produces HOLD or UNVER-
IFIABLE according to the missing evidence.

Low-peer regime

The low-peer regime is a first-class operating condition.
If the peer graph cannot supply the population required
by the configured policy, the node may retain a bounded
holdover value but must expose its age and reduced con-
fidence. When a new peer becomes available, recovery
creates a new transition linked to the holdover interval.
It does not claim that the disconnected interval was ret-
rospectively synchronised.

Light-Time and Coordinate-Time Model

Coordinate frame and epoch

TCB, TDB, and TT are recorded as distinct coordinate-
time choices. The context also records epoch,
BCRS/GCRS frame, ephemeris revision, and unit sys-
tem. Two values from different frames cannot be com-
pared merely because their serialized timestamps have
the same width.
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TCB is the relativistic coordinate-time scale used for the
barycentric propagation model. TDB is a scaled barycen-
tric time argument used in astronomical ephemeris prac-
tice, while TT is the terrestrial reference scale used for
Earth-centred timing. They are related time arguments,
not aliases: the profile requires the conversion convention,
reference epoch, and frame to be declared before values
are compared. A TDB-labelled ephemeris value is not
inserted into a TCB chain by relabelling its unit, and a
TT observation is not treated as barycentric without the
corresponding transformation context.

The paper does not replace a standards-defined rela-
tivistic time transformation. It specifies the engineering
boundary at which that transformation enters the profile
and requires the selected convention and revision to be
retained as evidence.

One-way light time and tier selection

Let d be the estimated one-way distance and c the speed
of light. The one-way light time is

towlt = d/c. (2)

For the deep-space tier the engineering tolerance is rep-
resented as

Tdspace = Thase + 2t owlt, (3)

where the two-way term is an operational bound for an
exchange, not a claim that propagation delay is an error
in the local timestamp. This distinction prevents the
protocol from hiding a physical delay inside the record’s
local Error Bound field.

The implementation selects the deep-space tier when the
observed exchange no longer fits the fixed terrestrial tol-
erance. It uses hysteresis: a downgrade requires several
consecutive observations within a safety margin. This
avoids flapping when a link is near a tier boundary.

Table 2 — Illustrative propagation scales used by the imple-
mentation tests.

Path OWLT Round-trip envelope
Earth—Moon 1.282 s Thase + 2(1.282) s
Earth—Mars, minimum 182.13 s =~ 6.1 min plus base
Earth—-Mars, maximum 1337.59 s =~ 44.6 min plus base
100 AU 49900.48 s & 27.7 h plus base
163 AU illustrative =~ 22.6 h =~ 45.2 h plus base

The 163 AU line is an order-of-magnitude test anchor,
not live spacecraft telemetry. The numerical scales are
recomputed from astronomical distance and c¢; they are
not measured protocol precision.

One-way, two-way, and asymmetric observations
An observation must identify whether it is one-way, two-
way, or a composed exchange. A one-way record carries
an emission epoch and a reception epoch; the receiver can
estimate the propagation interval only when the relevant

position and coordinate-time models are available. A two-
way exchange adds a return path and therefore exposes a
round-trip interval, but it does not by itself identify the
one-way split. Processing time, queueing, asymmetric
links, and clock realization must not be silently absorbed
into OWLT.

For nodes 4 and j, with range r;; and light speed c, the
nominal one-way light time is

owlt _ Tij
If e; is the emission epoch and r; is the receiving epoch,
the observation model is

ri=e¢ 4 t;_)j\_zvlt + (;icjl_ock + 6Zy?odel' (5)

The clock and model terms are not estimated from dis-
tance alone. They require the declared coordinate-time
relation, source epochs, and uncertainty inputs; when
those inputs are absent the record remains observable
but cannot support a strong propagation correction. An
exchange model may then be written as

trty = t?]wlt + t;;;zvlt + tproc + tqueue + €obs, (6)

where the non-propagation terms are retained as sepa-
rately typed evidence. The profile therefore does not infer
a symmetric one-way delay from a round-trip measure-
ment unless symmetry is an explicit, versioned assump-
tion.

Delay, freshness, and local error bounds

OWLT is a physical propagation constraint. It is not in-
terchangeable with the local uncertainty attached to an
issued timestamp. The latter describes the precision and
model uncertainty at the issuing node, whereas OWLT
describes when information can become available at an-
other node. A delayed record can be internally valid yet
no longer eligible for a freshness-sensitive decision.

Accordingly, the implementation keeps three concepts dis-
tinct: the timestamp and its local Error Bound, the prop-
agation interval used to project the timestamp, and the
freshness/deadline policy applied at receipt. In particu-
lar, the OWLT term is not inserted into the fixed-width
local Error Bound field. The projected interval and its
uncertainty are carried in the propagation context and
linked to the same evidence record.

Tier selection and hysteresis

The terrestrial tiers remain useful for short links, while
the deep-space profile is selected when the observed ex-
change cannot satisfy the fixed terrestrial tolerance. The
selector is deliberately conservative: a tier change is
based on an observed violation or a stable sequence of
safe rounds, not on a single noisy sample. The implemen-
tation’s hysteresis parameters are configuration evidence
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and are frozen with the run; they are not silently recali-
brated from an audit result. In the reference selector, a
downgrade requires three consecutive safe rounds within
the configured safety margin. This prevents flapping; it
does not remove physical uncertainty.

Table 3 — Evidence interpretation for propagation quanti-
ties.
Quantity Role Evidence class
Range/ephemerigeometric input derived or refer-
enced
OWLT propagation inter- computed, not
val measured
RTT exchange observa- observed when in-
tion strumented
Processing/queudmplementation observed or un-
delay delay available
Freshness de- policy outcome deterministic deci-
cision sion

Relativistic TCB Propagation

Model and relative variables

For a chain Ay,..., Ag, each hop contributes an integer
interval, a relative correction, and a declared residual.
Nominal time is composed separately from uncertainty.
The accumulated bound is a sum of declared hop and
model terms, not a claim that a long link has zero physical
error.

Let 7 be local proper time, ® the gravitational potential,
and v the velocity in a chosen reference frame. The first-
order correction used by the profile is

P v?

For a hop from node A to node B, the implementation
uses relative quantities:

P 1 1}2
tgrce =tarce + (TB — Ta) (1 + g; + 2?;) . (8)
The relative velocity is derived from range-rate, the time
derivative of the measured range, with Doppler available
as a cross-check. Absolute velocity is therefore not re-
quired for every hop.

This expression is a first-order engineering model around
the declared frame and epoch. It is not a replacement
for a relativistic orbit determination solution. The sign
convention for the potential and velocity terms is fixed by
the selected coordinate-time convention and is recorded
with the run; a value copied between TCB, TDB, and
TT contexts without that convention is not an admissible
conversion.

The implementation preserves the integer timestamp in
1128 and applies the small correction as a floating-point
factor before rounding the correction back to integer
nanoseconds. This is essential: converting an absolute

nanosecond epoch of order 10'® directly to f64 would
erase precision.

Integer-preserving correction path
The correction path is intentionally asymmetric. The in-
teger epoch remains the authoritative value, while the
relativistic factor contributes a bounded delta. In pseu-
docode, the computation has the form

(I)rel 072«@[

At = round, (AT ( +

c? 2c2

)) , t' = t+ATHAL.
(9)

This keeps the large epoch out of the lossy representa-
tion and makes the rounding point explicit in the evi-
dence record. The record also carries the frame, epoch,
potential source, velocity source, and model revision; a
correction without those fields is not independently re-
constructable.

Hop composition and bounds

For a route with hops h = 1,...,k, the projected co-
ordinate time is composed hop by hop. The declared
uncertainty is conservatively bounded by

E
Eroute < EO+Z (Eh,clock + Eh,range + Eh,model + Eh,round) .
h=1

(10)

This is an engineering bound under the stated assump-

tions. It is not a statistical confidence interval and it

does not imply independence between hops. Correlated

model error is retained as a separate correlation class so

that the confidence layer cannot count the same uncer-
tainty multiple times.

Where an implementation has an evidence-backed decom-
position of its errors, the bound may be tightened condi-
tionally rather than by replacing the conservative expres-
sion globally:

k k
Eroute < EO+Z Eh,bias/common+ Z (E}%,clock + Efzb,range
h=1 h=1
(1)
The root-sum-square term is admissible only for declared
independent or appropriately uncorrelated random com-
ponents. Unknown correlation, shared ephemeris error,
and common-mode bias remain in the additive conser-
vative class. RSS is therefore an evidence-conditioned
refinement, not a guarantee that long routes avoid an
UNVERIFIABLE outcome.

Consistency tests

The test matrix exercises round-trip conversion, sign
convention, epoch ordering, integer preservation, and
repeated-hop composition. The tests use frozen fixtures
and assert both the projected value and the declared
bound. They do not validate relativistic flight hardware
or replace a higher-fidelity ephemeris. A failed frame or
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epoch precondition yields an explicit UNVERIFIABLE state
rather than a silently corrected timestamp.

The principal regression is an epoch of order 10'® nanosec-
onds with a small relativistic correction. The integer-
preservation assertion checks that the baseline epoch is
unchanged by floating-point conversion and that only the
explicitly rounded correction is added. A second regres-
sion composes multiple hops and verifies that each hop’s
frame, source, and residual remain recoverable in the final
route record.

GNSS-Denied Positioning

Fallback and position uncertainty

The fallback order is a deterministic selection policy over
available, authenticated inputs. FEach change records
whether the prior source was unavailable, stale, exces-
sive in residual, or outside coverage. Range error dr and
range-rate error d7 affect OWLT and the velocity correc-
tion and are carried into the declared bound.

The selector does not merge incompatible frames merely
because their position vectors have the same dimension.
Every candidate is normalised to a declared frame and
epoch before comparison. A source can be useful for
coarse context while remaining inadmissible for a strong
time correction if its residual, age, or authority evidence
exceeds policy.

Position sources

GNSS is a preference where available, not a deep-space
assumption. The profile’s position-source order is: GNSS;
X-ray pulsar navigation (XNAV); neighbour ranging and
multilateration; and an analytic ephemeris. Every result
records which source supplied the position and whether
its authority check was available.

Table 4 — Position-source roles under GNSS denial.

Source Contribution Primary limita-
tion
GNSS local position and unavailable be-
time yond coverage
XNAV absolute celestial  detector and cata-
constraint logue evidence
Ranging relative geometry peer visibility and
geometry
Ephemeris model-based prior model residual

and authority age

The XNAYV solver uses four catalogue pulsars and solves
the four-unknown linearised time-of-arrival system by
normal equations with partial pivoting. The determinis-
tic test reconstructs a known synthetic position with error
below 1072 m in the noise-free case. This is a numerical
property of the solver and test fixture, not a claim about
the accuracy of a flight detector. The detector boundary
is intentionally an interface: a real X-ray instrument must
supply observations, and no such hardware measurement
is claimed here.

Ephemeris and authority

The analytic ephemeris follows the published approx-
imate planetary-element method and is checked at a
recorded J2000 reference against frozen Horizons state
vectors. The comparison is a reproducible fixture, not a
live network lookup at build time. A separate Horizons
path can return an unverifiable status when its feature or
network authority is unavailable; it must not fabricate a
verified position.

The offline path is consequently a reference-vector check,
not an assertion that the analytic approximation is an au-
thoritative spacecraft navigation solution. The authority-
backed path records request epoch, response revision,
frame, and source identity. If those fields cannot be re-
tained, the result is not promoted to an authoritative
position estimate.

Precision guardrail for analytic ephemeris

An analytic ephemeris may be adequate for a coarse prop-
agation context while being inadequate for a nanosecond-
scale relativistic correction. The profile therefore permits
a precision guardrail. Let drcphem be a declared position-
error bound, Tase the applicable local precision budget,
and 7 a dimensionless policy parameter. If

0 ephem
rpih > nTbasea (12)

the position estimate MUST NOT support the precision-
sensitive correction. The correction is suppressed or
downgraded according to implementation policy, and the
state is recorded as UNVERIFIABLE _POSITION_PRECISION;
it is not silently converted into an authoritative position
or a generic rejection. Coarse OWLT context may re-
main available if its own error contract is satisfied. The
guardrail record must include the error source, authority
status, frame, epoch, Tyase, 7, and the resulting dispo-
sition. No numerical planetary residual is claimed here
without a frozen, authority-backed reference vector.

Source selection and stale-data handling

Position is treated as an evidence-bearing input rather
than an implicit constant. A source candidate is admis-
sible only if its epoch, frame, validity interval, and au-
thority metadata are present. A stale or out-of-coverage
source is not silently preferred over a lower-ranked valid
fallback. Each fallback transition records the reason and
preserves the prior source in the provenance chain.

For a range observation, the first-order contribution to

light-time error is

0
(Stowlt ~ %, (13)

while range-rate error contributes to the velocity-
dependent coordinate-time correction. These terms are
not interchangeable: a position source can be adequate
for a delay estimate while inadequate for a relativistic
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velocity correction. The verification record exposes both
fields.

XNAYV as an interface contract

XNAYV is specified at two distinct levels. The protocol
contract defines the observation format, catalogue iden-
tity, measurement epoch, detector uncertainty, and solver
output. The reference implementation provides a syn-
thetic solver test. It does not claim that a spacecraft
has acquired the necessary photon-arrival measurements,
calibrated an X-ray detector, or achieved the synthetic
fixture’s error. Missing detector evidence produces HOLD
or UNVERIFIABLE, depending on policy state.

Position-to-time admaissibility

Before a position estimate can influence TCB propa-
gation, the implementation checks frame compatibility,
epoch validity, source authority, and residual bounds. If
any required check is unavailable, the estimate remains
available as context but cannot support a strong time-
attestation verdict. GNSS denial is therefore handled by
a typed fallback graph, not by treating an approximate
position as equivalent to a measured one.

Peer Aggregation and Byzantine Re-
silience

Sparse and partitioned regimes

When the peer set falls below the required population, the
implementation enters HOLD or holdover and retains the
age of the last accepted observation. Recovery requires a
new linked observation and does not rewrite the interval
during which the system lacked sufficient evidence.

Peer TCB values are projected to a common hop context,
checked with a light-time-adjusted comparison, and ag-
gregated with a Byzantine median. The usual condition
is explicit:

f<N/2, (14)

where f is the number of faulty peers and N the partici-
pating peer count. The median does not remove physical
ranging error, create peers, or prove peer independence.
Those are separate evidence dimensions.

Dual-regime consensus and anchored holdover

The profile distinguishes an ensemble regime from a
sparse-link regime. In the ensemble regime, N > 3 is
evaluated under the declared honest-majority condition
f < N/2 and the median path. In the sparse-link regime,
N < 3 does not provide Byzantine-fault tolerance; in
particular, N = 2 implies f = 0 under that condition. A
deployment MAY instead define an Anchored Holdover
Estimator (AHE) as a separate degraded profile. AHE
is not a second Byzantine consensus algorithm and does
not convert an untrusted peer into an honest anchor.

In AHE, the last authority-backed synchronization is re-
tained with explicit age, clock-stability, aging-drift, and

anchor-provenance evidence. A general error budget is

¢
/ Sarife (u) du

The drift model, aging term, units, calibration inter-
val, and confidence interpretation MUST be declared
with the oscillator evidence. If the bound remains
within the declared deep-space tolerance and the an-
chor is still admissible, the state may be recorded
as PASS_DEGRADED_HOLDOVER; otherwise it is HOLD or
UNVERIFIABLE. This is a proposed profile boundary in
the present reference paper, not a claim that the refer-
ence implementation has live AHE or that sparse links
can tolerate a Byzantine peer.

Eholdovcr(t) = Esync+ +5aging(t)~ (15)

The peer-health path combines roster capacity, an RTT
trend estimator, and a relay error-correction layer. Its
routing score records the dimensions that are actually
measured and leaves neutral values where a live signal is
absent. This is preferable to reporting a complete score
from fabricated telemetry.

What the median guarantees

For projected scalar time estimates x1, ..., N, the aggre-
gate is the ordered median of the admissible peer values.
Under an honest-majority assumption, arbitrary values
from at most f faulty peers cannot move the median out-
side the interval determined by the honest population.
The useful claim is therefore bounded-resilience under an
explicit model, not exact truth recovery. The output re-
mains limited by honest-clock dispersion, position error,
propagation-model error, and any common source shared
by the peers.

The condition f < N/2 is evaluated after rejecting stale,
malformed, or duplicate identities and after recording the
roster’s independence classes. It is not enough to count
messages. A Sybil-expanded roster or several nodes fed
by one anchor may satisfy a numerical count while failing
the intended independence assumption.

Projection, identity, and aggregation order
Aggregation is performed only after each peer observation
has been projected to the receiving node’s coordinate-
time context. The projection record binds the peer iden-
tity, emission epoch, receive epoch, estimated OWLT,
frame, and residual bound. A median over unprojected
local readings would mix physical delay with clock dis-
agreement and is therefore not an admissible fallback.

The roster is also an epistemic input. A larger count does
not imply a larger independent population when several
peers share an anchor, ephemeris, relay, or software im-
age. The implementation records declared independence
classes and collapses common-source groups before inter-
preting the f < N/2 condition.

Each peer contribution is consequently a typed observa-
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tion with an identity, source class, issuance epoch, receive
epoch, frame, OWLT estimate, projected value, and resid-
ual. The aggregation record retains both the complete
admissible set and the values excluded by policy. This
makes a later audit able to distinguish Byzantine filter-
ing from simple loss of connectivity.

Partition, holdover, and recovery

During a partition, the last accepted value may support
bounded holdover but does not become a fresh observa-
tion. The state transition records the time of loss, peer
population, last accepted residual, and the policy that
selected HOLD. Recovery requires a newly linked observa-
tion whose provenance and light-time context are inde-
pendently checked. Historical holdover is never rewritten
as if the link had remained available.

Sybil, replay, and quorum transitions

Identity authentication prevents an unknown sender from
entering the roster, but it does not by itself prove that
authenticated peers are independent. A replayed observa-
tion is rejected or held according to its epoch and nonce
policy; it is never counted as a new peer contribution.
Quorum gain and loss are recorded as state transitions
with the roster hash and observation window. This pre-
vents a transient membership change from being mis-
taken for an improvement in clock evidence.

The recovery path is conservative: after a partition, a
node may continue in bounded holdover only within the
declared age and drift limits. Once those limits are ex-
ceeded, the state remains non-promotable until a fresh
linked observation is available. A successful recovery ap-
pends a new transition and preserves the partition inter-
val for replay.

This append-only linked recovery chain is the software
meaning of a “self-healing D-chain” in the companion de-
sign: it reconnects evidence and state after a disruption
without claiming physical self-repair, removal of light-
time delay, or retrospective synchronisation of the dis-
connected interval.

Confidence Gating

The marginal Shannon score answers how spread the
source weights are. A von-Neumann-style arm evaluates
correlation from aligned residual history. The two are
complementary: a uniform source distribution can still
contain correlated sources.

Let p; be the normalized contribution weight of source .
The marginal entropy is

_ H(p)
log N’

N
H(p) = — Zpi log pi, G(p) (16)

for N > 1, with the usual limiting convention for zero
weights. G measures spread of declared contributions;

it does not prove that the sources are independent or
physically correct. A single apparently diverse anchor can
therefore produce a high marginal score while retaining
a low evidential diversity.

For aligned residual vectors z;, the correlation arm con-
structs a normalized positive semidefinite density matrix
p from the declared residual structure and evaluates

Svn(p) = —Tr(plog p). (17)

The construction is meaningful only when samples share a
declared epoch window, frame, and alignment rule. Miss-
ing alignment is not interpreted as zero correlation; it
yields an insufficient-evidence state.

The higher-order D3 diagnostic belongs above these lay-
ers. It is a residual between the observed joint structure
and the maximum-entropy structure consistent with the
available pairwise marginals. Its intended interpretation
is:

pairwise-compatible but not pairwise-explainable
: (18)
—> D3 residual.
D3 is not entropy, and it is not a replacement for OWLT,
TCB, ephemeris, XNAV, or Byzantine median. It is not
an existing production deep-space gate, not an automatic
replacement for the VN confidence arm, and not a base
conformance requirement. It must not automatically re-
ject a record. In the current implementation D3 is not
claimed to be wired as a production deep-space admis-
sion gate; it is an informative shadow diagnostic for unre-
solved higher-order source dependence, requiring aligned
samples and an explicit source-independence classifica-
tion.

Epistemic entropy for sparse deep-space evidence
The deep-space profile extends the VN point operator
with an epistemic operator bundle. The purpose is not
to claim that the bundle is a quantum state of the space-
craft; the density-operator representation is a bounded
mathematical carrier for competing interpretations of the
same telemetry. For observations C = {(A, b)}x, define

B(C)={R=R'=0:TrR=1, Tr(RAx) < by Vk}.
(19)
The Epi result retains both the entropy interval and the
identity ambiguity:
EpiE = [inf
piEnt(B) [éIéB Syn(R),
sup Syn(R)],
iy o) (20
Na(B) = sup Y[R R,
R,R'€B

The exact lower endpoint is not silently presented as a
real-time result: the operational certificate uses the pu-
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rity inequality

Syn(R) > —log, Tr(R?),
21
ﬁcert == 10g2 (Sup TI(R2)> : ( )
ReB

and records whether this is a certified bound or an exact
endpoint.

The deep-space binding is deliberately physical. The
input envelope carries TCB residuals, OWLT error,
ephemeris error, alignment, applicability, and authenti-
cated provenance. Missing alignment or an inapplicable
position context is therefore an epistemic hold, even when
a numerically tidy point operator would produce a high
G-Score. A sparse peer set is not padded with synthetic
votes: after provenance collapse, Nog < 3 selects the an-
chored holdover regime and preserves an explicit drift and
age bound. Conversely, a shared ephemeris is retained as
common provenance and is not counted as independent
support.

Negr = ‘{g(l) NS Iadmitted}| 5
Neff < Nmin - AHE(Esynm Oclock> ’Ydrift)a

—aligned Vv —applicable = HOLDxp;.
(22)

The Epi branch is attached after admission, provenance
collapse, freshness, quorum, median, and VN qualifica-
tion. It can withhold a new PoT commit by returning
an epistemic hold, but it does not rewrite the PoT wire
format or turn D3 into a normative gate. This is the min-
imal composition that closes the pre-Epi gap: a clean VN
point estimate is no longer sufficient when the physical
context is missing, the peer population is sparse, or multi-
ple provenance-compatible interpretations remain admis-
sible.

Table 5 — Pre-Epi deep-space gaps and their Epi-aware dis-
position.

Gap Epi-aware disposition Evidence

class
Unbound precision guardrail;  tested policy
ephemeris /  coarse or unverifiable con-

OWLT text, no false nanosecond

correction

Sparse peers provenance collapse and Rust/sim.
AHE; no fabricated quo-
rum
Missing alignment explicit Epi hold; no zero- Rust test
correlation inference
Shared source common provenance re- hybrid test
tained; Negr reduced
Exact entropy infi-  purity certificate recorded computational
mum contract
D3 calibration gap  informative shadow only; offline
no automatic rejection shadow

Independent-source accounting

Source independence is a provenance property as well as
a statistical one. The confidence layer records shared an-
chors, ephemerides, relays, software images, and observa-
tion windows before interpreting entropy or correlation.
Sources with a common origin are collapsed into a de-
pendency group for the independent-support calculation.
The nominal peer count and the collapsed independent
count are both retained so that a confidence result can-
not hide the dependency reduction.

Confidence, integrity, and applicability

Confidence describes the state of the available evidence;
integrity describes whether the record and its transition
are internally protected; applicability describes whether
the evidence supports the particular claim and scope un-
der evaluation. A high confidence score cannot repair
a missing provenance link, and a cryptographically in-
tact record cannot establish that it applies to a different
physical regime. The gate therefore retains these dimen-
sions as separate fields and emits HOLD when a required
dimension is absent. The explicit “InsufficientKnowledge’
state denotes evidence too incomplete to distinguish safe
acceptance from a proved incompatibility; operationally
it maps to conservative HOLD or UNVERIFIABLE according
to the missing authority or policy input.

)

Adaptive transitions

The AdaptiveSwitch changes operating mode only on an
explicit evidence transition. It may enter conservative
holdover when source diversity, residual history, or ap-
plicability falls below policy, and may return to active
aggregation after the required stable observations. Each
transition references its predecessor state and source ar-
tifacts. This makes recovery auditable and prevents a
transient confidence spike from silently promoting a pre-
viously unresolved record.

Decision policy

Confidence values qualify a transition; they do not replace
the structural or epistemic predicates. A strong score
with missing applicability remains HOLD, while a low score
is not by itself a contradiction. The final state combines
confidence, integrity, provenance, and scope under the
frozen policy version. Every change of mode records the
pre-state, the measured inputs, the policy revision, and
the resulting post-state.

Higher-Order Dependence and D3

Calibration boundary

The absolute-value D3 attempt and signed calibration
are retained as separate generations. The signed result
demonstrates calibration on its synthetic design; it does
not establish that every physical collusion pattern is iden-
tifiable. A residual can request more evidence or a con-
servative transition, but cannot alone establish a physical
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contradiction.

Why pairwise correlation is insufficient

Pairwise correlation describes the two-source projections
of a joint distribution. It does not determine the joint
distribution in general. For binary variables, let X; and
X5 be independent fair bits and define X3 = X; & Xo.
Each pair is marginally independent, while the parity
constraint is exact. A verifier that inspects only pairwise
residuals can therefore miss a three-way dependency.

The D3 diagnostic compares the observed joint structure
P with the maximum-entropy distribution P(?) satisfying
the measured pairwise marginals. One residual form is

Dy = D(P H P<2>) , (23)

where D is a declared divergence or calibrated signed
statistic. The quantity is meaningful only relative to
a sampling window, estimator, regularisation rule, and
source-dependency class recorded in the artifact.

The von-Neumann arm uses pairwise residual structure.
It cannot distinguish all joint distributions with the same
pairwise marginals. A parity construction with X3 =
X1 & Xs is a compact counterexample: every pair can
look independent while the joint relation is not. D3 mea-
sures the residual between the observed joint structure
and the maximum-entropy structure compatible with the
observed pairwise marginals.

The recorded absolute-value D3 candidate failed its cal-
ibration target (R? ~ 0.133 and 0.060). A signed
third-order cumulant diagnostic reached quadratic R? =
0.994027 and 0.975254 in an isolated synthetic calibra-
tion, with bootstrap lower bounds 0.991293 and 0.917285.
These numbers are calibration evidence only. D3 is not
light-time correction, XNAV, Byzantine median, or a
base conformance requirement; it remains an informative

Protocol and Data-Flow Architecture

Execution stages

The pipeline is deliberately ordered. Source acquisition
precedes physical normalisation; normalisation precedes
peer comparison; confidence qualifies the result; and cryp-
tographic issuance records what was actually accepted.
An implementation may stop at any stage, but it must
retain the reason and the input artifact for that stop.

Each stage consumes and emits a typed context rather
than an unlabelled timestamp. The context carries the
execution identifier, observation epoch, coordinate frame,
source class, and current evidence state. Physical stages
may add position, range, or propagation terms; epistemic
stages may qualify applicability and source dependence;
the attestation stage records only what the preceding
predicates actually established.

Core/profile boundary

TTTPS core fields remain unchanged. The profile adds
an out-of-band context identifier and evidence references
rather than silently changing record size or semantics.
This permits a core verifier to validate the record while
a deep-space verifier additionally evaluates applicability
and propagation.

This separation supports two verifier modes. A core veri-
fier can validate the cryptographic temporal record with-
out implementing deep-space navigation. A profile veri-
fier can require the additional context and return a qual-
ified state when that context is absent. Neither verifier
should infer the other layer’s result from a field that it
does not understand.

Figure 1 separates the physical, epistemic, and crypto-
graphic responsibilities. The arrows are data dependen-
cies, not claims that every deployment must use every
optional source.

attestation and evidence

physical context

positi (n OWLT conﬁdcncc
and epoc model T(,B pw!ecnon gates

shadow diagnostic and cannot by itself produce a hard
rejection. |

PASS /
HOLD
/ recovery

PoT record

and integrity and bmd

Signed calibration and operational use

The signed calibration retains the direction of the third-
order residual before fitting the relationship used by the
diagnostic. The calibration protocol freezes the synthetic
generator, sample count, noise model, seed, estimator,
and fit family before observing the result. The reported
R? and bootstrap intervals therefore describe that fixture
and do not constitute a universal dependence detector.

In operation, D3 is an evidence request and routing signal.
A stable residual may lower confidence, trigger additional
aligned rounds, or preserve HOLD; it cannot establish that
a peer is Byzantine and cannot turn a formal or physical
mismatch into a contradiction. Its output is linked to the
same context, residual history, and transition record as
the lower-order confidence arms.

Figure 1 — Layered data flow from an event observation to
an evidence-bearing disposition. Optional positioning sources
enter the same context interface.

The complete profile is:

source -> position/time -> OWLT -> TCB -> peer aggregation
-> confidence -> PoT -> integrity -> verification ->
quarantine/recovery

The TTTPS core remains the cryptographic temporal-
attestation layer. The deep-space profile supplies physi-
cal context and delayed-link policy around that core. A
receipt binds the observation, ordering, and hashes of an
evidence package; it does not certify the physical claim
contained in it.
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The operational ordering is also a safety boundary. Posi-
tion and epoch normalisation precede OWLT projection;
projection precedes TCB composition; peer aggregation
precedes confidence qualification; and issuance follows
the qualification result. A failure at an earlier stage can-
not be hidden by a successful later cryptographic opera-
tion. The receipt may preserve a failure artifact, but it
does not transform it into an attested success.

Profile negotiation and failure routing

The profile is negotiated from declared capability and
observed link context, not inferred from a node name.
A node advertises the coordinate frame, position-source
classes, propagation model, peer capacity, and evidence
version it can process. If negotiation fails, the record is
routed to HOLD or UNVERIFIABLE; it is not downgraded to
a terrestrial profile merely to obtain a PASS.

FEvidence and receipt boundary

The evidence package is append-only at the logical
level. It contains the source observation, context projec-
tion, peer inputs, confidence decisions, attestation bytes,
and final disposition, each identified by a content hash.
TTTPS then seals the package’s observed ordering and
digest. The receipt proves package continuity and obser-
vation time; physical correctness, applicability, and claim
identity remain separate predicates.

The package is suitable for delayed delivery and replay. A
receiver can verify the digest and reconstruct the recorded
transition even when the source is no longer reachable.
If a required physical or authority artifact is unavailable,
the package remains evidence of an incomplete evaluation
and is labelled accordingly. This is the intended distinc-
tion between durable observation and verified physical
truth.

Reference Implementation

Module responsibilities

ctx binds position, velocity, potential, epoch, and source
identity. tcb performs integer-preserving conversion.
ephemeris and jpl provide offline and authority-backed
position paths. pulsar solves the XNAV system, while
median and peer_health handle peer projection and se-
lection. residual_history supplies aligned cross-round
correlation, and verify orchestrates the final predicate
and evidence result.

The module boundaries are also evidence boundaries. ctx
is the single carrier for frame, epoch, source, and uncer-
tainty metadata; tcb must not reconstruct that meta-
data from a serialized integer; and verify must not infer
a successful physical context from a cryptographic sig-
nature alone. The navigation modules can therefore be
tested independently while the integration path checks
that their provenance is preserved end to end.

Table 6 — Reference implementation components and evi-
dence classes.

Module Responsibility Primary evi-
dence

ctx frame, epoch, source unit/integration
context

tcb integer-preserving deterministic
projection test

ephemeris/jpl position model and  reference fixture
authority

pulsar XNAV  solver inter- synthetic test
face

median peer projection/ag-  simulation
gregation

peer_health roster and link state simulation

residual_histomyligned dependence  benchmark
data

verify predicates and dispo- integration
sition

Build and dependency boundary

The deep-space tier is imported from the shared Hydra-
KV type rather than redeclared in the server. A repro-
ducible build therefore pins both the server revision and
the linked dependency revision. Feature-gated authority
calls must report unavailable when the feature or network
is absent.

The implementation is organised in a deep-space module
with context, TCB, ephemeris, JPL authority, pulsar nav-
igation, peer median, peer health, and verification orches-
tration components. The shared Hydra-KV type carries
the deep-space tier, so the server does not define a second
incompatible tier enum.

The shared type is a compatibility constraint: adding a
deep-space profile must not create a second tier enum or
silently change the core wire contract. The server records
the selected profile and its context reference alongside the
core attestation, allowing an older core verifier to reject or
ignore unsupported profile context explicitly rather than
misinterpreting it.

Source-level review confirmed the following properties:
the tier selector widens its tolerance from the fixed
microsecond /millisecond-scale tiers to a propagation-
dependent envelope; the hysteresis transition is tested;
the ephemeris and XNAV calculations are real algorithms
rather than empty success stubs; the peer-health path
uses its roster, trend, and relay-code components; and
the TCB conversion preserves the absolute integer time
value.

The implementation record freezes the source com-
mit, linked dependency revision, Rust toolchain, and
Cargo.lock; these identifiers are part of the implementa-
tion claim rather than post-hoc publication metadata.

The build boundary is tested in layers. A locked depen-
dency build establishes that the source and shared types
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resolve consistently; library tests exercise the pure trans-
formations; and integration tests exercise the composed
evidence path. A pass in one layer is not substituted
for a pass in another, and an unavailable feature-gated
authority path is recorded as unavailable.

Operational boundary

The implementation separates the pure transformation
path from authority and transport adapters. Determin-
istic unit tests run without network access; authority-
backed inputs are represented by frozen fixtures when
reproducible evaluation is required. A live adapter that
cannot provide its source, revision, or measurement epoch
returns an explicit unavailable result rather than an in-
ternally generated substitute.

Reproducible command surface

An artifact record names the repository revision, depen-
dency lock, compiler, feature set, test command, input
hashes, random seeds, and output hashes. The same
record can therefore distinguish a source-level test, a syn-
thetic navigation experiment, and an externally supplied
observation. The command surface is part of the result:
a successful binary without a reconstructable input and
configuration is not a reproducible protocol claim.

The recorded full-pipeline and attack examples exercise
the production functions in deterministic simulations.
They do not establish live interplanetary deployment. In
particular, the following remain explicit evidence bound-
aries: no live deep-space mesh was connected, no flight
X-ray detector was operated, and peer independence is
an assumption to be recorded and assessed rather than
inferred from a peer count.

Experimental Evaluation

Measurement protocol

Each experiment freezes its input, configuration, seed,
source revision, and expected evidence class before execu-
tion. Unit tests measure local functions; synthetic tests
use constructed truth; simulations measure behavior un-
der a declared model; and live black-box tests measure
only the exposed endpoint. The denominator is never
enlarged by silently treating an unavailable hardware or
flight observation as a failure of the algorithm.

FEvaluation groups

The nine groups are reported independently so that
a passing TCB conversion does not mask a missing
ephemeris authority, and an attack simulation does not
become a live deployment claim. The end-to-end jour-
ney is a composition test, not evidence that a spacecraft
followed the simulated route.

The evaluation is divided into nine independently re-
producible groups: TCB conversion; OWLT propaga-
tion; ephemeris/reference-vector comparison; Byzantine

median under f < N/2; low-peer and partition cases;
attack simulations; VN residual-history benchmarks; D3
calibration; and an end-to-end relay journey. Each re-
sult is tagged as IMPLEMENTED, SIMULATED, SYNTHETIC,
LIVE BLACK-BOX, or HARDWARE-MEASURED. The cur-
rent evidence uses the first four tags in different compo-
nents and contains no hardware-measured result.

The deterministic examples call the production functions
rather than a separate mock implementation. Their pur-
pose is to establish code-path reproducibility and failure
behavior. They do not establish interplanetary flight per-
formance.

Table 7 — Evaluation result classes and current interpreta-
tion.
Group Measured outcome Evidence
class

TCB/OWLT deterministic conver-  tested
sion and scale checks

Ephemeris frozen reference-  offline vali-
vector residuals dated

XNAV synthetic position re- synthetic
covery

Median honest-interval behav-  simulated
ior under model

Partition holdover and linked re-  simulated
covery

VN/D3 correlation/calibration  synthetic
behavior

Relay path context and disposi- implemented/tested

tion continuity

The table reports what each experiment establishes
rather than assigning one overall success label. Numeric
values belong to the frozen result artifacts; where no hard-
ware or live-link denominator exists, the corresponding
claim is not made. This prevents a strong local test from
being presented as evidence for an unmeasured physical
deployment.

Reproducible evaluation and denominators

Each result is reported with its population and denom-
inator. Retrieval coverage counts eligible source claims,
whereas kernel-dispatch reduction counts candidates that
reached the kernel boundary. An unavailable authority
or detector is not silently included as an algorithmic fail-
ure. The ledger therefore reports NOT_MEASURED, HOLD,
and UNVERIFIABLE separately from negative outcomes.

TCB converston tests

Evidence tag: implemented/tested. The conversion
tests cover epoch ordering, frame metadata, sign conven-
tion, integer preservation, and repeated application of a
bounded correction. The principal invariant is that the
large integer epoch is unchanged by floating-point conver-
sion; only the explicitly rounded correction may alter the
result. The test output includes the input epoch, correc-
tion terms, model revision, and output hash.
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OWLT propagation tests

Evidence tag: implemented/synthetic. Frozen dis-
tances produce the illustrative one-way and round-trip
scales in Table 2. Tests separately vary distance, process-
ing delay, queue delay, and observation uncertainty. This
distinguishes a propagation calculation from a measured
radio exchange and checks that OWLT is not inserted
into the local Error Bound.

Ephemeris and JPL validation

Evidence tag: implemented/reference fixture.
The analytic ephemeris is compared at a recorded epoch
with frozen reference vectors. An authority adapter is
tested both when its response is available and when the
authority path is unavailable. The latter must produce an
explicit unavailable state; the experiment does not turn
an offline approximation into a live JPL claim.

Byzantine median simulations

Evidence tag: simulated. The simulation varies N,
the number of faulty peers f, honest residual spread, de-
layed observations, and arbitrary faulty values. It mea-
sures whether the aggregate remains within the honest
interval under f < N/2 and records the failure boundary
when that assumption is violated. It does not measure
physical ranging error or prove peer independence.

Low-peer and partition simulations

Evidence tag: simulated. Peer loss, link parti-
tion, stale observations, quorum recovery, and bounded
holdover are exercised as explicit state transitions. The
measurements include time in holdover, peer count, last
accepted epoch, and recovery linkage. A successful re-
covery creates a new observation transition; it does not
rewrite the partition interval.

Attack simulations

Evidence tag: simulated. Forgery, replay, delay ma-
nipulation, Sybil inflation, collusion, common-source fail-
ure, stale ephemeris, compromised anchor, key compro-
mise, and partition abuse are tested independently. Each
scenario identifies the control under test and the attacks
it cannot detect; for example, a receipt preserves history
but cannot repair a compromised source, and a median
cannot remove correlated honest-looking error.

VN residual-history benchmark

Evidence tag: synthetic/simulated. Aligned resid-
ual histories are constructed with independent, corre-
lated, and partially missing source observations. The
benchmark reports the marginal entropy arm separately
from the density-matrix correlation arm, including the
alignment window and source-dependency classification.
Missing alignment is measured as insufficient evidence
rather than zero correlation.

D3 calibration

Evidence tag: synthetic. The absolute-value at-
tempt and signed third-order calibration are separate
generations. The recorded absolute candidate reached
R? ~ 0.133 and 0.060, while the signed diagnostic reached
quadratic R? = 0.994027 and 0.975254 on its isolated de-
sign, with bootstrap lower bounds 0.991293 and 0.917285.
These results quantify the fixture’s calibration only; they
do not establish universal physical collusion detection.

End-to-end relay journey

The relay experiment composes the modules in opera-
tional order: a source event is timestamped, projected
through a declared link, aggregated, qualified, and en-
coded as an attestation. The journey checks that each
stage preserves the context identifier and that a later ver-
ifier can reconstruct the decision. The final routing stage
records PASS, HOLD, UNVERIFIABLE, or quarantine
before any recovery transition. It is a software integra-
tion experiment with synthetic or frozen inputs, not a
measurement of an interplanetary radio link.

Security Analysis

Security versus applicability

Cryptographic authenticity answers who signed an obser-
vation. Applicability answers whether the observation
can be compared in the declared physical context. A
valid signature on a stale or wrong-frame position there-
fore does not imply a valid time correction.

The security objective is layered: preserve authenticity
and ordering, prevent unauthorised sources from silently
entering the peer set, expose physical-context failures,
and avoid promotion when applicability evidence is ab-
sent. The objective is not to make an authenticated
source truthful, remove light-time delay, or infer peer in-
dependence from roster size.

Collusion and common source

The median protects against a bounded number of arbi-
trary values; it does not detect every correlated honest-
looking source. VN and D3 are diagnostic layers for this
residual risk. When their evidence is insufficient, the cor-
rect outcome is a preserved HOLD or escalation, not an
automatic rejection.

The threat model covers forged source values, replay,
delay manipulation, Sybil identity inflation, collusion,
common-source correlation, compromised anchors, stale
ephemerides, key compromise, and partition/recovery
abuse. Signatures and hash links protect record history
but do not make a compromised source correct. OWLT
and range checks constrain delay claims but do not re-
move common physical error. Median robustness requires
f < N/2 and an adequate peer set. Authority fail-
ure must produce HOLD or UNVERIFIABLE evidence
rather than a fabricated positive.
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Threat classes and controls

Table 8 — Threat classes and corresponding control bound-
aries.
Threat Control Residual limi-
tation
Forged signature and iden- compromised
source tity key
Replay epoch/nonce and  valid old obser-

lineage

vation

Delay attack OWLT /range asymmetric un-
checks known delay

Sybil authenticated ros- shared opera-
ter tor/source

Collusion median and depen- common-source
dence diagnostics error

Stale age and authority unavailable au-

ephemeris gate thority

Partition holdover and recov-  prolonged isola-
ery tion

Key compro-
mise

rotation and prove-
nance

pre-rotation his-
tory

Replay and delay manipulation

Replay protection binds an observation to its issuance
epoch, source identity, and execution lineage. A retrans-
mission may be retained as transport evidence, but it can-
not silently count as a fresh peer sample. Delay checks
compare observed timing with the declared propagation
context; they do not pretend to recover unknown asym-
metric delay. Insufficient timing evidence therefore re-
mains HOLD or UNVERIFIABLE.

Identity, keys, and anchors

Roster authentication limits unauthorised membership
changes, while source independence remains a separate
provenance assertion. Key rotation creates a new iden-
tity epoch and preserves pre-rotation history; it does not
retroactively validate observations signed before the rel-
evant trust state. An authenticated but compromised
anchor can still produce consistent values, so anchor de-
pendency is recorded and exposed to confidence and ap-
plicability.

Security claims and non-claims

The claim is evidence-preserving containment under the
declared threat model. The paper does not claim physi-
cal truth, detector authenticity, Byzantine consensus, or
global attack detection without the required assumptions.
A receipt establishes that a result was recorded in a given
order; it cannot establish that its frame, ephemeris, or
source model was correct.

Failure containment

Unexpected source transitions, inconsistent frames, re-
played epochs, and quorum loss are routed to a bounded
state with preserved evidence. New evidence may create
a linked reassessment, but cannot erase the prior obser-
vation or relabel it retroactively.

Error Bounds and Failure Semantics

Bound composition

The declared bound is assembled from local clock
drift, position error, range-rate error, ephemeris residual,
correction-model residual, and hop accumulation. OWLT
is retained as a propagation quantity and is not counted
twice as local clock error. The bound is a contract for
comparison, not a claim that the physical variables them-
selves were measured without error.

For a route of k hops, a conservative decomposition is

Etotal < Eclock + Eposition + Erange—rate + Eephemeris
a (24)
+ Emodel + Z Eh,residual-
h=1

The terms are retained by origin so that a shared
ephemeris or anchor is not mistaken for independent ran-
dom noise. Where only a deterministic bound is avail-
able, the result is a bound and not a confidence interval.
Where a term cannot be estimated, the record cannot
silently report a smaller total.

Table 9 — Error sources and their failure implication.

Source Recorded quan- Missing
tity state

Clock drift ~and local HOLD
bound

Position frame, epoch, resid- HOLD/UNVERIFIABLE
ual

Range-rate derivative/Doppler HOLD
residual

Ephemeris model revision and UNVERIFIABLE
error

Peer set count and indepen- HOLD
dence

Hop route per-hop residuals UNVERIFIABLE

Figure 2 shows the intended failure semantics. In partic-
ular, HOLD and UNVERIFIABLE are terminal observa-
tions for the current execution but remain eligible for a
linked recovery transition; neither is silently changed to
PASS or REJECT by a retry.

predicate hclds/

integevidence gncomplete 7\ (7 \
and context N J X J

authority

J 3 >
UNVERIFIABLE

Figure 2 — Disposition state machine. Reassessment creates
a linked transition; it does not rewrite the historical observa-
tion.

authority absent

A verifier should distinguish at least four outcomes: ac-
cepted under the stated evidence, rejected by a proved in-
compatibility, held because required evidence is unavail-
able, and unverifiable because an authority path failed.
The profile must not collapse the latter two into a false
negative or a false positive.
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Each deep-space decision should bind the local input, con-
text identifier, position source, peer set, OWLT estimate,
TCB correction, confidence result, transition, and final
receipt. A receipt seals observation and ordering of the
evidence package; it does not prove that a physical claim
is true. This is the same distinction as:

formal validity # claim identity. (25)

Failure-state interpretation

PASS means that the declared predicate and its prereq-
uisites were measured. REJECT means that a specified
incompatibility or policy violation was established. HOLD
means that evidence is insufficient for a strong decision,
while UNVERIFIABLE identifies a missing or unavailable
authority path. A retry creates a new transition linked
to the original state; it does not rewrite history.

Transition rules

The state machine is monotone with respect to historical
evidence. A PASS transition requires all mandatory pred-
icates and admissible evidence; a proved incompatibility
may produce REJECT; missing or ambiguous evidence pro-
duces HOLD; and an unavailable authoritative source pro-
duces UNVERIFIABLE. A subsequent observation can cre-
ate a new transition from either non-success state, but it
cannot change the state of the earlier execution.

The distinction between REJECT and UNVERIFIABLE is op-
erationally significant. The former is evidence of an es-
tablished failed predicate, while the latter records that
the predicate could not be evaluated under the available
authority. Likewise, a propagation delay that is large but
correctly modelled is not itself a rejection; it becomes a
rejection only when the declared policy or bound is vio-
lated.

Implementation Status and Limitations

This paper reports an implementation and verification
profile. It does not claim that the system has achieved a
particular absolute time accuracy in interplanetary space.
The 1/ VN intuition for aggregation is not a guarantee
against correlated error. The Byzantine condition fails
when the faulty population reaches the stated bound.
XNAV requires an actual detector; an abstraction and
synthetic solver test are not detector telemetry. A live
JPL authority call can be unavailable. These limitations
are part of the protocol evidence, not footnotes to be
removed from a deployment claim.

The resulting architecture is deliberately layered:

1. physical context: OWLT, position, ephemeris, and rel-
ativistic terms;

2. peer aggregation: projection, ranging constraints, and
median;

3. confidence: marginal spread and pairwise correlation;

4. higher-order shadow: D3 residual and escalation;

5. cryptographic record: unchanged Proof-of-Time is-

suance and receipt.

Table 10 — Implementation status and evidence boundary.

Item Status

TCB / OWLT
JPL / ephemeris

implemented and unit-tested
implemented; offline reference vali-
dated
algorithmic
solver test
implemented; simulated under f <
N/2

XNAV abstraction; synthetic

Ranging / median

Peer indepen-  assumption; not proved by count
dence

Live deep-space not claimed

mesh

Flight hardware not measured

D3 isolated  calibration; informative

shadow

What is implemented and what is not claimed

The implementation status is deliberately finer than
a binary deployment label. TCB and OWLT paths
are executable and tested against deterministic fixtures.
Ephemeris and JPL paths are validated against frozen
reference vectors or authority responses when available.
XNAV is an algorithmic abstraction with a synthetic
solver test. Peer resilience is simulated under its stated
fault assumptions. No row in this table should be read
as evidence of a flight-qualified interplanetary service.

Open engineering boundaries

The remaining boundaries are operational rather than
hidden correctness claims: detector calibration, live
ephemeris authority, peer independence, radio-link asym-
metry, and spacecraft hardware. Each boundary has an
explicit state and evidence class so that a future deploy-
ment can replace it with a measurement without changing
the paper’s semantics.

Evidence maturity levels

The status table uses a deliberately conservative vocabu-
lary. Implemented means that the code path exists; tested
means that a deterministic test exercised it; offline vali-
dated means comparison with a frozen reference artifact;
stmulated means behavior under an explicit model; and
hardware-measured means an observation from the rele-
vant physical instrument or vehicle. These labels are not
interchangeable. In particular, an implemented XNAV
solver is not an X-ray detector, and a Byzantine simula-
tion is not a deployed peer network.

Deployment interpretation

The profile is ready to serve as a reproducible software re-
search artifact when its source, toolchain, inputs, outputs,
and evidence class are frozen. Deployment in an inter-
planetary mission would additionally require calibrated
detectors, authoritative ephemeris operations, authenti-
cated key lifecycle, link-level time-transfer characteriza-
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tion, independent peer governance, and flight qualifica-
tion. None of those requirements is discharged by the
software tests reported here.

Limitations as protocol states

Limitations are represented as states that affect admis-
sion. Missing detector observations, stale authority data,
insufficient peers, or unknown common source depen-
dence can preserve a record while preventing a strong
PASS. This is intentional: the system’s safe behavior un-
der uncertainty is part of the implementation claim. Fu-
ture measurements may replace an explicit unknown with
evidence, but may not be inferred from the existence of
an interface.

Reproducibility and Artifacts

Artifact identity

An artifact reference includes a content hash, source re-
vision, execution identifier, correlation identifier, times-
tamp, and evidence class. A receipt binds these references
in order. Missing metadata yields NOT_MEASURED
rather than a guessed value. This rule applies equally
to positive results and to quarantine or recovery results.

Every reported result should retain the source commit,
toolchain, dependency lock file, configuration and ruleset
hashes, simulation seed, input/output hashes, exact test
command, and receipt for the evidence package. The TeX
source and generated PDF are retained together. His-
torical test counts are not substituted for a current run
without an explicit evidence timestamp.

The minimum identity tuple is

(hartifact sources Rinput, Reonfig, €xecution_id, correlation_id).

(26)
The tuple prevents a result from one source revision be-
ing silently paired with an input or configuration from
another. Timestamps provide ordering metadata; hashes
provide content identity. Neither is treated as a substi-
tute for the other.

Artifact bundle layout

A reproducibility bundle contains a machine-readable
manifest, source and dependency identifiers, frozen in-
put fixtures, test outputs, simulation seeds, generated
records, and verification receipts. Files are addressed by
content hash and the manifest records whether each item
is implemented, synthetic, simulated, live black-box, or
hardware-measured. A missing item is retained as an
explicit unknown rather than replaced by a link to a mu-
table latest artifact.

K-Lean or kernel certificates are retained as references to
the formal verification artifact, not as a blanket certificate
for the surrounding physical or semantic claim. Similarly,
a TTTPS receipt binds the evidence package’s digest and
ordering but does not certify the truth of an ephemeris,

Table 11 — Minimum reproducibility-bundle contents.

Class Required contents

Source commit, dirty-state record, TeX
and code hashes

Rust/compiler, platform, fea-
ture flags, Cargo.lock

fixture identifiers, source revi-
sions, input hashes, seeds

exact commands, execution/cor-
relation IDs, logs

K-Lean certificates, test results,
disposition states
manifest, artifact
TTTPS receipt
PDF, TeX, bibliography, version
and known unknowns

Environment
Inputs
Execution
Verification
Integrity

hashes,

Publication

position, or claim correspondence.

Replay procedure

Replay first verifies the manifest and hashes, then recon-
structs the declared toolchain and invokes the recorded
commands in a fresh process. It compares semantic
state and evidence references, not only presentation
text. A different environment may produce a controlled
UNVERIFIABLE result; it must not be reported as a match-
ing run merely because a PDF was produced.

The freeze procedure is ordered: capture source and en-
vironment, freeze the input and configuration manifest,
execute the recorded commands, hash the outputs, gen-
erate the receipt, and finally re-read every hash from the
stored bundle. If the source revision changes between
index creation and checksum generation, the bundle is in-
validated and regenerated rather than annotated as equiv-
alent. A replay is successful only when the semantic state,
evidence references, and declared disposition agree under
the same frozen identities.

Relationship to TTTPS and Confidence-
00

Citation and extension policy

The companion cites the core TTTPS specification for
cryptographic semantics, Confidence-00 for confidence vo-
cabulary, and P2/D3 for higher-order dependence. It
does mnot duplicate their normative text. Any later
TTTPS draft should link this document as an Informative
Reference for the non-terrestrial profile, while the profile
must remain usable as a separate research artifact.

TTTPS core is cryptographic temporal attestation. The
Deep-space profile is propagation, positioning, peer re-
silience, and delayed-link failure policy. Confidence-00 is
the oracle-confidence and AdaptiveSwitch layer. P2/D3
is the higher-order dependence theory and diagnostic
layer. K-Lean is the formal contract and certificate layer.
The layers can be cited together without turning confi-

dence into integrity or D3 into a mandatory wire-level
field.
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The dependency direction is intentionally one-way:

TTTPS core <— Deep-space context,
Confidence/P2-D3 — qualification evidence .

The profile consumes the core attestation primitive and
produces additional context and qualification evidence.
It does not make the core depend on an optional naviga-
tion source, and a confidence diagnostic cannot alter the
cryptographic meaning of an already-issued record.

Table 12 — Boundary between companion layers.
Layer Adds Does not
claim
TTTPS core signed temporal physical  cor-
record rectness
Deep-space OWLT, TCB, posi- live flight op-
tion, peers eration

Confidence-00 spread, correlation, integrity proof
switching

P2/D3 higher-order diagnos- automatic re-
tic jection

K-Lean formal contract/cer- prose equiva-
tificate lence

Normative and informative separation

The core protocol retains authority over wire-level tempo-
ral attestation. This paper is an informative profile and
research implementation: it specifies how physical con-
text and confidence evidence can be attached to a core
record, but does not silently redefine the core record’s
wire semantics. A future standards draft may norma-
tively reference the profile after its evidence boundaries
and interoperability requirements have been separately
reviewed.

For a future IETF submission, the normative core fields
and processing rules must remain traceable to the applica-
ble TTTPS draft. Deep-space-specific algorithms, source
adapters, and experimental evidence should be identified
as profile material until their wire semantics and inter-
operability requirements are independently stable. This
paper can therefore serve as a citable research compan-
ion without implying that publication alone changes the
status of a standards-track document.

Evidence Ledger and Context Schema

The evidence boundary is made explicit in the artifact
ledger. IMPLEMENTED means that a source path exists;
TESTED means that a deterministic test directly exercised
it; SYNTHETIC means that inputs have known constructed
answers; SIMULATED means that a multi-node or attack
model was used; LIVE BLACK-BOX means a bounded ser-
vice endpoint was exercised; and HARDWARE-MEASURED
means physical detector or spacecraft telemetry. The
present paper reports no hardware-measured result.

The context associated with a record contains a context
identifier, session, epoch, coordinate frame, position and
velocity source, potential source, OWLT, peer roster, au-
thority status, correction terms, confidence state, and de-

clared uncertainty. A transition stores the pre-state, ob-
servation, post-state, and reason for PASS, HOLD, UN-
VERIFIABLE, or REJECT. A canonical hash over this
context is bound to the unchanged cryptographic record,
so the result can be replayed without treating a receipt
as a physical truth proof.

Reproduction Test Matriz

Reproduction proceeds by pinning the source revision,
dependency lock file, compiler, feature flags, simulation
seeds, and reference-vector hashes. The unit layer then
exercises context, TCB, ephemeris, pulsar, median, peer-
health, residual-history, and verification paths. The in-
tegration layer runs distance, peer-fault, partition, at-
tack, VN, D3, and relay-journey examples. Finally, logs
and outputs are hashed and classified using the evidence
ledger.

Table 13 — Failure conditions and required state.

Condition Required state

HOLD or UNVERIFIABLE

OWLT unavailable

JPL authority unavail- UNVERIFIABLE

able

Peer set below quo- HOLD or holdover

rum

f>N/2 robustness claim rejected
Range-rate inconsis- HOLD or REJECT per bound
tent

HOLD until refreshed
shadow escalation
deterministic replay handling

Stale ephemeris
D3 residual alone
Replay or duplicate

Conclusion

Deep-space temporal ordering is feasible as a profile when
delay, position, relativity, peer faults, and evidence sta-
tus are represented explicitly. The key design decision is
not to enlarge the wire record until it carries every phys-
ical fact. Instead, the protocol keeps its compact crypto-
graphic core and binds the physical verification context
out of band. This permits a node to extend a TCB chain
across long-delay links while preserving honest HOLD
and unverifiable states.

The resulting claim is deliberately bounded. The pro-
file makes light-time delay explicit, propagates coordinate
time under a declared model, combines position and peer
evidence without treating count as independence, and
keeps confidence, applicability, provenance, and integrity
as distinct predicates. Its higher-order D3 layer remains
a diagnostic rather than an automatic conformance or
rejection rule.

The most important operational property is the treat-
ment of uncertainty. A kernel-valid or cryptographically
intact record is not thereby identical to a source claim,
physically applicable, or flight-measured. When required
evidence is unavailable, the system preserves HOLD or
UNVERIFIABLE; when a specified incompatibility is estab-
lished, it can produce REJECT. Each reassessment is linked
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to the original transition and leaves the historical obser-
vation intact.

The implementation evidence supports the algorithms
and simulated pipeline described here. It does not sub-
stitute for flight data, a live interplanetary mesh, or an
independent physical review. The companion therefore
provides a reproducible foundation for TTPTOP, DTN,
and later aerospace evaluation rather than a claim that
those evaluations have already occurred.

Future work is empirical and versioned: replace syn-
thetic positioning inputs with calibrated observations,
characterize asymmetric radio links, validate authority-
backed ephemerides, establish peer-governance and inde-
pendence procedures, and qualify the implementation on
flight hardware. These additions can strengthen the evi-
dence class without changing the central separation:

formal validity # semantic identity # physical applicability.

(27)

The profile’s final contribution is methodological as well
as technical. It offers a reproducible way to state what
was computed, under which physical assumptions, from
which sources, with what uncertainty, and why a record
was accepted, held, or rejected. That distinction is essen-
tial for long-delay systems in which a result may arrive
long after the event it describes.

Reference Equations and Units

All timestamps in the propagation path are represented
as integer nanoseconds unless a quantity is explicitly
marked as a dimensionless correction. The following unit
ledger prevents a common class of errors in which kilome-
tres, metres, seconds, and nanoseconds are mixed inside
a correction term.

Table 14 — Units and provenance of the principal quantities.

Quantity Unit Meaning

T ns local proper-time epoch

d m estimated one-way
range

c m/s speed of light

o m? /S2 gravitational potential

v m/s local or relative velocity

towlt s one-way light time

T ns declared local tolerance

p m measured range

dp/dt m/s range-rate observable

The dimensionless correction is ®/c? 4+ v?/(2¢?). The im-
plementation adds the rounded correction to an integer
epoch, rather than converting the epoch itself to floating
point. A verifier should reject a context whose coordi-
nate frame, epoch, or unit declaration is absent instead
of guessing it.

The dimensional checks are mechanical. d/c has units
of seconds; multiplying the dimensionless relativistic fac-

tor by an elapsed time has units of seconds; and only
after that operation may the correction be converted to
nanoseconds and rounded. Range-rate is retained in me-
tres per second and is not confused with a time derivative
expressed in nanoseconds. These checks are part of the
reproduction procedure because a numerically plausible
value can still be dimensionally invalid.

The unit ledger also fixes the conversion convention for
distance inputs. A source expressed in kilometres is con-
verted to metres before division by ¢ = 299792458 m/s,
and astronomical-unit examples are expanded before the
calculation is recorded. The output stores both the nor-
malized quantity and the original source unit so that
a later audit can distinguish a conversion error from a
physical-model discrepancy.

Reference Distance Calculations

For ¢ = 299792.458 km/s, the recorded reference calcula-
tions are:

tEarth—Moon =~ 1.2822 s, (
UEarth—Mars,min ~ 182.126 s, (

tBarth—Mars,max ~ 1337.592 s, (30
t100AU =~ 49900.488 s. (

The corresponding two-way envelopes are twice these val-
ues plus the declared base tolerance. These equations are
sanity checks for the tier selector; they are not observa-
tions of a particular spacecraft at a particular epoch.

The Earth-Mars values are limiting geometric examples
rather than a fixed mission distance. Actual range varies
with the orbital configuration and must be supplied with
an epoch and frame by the position source. Likewise,
the Earth-Moon value is a nominal range-scale check,
not a replacement for a measured instantaneous range.
The 100 AU value is a convenient linear scale for testing
propagation-dependent configuration.

The two-way expression includes only the propagation
envelope and the declared base tolerance. Processing,
queueing, transponder turnaround, atmospheric effects,
and measurement uncertainty are separate terms in an
instrumented exchange and are not silently included in
these figures. A deployment must therefore recompute
the complete bound from its evidence rather than reuse
an illustrative number as a timing guarantee.

For reproducibility, each calculation is generated from an
explicit distance, the exact value of ¢, and a stated round-
ing rule. The resulting values are stored with the input
distance and unit, source revision, and calculation hash.
This makes the appendix a dimensional sanity-check vec-
tor set rather than an unqualified navigation table.
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Positioning and Navigation Test Vectors

The XNAV test constructs time-of-arrival values from
four catalogue pulsar directions and a known position,
then solves the linearised four-unknown system with par-
tial pivoting. The expected result is the original syn-
thetic position within 1072 m in the noise-free fixture.
A future hardware experiment must add detector noise,
pulse-profile uncertainty, clock uncertainty, and an instru-
ment calibration identifier to this vector; none is silently
included in the present result.

The vector is defined by the pulsar catalogue identifiers
and directions, the synthetic spacecraft position, the as-
sumed emission or arrival epochs, and the noise model.
For pulsar direction n;, a simplified arrival constraint has
the form

i A
Aty = Ato + % + €, (32)

where Atg is the clock offset and ¢; is the declared mea-
surement residual. The catalogue revision and coordinate
frame are part of the vector identity; changing either cre-
ates a new test generation.

The noise-free result isolates solver algebra and condition-
ing. It does not estimate the error budget of a detector,
pulsar timing model, clock, or spacecraft ephemeris. A
noisy vector must report photon statistics, pulse-profile
uncertainty, clock noise, catalogue error, observation du-
ration, and geometry conditioning separately rather than
folding them into the solver’s position residual.

The ephemeris test uses a recorded J2000 comparison vec-
tor. Its residual is approximately 2,006 km for Earth, 1.15
million km for Jupiter, and 3.85 million km for Saturn in
the documented approximate model. These residuals are
not hidden by a live lookup and are not presented as
spacecraft navigation accuracy. They define the model’s
known reference boundary.

The ephemeris vector records the body, epoch, frame,
element-set revision, reference state, analytic state, and
residual norm. The residuals are a diagnostic of the doc-
umented approximate model at that reference, not a uni-
versal bound over an orbit. A future authority-backed
comparison must add the service response identity, query
time, interpolation method, and validity interval before
the result can be interpreted as an operational navigation
measurement.

Peer and Attack Matrix

The matrix separates a control that exists from a threat
that has been tested in a deployed environment. For ex-
ample, an identity roster can be implemented without
proving that a physical constellation supplies indepen-
dent clocks.

For each row, an attack vector is frozen before execution
and the result records the injected condition, affected

Table 15 — Threats, control, and evidence class.

Threat  Control Evidence
Forged  sig/hash tested
record

Replay  nonce/history tested
Delay OWLT simulated
attack gate

Sybil roster partial
Collusion median/VN/Dgynthetic
Stale authority /age policy
ephemeris

Partition holdover simulated
Key rotation unmeasured
com-

pro-

mise

artifact, expected control, observed state, and evidence
hash. TESTED means that the deterministic implemen-
tation path was exercised; SIMULATED means that a de-
clared network or adversary model was used; SYNTHETIC
means that the constructed data have known properties;
PARTIAL means that only a bounded aspect was mea-
sured; and UNMEASURED means that the control must
not be presented as an empirical result.

The forged-record case changes signed bytes or their iden-
tity binding and checks that verification fails without
deleting the original artifact. The replay case reuses a
valid observation at a stale epoch and checks determin-
istic duplicate disposition. The delay case varies propa-
gation and queue terms within and beyond the declared
bound. Sybil and collusion cases separately vary authen-
ticated membership and shared-source dependence, be-
cause identity authentication does not establish indepen-
dence. The stale-ephemeris and partition cases exercise
age/authority and holdover transitions. Key compromise
remains an explicit unmeasured operational boundary un-
til a key lifecycle and revocation experiment is run.

The matrix is not a claim that every threat is detected.
Its purpose is to show which state is preserved when a
control cannot decide. An attack that cannot be distin-
guished from a valid common-source failure should pro-
duce uncertainty or escalation evidence, not an unsup-
ported hard rejection.

Artifact and Receipt Schema

The reproducibility bundle contains the following append-
only records:

1. input and source provenance, including source hash
and acquisition time;

2. coordinate context, epoch, frame, position source, and
authority state;

3. peer observations, range/range-rate values, and aggre-
gation inputs;

4. correction terms, confidence outputs, and D3 shadow
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outputs;

5. the generated Proof-of-Time record and verification
result;

6. transition evidence, final disposition, and failure rea-
son; and

7. the receipt, source revision, toolchain, commands, and
output hashes.

The receipt is a tamper-evident observation of this bundle.
It proves that the bundle existed in a stated order at
a stated observation point; it does not prove that the
ephemeris, detector, or peer assertions were physically
true.

The canonical record has four linked identities:

execution_id
correlation_id
artifact_id/hash
transition_id

run identity
end-to-end lineage
content identity
state-change identity

Every derived artifact references its parent artifacts and
declares its evidence class. A record with an absent par-
ent, mismatched hash, or unrelated correlation identifier
cannot satisfy a strong verification predicate.

The lifecycle is append-only: acquisition creates the
source record, normalisation creates the context record,
each processing stage creates a derived artifact, and a dis-
position creates a transition. Reprocessing a quarantined
item appends a new transition linked to the original; it
does not rewrite the original failure. Duplicate input is
identified by the declared idempotency key and receives
a deterministic disposition.

Before accepting a bundle, a verifier checks schema ver-
sion, required fields, parent references, content hashes,
source and configuration revisions, and the ordering rep-
resented by the receipt. It then evaluates the declared
predicate. A complete and untampered bundle can still
yield HOLD or UNVERIFIABLE; structural integrity of evi-
dence is not semantic or physical correctness.

The receipt is consequently the last integrity layer, not
a truth oracle. It records the digest, ordering, ob-
servation point, and receipt version. A later veri-
fier must retain the distinction between receipt_valid,
evidence_complete, and claim_applicable; these fields
are not collapsed into a single VERIFIED label.

Reproduction Limitations

The reference implementation can be rebuilt and its deter-
ministic calculations replayed. Reproducing the software
result does not reproduce a physical link. The remaining
external measurements are precisely those that require a
flight or laboratory setup: an operating X-ray detector,
live long-delay telemetry, independent peer clocks, and an
authority service available at the observation epoch. The

paper retains these as explicit unknowns so that later
measurements can be added without rewriting the earlier
result.

Reproduction is therefore divided into three scopes. Soft-
ware reproduction rebuilds the pinned code and replays
deterministic calculations. Model reproduction reruns
synthetic navigation, peer, attack, and D3 experiments
under the recorded assumptions. Physical reproduction
requires the instruments, clocks, link, authority service,
and environmental conditions represented by the model.
Success in either of the first two scopes must not be re-
ported as success in the third.

Some results also depend on external service availabil-
ity, catalogue revision, platform arithmetic, or feature-
gated network access. The bundle records these depen-
dencies and the applicable fallback state. If a dependency
cannot be reconstructed, the correct result is a bounded
UNVERIFIABLE or NOT_MEASURED, not a substituted latest
response.

The limitations do not invalidate the deterministic tests;
they bound their interpretation. A future physical cam-
paign should add calibrated X-ray observations, live
ephemeris responses, independent clock hardware, mea-
sured link asymmetry, environmental metadata, and un-
certainty estimates. Those artifacts can be attached as
a new evidence generation while preserving this paper’s
original software and model-generation records.

Accordingly, this appendix is part of the result rather
than a disclaimer outside it. It identifies which claims
are reproducible now, which require a specific authority
or instrument, and which remain open until an indepen-
dently observable physical experiment is available.
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