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Abstract

Campaign-level assessments of human lunar exploration architectures are commonly
performed over finite horizons, which can conceal systematic buffer drawdown and asset
drift beyond the simulated window. This paper presents a reproducible methodology
in which sustainability is formalized as a periodic (steady-state) property of the coupled
inventory-asset system, defined with respect to the modeled state variables and enforced
as a binary feasibility gate on all performance evaluation. The architecture is represented
as an event-driven multi-commodity flow over a reduced, SpaceNet-compatible network,
equivalent to a time-expanded formulation, with propellant demand coupled to transported
mass through the rocket equation. Standard measures of effectiveness are augmented with
three dimensionless indicators and a composite index whose alighment with the dominant
principal component of the trade space is tested a posteriori. On an Artemis III-derived
case study the reference cycle closes (z = 1, 32.3-day margin), yet 18 of 81 nominally
feasible design points lose periodic sustainability under launch-delay perturbations, all
18 classifications being statistically significant at the 95% level. Periodic-state closure
thus provides a formal criterion for cycle-to-cycle depletion that requires no arbitrary
horizon choice. Applied unchanged to three architectures spanning nearly seven-fold
in launch mass, the analysis shows an expendable direct-descent concept leading every
mass-normalized indicator at a fixed two-crew objective, an ordering that is stable under
£30% dry-mass and £10% specific-impulse perturbations, while a Gateway hub becomes
preferable once orbital infrastructure and extensibility are valued. This study regenerates
deterministically from a single input dataset.

Keywords: space logistics; lunar exploration; Artemis; periodic sustainability; event-driven
simulation; multi-commodity network flow; measures of effectiveness; Monte Carlo
robustness; principal component analysis; reproducibility

1. Introduction
1.1. Motivation: From Mission Feasibility to Campaign Sustainability

The return of human crews to the lunar surface under NASA’s Artemis program
requires an integrated logistics architecture. The publicly described Artemis III concept
of operations relies on an intensive pre-deployment chain—an Earth-orbit propellant
depot, a series of reusable tanker flights, and the transit of the Starship Human Landing
System (HLS) to a Near-Rectilinear Halo Orbit (NRHO) before crew arrival—followed by

Aerospace 2026, 13, 845

https:/ /doi.org/10.3390/aerospace13090845


https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13090845&domain=pdf&date_stamp=2026-09-17
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0009-0001-8150-4942
https://orcid.org/0000-0003-2734-4586
https://doi.org/10.3390/aerospace13090845

Aerospace 2026, 13, 845

20f31

rendezvous, surface expedition, and Earth return [1,2]. Each additional launch, proximity
operation, and propellant transfer increases total launch mass and risk exposure, which
motivates evaluation with explicit logistics performance and risk measures [3,4].

Most campaign studies, however, assess feasibility over a finite horizon: a scenario is
declared feasible if demands are met and vehicles close their propulsive budgets within the
simulated window [4,5]. A campaign may satisfy every constraint inside the window while
systematically drawing down consumable buffers, stranding assets in non-recoverable
configurations, or accumulating propellant deficits that become binding one or two cycles
later. For a program whose stated ambition is sustained presence [2,6], feasibility must
be redefined. The relevant question is not whether one mission closes, but whether the
campaign admits a periodic operating regime in which inventories, asset positions, and
crew presence repeat cycle after cycle without depletion. The problem addressed in this
paper is how to decide whether a lunar campaign architecture admits such a repeatable
operating regime, and how to compare structurally different architectures on that basis in a
reproducible way.

Throughout, periodic sustainability denotes the closure of the modeled logistics state
over one campaign cycle: inventories, tracked asset positions, and crew presence return to
their initial configuration. It is a property of the logistics loop and does not imply material
circularity. The life-support model is an open-loop consumables proxy, all commodities
are imported from Earth, and no recycling or in situ resource utilization is modeled, so the
concept is distinct from the closed material loops of a circular space economy. Section 2.3.3
states the modeled state variables, and all sustainability claims are made with respect
to them.

1.2. Related Work

Network-based space logistics modeling originates in the interplanetary supply chain
framework of Gralla, Shull, and de Weck [7] and in its consolidation in the SpaceNet
simulation environment [4,8,9], which has more recently been extended to a web-based
deployment for large-scale exploration analysis [10]. SpaceNet represents exploration as a
discrete-event flow of elements and supply classes over nodes and arcs and introduced the
measures-of-effectiveness (MOE) suite adopted here [3]. On the optimization side, Taylor et
al. formulated interplanetary mission planning as a mathematical program over a logistics
network [11]. Ho et al. introduced time-expanded network formulations for campaign-level
optimization [12,13], and Ishimatsu et al. generalized the framework to multi-commodity
flows with commodity transformation (the generalized multi-commodity network flow,
GMCNEF, model) for the Earth-Moon-Mars system [14]. Subsequent work coupled logistics
network optimization with vehicle design [15], with in-situ resource utilization (ISRU)
system sizing [16], with multifidelity planning and infrastructure design [17], and with
mixed high-/low-thrust propulsion through event-driven network models [18], while
operations under demand and schedule uncertainty have been addressed through servicing-
optimization frameworks [19]. The review by Ho [20] consolidates this field and notes
that validating its simplified trajectory, vehicle, and operational models against higher-
fidelity simulations remains a largely unexplored need, one which reproducible and openly
executable tools directly address. Graph-theoretic representations of space architectures
are surveyed in [21]; the selection of NRHO as the Artemis staging orbit is established
in [22-25], high-fidelity Gateway-to-low-lunar-orbit transfers in [26], and reliability- and
supportability-driven logistics in [27,28].

Two gaps persist in this literature. First, periodic boundary conditions are absent.
With the partial exception of steady-state resupply analyses for the International Space
Station [29], campaign formulations impose initial conditions and terminal requirements
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but do not require the terminal state to reproduce the initial state, so finite-horizon feasibil-

ity can mask structural unsustainability. Second, evaluation and exploration are decoupled

from reproducibility. Published campaign studies are rarely regenerable from their inputs,

and scenario assumptions such as orbit proxies, arc-cost proxies, and element parameteriza-

tions are seldom enumerated with the completeness required for independent verification, a

deficiency the reproducibility literature has documented across computational science [30].

1.3. Contributions

This paper addresses both gaps with three scientific contributions and one implemen-

tation contribution.

1.

Periodic sustainability as a first-class feasibility criterion (Section 2.3). Sustainabil-
ity of a campaign cycle is formalized as cyclic boundary conditions on commodity
inventories and tracked asset positions, combined with continuous surface presence,
non-depletion, and surface-objective constraints, and condensed into a binary feasibil-
ity gate z that conditions all performance evaluation. The results show empirically
that this gate, combined with schedule perturbation, exposes architectures that are
nominally feasible yet operationally unsustainable (Section 6.4).

An augmented indicator suite with an a-posteriori consistency test (Section 3). The
classical MOE suite [3] is extended with three dimensionless indicators—propellant-
specific science return 7,;, supply resilience p, and Monte Carlo schedule-delay ro-
bustness R—and a composite Sustainable Exploration Return Index (SERI) whose
alignment with the dominant principal component of the evaluation space is tested a
posteriori rather than asserted.

A reproducible scenario-exploration pipeline (Sections 4 and 6). A full-factorial
design of experiments is simulated, evaluated, and analyzed with principal component
analysis (PCA) [31], Gaussian mixture archetype identification with information-
criterion model selection [32], Pareto non-dominance in the sense of [33], and main-
effect screening, end to end and deterministically from a single comma-separated
values (CSV) input dataset.

In addition, the SpaceNet database schema [9] is reduced to the fields required for

campaign-level analysis and implemented in an openly released program (Section 2.2),

which enables programmatic scenario sweeps that the original graphical environment does

not support at scale. This is an engineering enabler rather than a scientific result. Table 1

separates what the work inherits from the SpaceNet framework from what it introduces.

Table 1. Provenance of the methodological components.

Inherited from Prior Work

Introduced in This Work

Network and arc representation, Classes of Supply,
and the discrete-event flow of elements [4,8,9,34]

Periodic boundary conditions on inventories and tracked
asset positions, condensed into the gate z; the margin m,
0, 1, and R

The composite index SERI with its a posteriori

Classical MOE definitions, retained verbatim, and the consistency test; the reproducible CSV-driven pipeline,

Apollo 17 normalization constants [3,35]

the multivariate exploration layer, and the
cross-architecture comparison protocol (Section 3.4)

Database schema, reduced to a compact field set [9]

The event-driven reference implementation and the
released input datasets of the three architectures

The Artemis IlI-derived periodic architecture is the primary demonstration case. The

methodology itself is architecture-agnostic, and Section 6.7 demonstrates this by comparing

three structurally different concepts—the reusable two-lander baseline, an expendable
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direct-descent architecture, and an NRHO/Gateway hub—under one common indicator
suite and feasibility gate, each instantiated in its own CSV input dataset with no change to
the engine.

2. Methodology: Representation and Mathematical Formulation
2.1. Network Representation

The physical system is represented as a static directed graph G = (V, £), where nodes
i € V are surface or orbital locations and directed arcs a € £ are abstracted transport oppor-
tunities characterized by a duration 7, and a set of impulsive burns B, = {b} with velocity
increments Avy,. This representation follows the SpaceNet convention [8,9]: arcs encode
logistics-relevant transfer costs, not physical trajectories, which is the appropriate abstrac-
tion level when the object of study is campaign structure rather than astrodynamics [21].
Following the SpaceNet data model, self-loops and duplicate arcs per origin—destination
pair are not represented. Loiter, docking, and surface-stay phases are node-level dwell
processes (assumption E-1, Section 2.4). Dynamics are introduced through the implicit time
expansion of the event engine: an element traversing arc a departing at t occupies the arc
during [t, t + 7,], which is the discrete-event equivalent of the time-expanded network
formulations of [12,14]. The advantage of the implicit expansion over an explicit time-
expanded graph is computational: scenario sweeps require thousands of cycle simulations,
and the event-driven engine evaluates a cycle in milliseconds because the continuous
dynamics between events are piecewise linear and integrated in closed form (Section 4.1).
The formulation evaluates a given event schedule and does not optimize routing decisions.
Exact mixed-integer linear programming (MILP) optimization of the manifest over the
expanded network [11,15] is deferred to future work (Section 7).

2.2. Reduced SpaceNet-Compatible Data Model

The full SpaceNet database schema [9] comprises nine object classes with over sixty
fields, most of which are not needed at campaign level. The retained field set preserves
semantic compatibility in both directions. Nodes carry an identifier, type, name, body, and
either a georeference or the Keplerian descriptors (apoapsis, periapsis, inclination); edges
carry origin, destination, duration, and distance; burns carry their edge, ordering time, and
Av; and elements carry type, Class of Supply, environment, masses and volumes, crew
and cargo capacities, active fraction, specific impulse, and tank capacity, extended with the
explicit initial-state fields (initial_fuel, initial_node, initial commodity loads, and the
tracked flag) that the periodic formulation requires.

Commodities are mapped to SpaceNet Classes of Supply (COS): propellants (COS 1),
aggregated crew consumables (COS 2/3), science payload and returned samples (COS 6),
stowage (COS 5), habitation infrastructure (COS 8), and transportation elements (COS 9) [34].
The entire scenario—network, elements, mission timeline, and simulation parameters—is
contained in a single CSV input dataset (one plain-text table per entity), which is the only
artifact a user edits (Section 4). The structure of these tables and the meaning of their fields
follow the SpaceNet database schema as documented in the SpaceNet User’s Guide [9], to
which the reader is referred. The two departures from that schema, the explicit initial-state
fields listed above and the mission-timeline event grammar executed by the engine of
Section 4.1, are documented in the input guide distributed with the released datasets.
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2.3. Mathematical Formulation
2.3.1. State, Flows, and Commodity Balance

Let K denote the tracked commodity set, P the element set, and [0, T¢] one campaign
cycle. The system state is

x(t) = ({Posp(t)}peP/ () }per, {Sik(t) }iev ek, Nsurf(t))/ 1)

where posp(t) is the location of element p (a node, an arc, or a disposed/recovered
terminal state), f,(t) its onboard propellant, S;(t) the inventory of commodity k at
node i, and Ngu(t) the surface crew count. Between events, inventories obey the
piecewise-linear balance

Ssurf,sup(t) = —TIc Nsurf(t)r S.surf,sam<t) =Ts fﬂ Nsurf(t)/ (2)

where 7. [kg crew ! day '] is the consumables rate (an open-loop environmental control
and life support system, ECLSS, proxy of the order of the NASA space logistics consum-
ables model referenced in [9]), rs [kg crew ! day~!] the sample-acquisition rate, and f;,
the mean crew active fraction (0.66, assumption EL-2 in Section 2.4). Campaign-level
sustainability is governed by integrated consumption and delivery rather than by sub-daily
ECLSS dynamics, and any higher-fidelity demand model [9] can replace the right-hand
sides without altering the formulation. Discrete events (transports, transfers, refuelings)
introduce jump discontinuities in x(t) at their scheduled epochs.

The scope of the state vector in Equation (1) bounds every sustainability claim in this
paper. The tracked quantities are element positions, element propellant, node inventories
of the modeled commodities, and the surface crew count. Waste streams, hardware degra-
dation, maintenance demand, spares, and accumulated component failures are not state
variables, and transit consumables are provisioned within vehicles and untracked (assump-
tion H1). A campaign that closes in the tracked variables could therefore still degrade in an
unmodeled one, and the periodicity conditions of Section 2.3.3 certify sustainability with
respect to the modeled state variables and constraints, not absolute campaign sustainability.
Extending the state vector with consumable-hardware and sparing states [28] is the natural
refinement (Section 7.3).

2.3.2. Propulsive Coupling

Each burn b executed by a designated burner element with specific impulse I, , on
a stack of instantaneous wet mass 1, consumes propellant according to the ideal rocket
equation [36]:

Mprops = Mo (1 _ et/ (gofsvﬂ), 20 = 9.80665 ms 2, 3)

where m;, sums the dry masses, residual propellants, crew, and carried commodities of
every element in the stack. Equation (3) couples the commodity flows to the transport
decisions and produces the characteristic logistics nonlinearity, in which propellant carried
for later burns inflates the cost of earlier ones, that motivates staged refueling in the Artemis
concept [1]. Burns are impulsive and arc costs are fixed proxies (assumption H4, Section 2.4).
The fidelity trade is discussed in Section 7.3.
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2.3.3. Periodic Sustainability and the Feasibility Gate

The central definition of this paper is the following. A cycle of length T is sustainable
if and only if the trajectory of (1) satisfies simultaneously:

Sik(Te) = Sik(0) Vi€ Vyk, k€ Kyx  (periodic inventories), 4)
rnset{posp(T,;)}peptrk = mset{posp(O)} pePy.  (periodic asset configuration),  (5)

Ngurt(f) > Nmin  Vt € [0, T¢] (continuous surface presence), (6)
Ssurtx(t) > SN YVt e [0,Tc], k€ K (non-depletion), )
Q(T;) > Qmin (surface objective), ®)
Mproph < foumer(p) (f, ) Vb (propellant closure). )
The feasibility gate is
z = 1[(4)(9) hold within declared tolerances| € {0,1}. (10)

Three modeling choices in (4) and (5) require justification. First, periodicity is imposed
on tracked subsets Vi, Kk, Puk: expendable elements replenished one-for-one each cycle
are excluded from (5) and their cost is charged entirely to Total Launch Mass (H2), the
accounting-consistent treatment of a replenished fleet. Second, (5) is stated on the position
multiset (mset): in the demonstration architecture two identical landers exchange roles
each cycle, so element-wise periodicity holds only over two cycles while the multiset
{surface, staging orbit} is invariant every cycle (H5). Third, the returned-sample stock is
permitted to grow, so samples are excluded from /Cy while remaining subject to (8) (H3).
Tolerances—one crew-day-equivalent of consumables for (4) and a declared propellant
band for lander fuel states—absorb the sub-percent numerical residue of the piecewise
integration and are reported with the input file.

The gate z is deliberately binary rather than graded. Sustainability, like structural
integrity, is an admissibility property. A campaign that violates (7) for one day is not
“mostly sustainable”: it fails, and blending the violation into a continuous score would
reintroduce the compensability the formulation is designed to exclude. Graded information
about how close a feasible campaign is to failure is instead carried by the margin and
resilience indicators of Section 3.2.

2.3.4. Margin Metric

For each commodity k, the first depletion epoch is
T = min{t € [0, Tc] : Sqursr(t) < SP™ 1, T; = oo if no violation occurs,  (11)

and the cycle margin, expressed in days of crew consumption at the minimum required
presence, is

. . minte[O,TC] (Ssurf,k(t) - Sinin)
m = min j— [days]. (12)

Because the inter-event dynamics (2) are linear, both (11) and (12) are computed analytically
per segment, with no time-discretization error.

2.4. Consolidated Assumptions and Parameter Provenance

Table 2 consolidates the assumptions and parameters of the study and classifies each
entry as a modeling hypothesis, a scenario assumption, a model parameter, a derived value,
or an externally sourced value. The numbering is contiguous, every in-text code refers to
this table, and the same register is embedded in the released input datasets. Element masses,
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propellant loads, and event epochs are given in full in the input files, in Tables 3 and 4, and,
for the alternative architectures, in Section 6.7.

Table 2. Consolidated assumption and parameter register. Categories: H = modeling hypothesis;

A = scenario assumption; P = model parameter; D = derived value; S = externally sourced value.

Code Cat.  Statement/Quantity Value Source; Where It Binds
Hi H Transit consumables provisioned within Displaces cycle demand by under 10%
vehicles and untracked (Section 7.3)
Expendable fleet replenished
one-for-one per cycle; the
2 H propellant-delivery campaign _ Risk exposure resolved into physical
aggregated into one flights in Section 6.7
accounting-equivalent launch charged
to TLM
Returned-sample stock may grow B .
H3 H (exportable backlog) Section 2.3.3
Impulsive burns over fixed arc-cost .
H4 H proxies; no CR3BP dynamics - Section 7.3
Asset periodicity stated on the position .
H> H multiset of the tracked fleet - Section 2.3.3
N-1 A Earth origin georeference (KSC LC-39A)  28.6083° N, —80.6041° E [1]; descriptive
N-2 S LEO staging orbit 185 x 1806 km, i = 28.5° SLS DSNE [37]
Lunar staging encoded as 100 km polar
N-3/N-4 A LLO, cost-equivalent to the 450m/s, ~5d [22,23,25]; modeling proxy
Artemis NRHO
N5 A Surface node: Shackleton-region ~89.9° S (]
south-pole proxy
N-6 A Earth return: Pacific splashdown proxy - -
E-1 A Dwell phases are node-level processes - SpaceNet convention [9]
E-2 A Arc distances are geometric proxies 384,400 km [38]
Aggregated Earth-ascent cost,
) single-stage-equivalent at I, = 430's,
B-1 5 applied identically to the 9500 m/s 1
three architectures
B-2 A Staging insertion modeled as two burns 2 x 225m/s [25]
B3 A Mid-course corrections absorbed into B B
arc proxies
EL-1 P HLS.-c.la.ss lander dry mass; vacuum 100 t; 380 s Scenario parameters, not flight values
specific impulse
EL-2 p Mean crew active fraction f; 0.66 Scenario parameter
- P Consumables rate 7, 7kg crew 1d! Open-ECLSS-order proxy [9]
- P Surface reserve; operational stock floor ~ 45d;3d Design variables of the sweep
- P Event success probabilities pr, pp, pa 0.98; 0.995; 0.99 Scenario-level proxies [3,28]
Monte Carlo draws: baseline M, sweep 0N, 00, . . .
_ P M,, architectures M,, fragility grid 1000; 400; 400; 200 Declared in the input file
Per-flight capacity for physical Starship-class LEO payload;
- P . 125t
launch resolution declared parameter
B D Lar}delj propellant loads at the 188.7 t: 66.8 ¢ leec'l point of the cycle map
periodic state (Section 6.2)
- D Cycle resupply mass 1274 kg Expected cycle consumption
- S Apollo 17 normalization constants TLM 2923 t; CSD 6.25 c-d; EMD 267 kg; [35]

EAD 38 el-d

Abbreviations used in this table: CR3BP, circular restricted three-body problem; CSD, crew surface days; DSNE,
Design Specification for Natural Environments; EAD, element active days; EMD, exploration mass delivered;
ISRU, in-situ resource utilization; KSC, Kennedy Space Center; LEO, low-Earth orbit; LLO, low-lunar orbit; NRHO,
near-rectilinear halo orbit; SLS, Space Launch System; TLM, total launch mass.
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Table 3. Scenario nodes (reduced SpaceNet schema). Orbital apoapsis/periapsis are altitude descrip-
tors in km; echoed verbatim from the input file.

ID Name Body Apo.[km] Peri.[km] Incl.[°’] Role/Assumption

Launch origin, LC-39A
georeference (N-1)

Pre-TLI staging per DSNE

1 KSC Earth - - -

2 LEO Earth 1806 185 28.5

(N-2) [37]
3 LEO_DOCKING Earth 1806 185 285  Losicalaggregation/refueling
node (depot concept)
Lunar staging, NRHO
4 LLPO Moon 100 100 %0 cost-equivalent proxy (N-3/N-4)
5  LSP Moon B B _ Shackleton-region south-pole

surface proxy (N-5)

6 PAC Earth - - - Pacific splashdown proxy (N-6)

Node abbreviations: KSC, Kennedy Space Center (launch complex LC-39A); LEO, low-Earth orbit; LLPO, low-
lunar polar orbit; LSP, lunar south pole; PAC, Pacific splashdown node; TLI, trans-lunar injection.

Table 4. Directed transport arcs and impulsive burn proxies. Av values follow standard cislunar
reference profiles [9] and the NASA NRHO profile [25]. Durations are in days, and the assumption
codes refer to Table 2.

Arc Duration [d] Distance [km] Av [m/s] Burn Structure

KSC-LEO 0.01 185 9500 Aggregated ascent (B-1)
LEO-LEO_DOCKING 0.50 50 15 Phasing /proximity
LEO_DOCKING-LLPO 5.15 384,400 3150 +450  TLI; staging insertion as 2 x 225 (B-2)
LLPO-LSP 0.04 100 2030 Powered descent

LSP-LLPO 0.04 100 1875 Powered ascent

LLPO-PAC 5.00 384,400 1230 Aggregated TEI + return (B-3)

TEI, trans-Earth injection; other node abbreviations as in Table 3.

3. Evaluation Framework
3.1. Classical Measures of Effectiveness

The classical suite follows the MIT Space Logistics Project definitions [3], retained
verbatim to anchor the augmented framework to community-accepted metrics. Crew
surface days (CSD), total launch mass (TLM), exploration mass delivered (EMD), upmass
capacity utilization (UCU), exploration capability (EC), relative exploration capability
(REC), relative scenario cost (RSC) and element active days (EAD) are defined, over one
cycle, as follows.

Tc
CSD = [ Naws(B)dt,  TIM= ¥ ey,
0 {cEarth launches (13)

EMD = ZCOS 6 and COS 8 mass delivered to surface nodes,

loeisti
UCU = OglsthS. COS upmass _ EC = CSD - EMD,
launched carrier upmass capacity )
EC/TLM
REC= — ~——
EC417/TLM 417
wy TLM + wp EAD . o
RSC = Risk =1 — L D A 1
> wpr TLM 17 + wp EAD 417" 15 PL" Pp” Pa" (15)

where CSD is in crew-days, EMD and TLM in kg, EC in kg crew-day, UCU in [0, 1], EAD
is the summed element-active-days and wy, wp the cost weights, both unity here. With
unit weights the launch-mass term dominates RSC (the fleet term contributes under 0.01%
of the numerator, so RSC ~ TLM/TLM 417); RSC is therefore reported but not treated as
an independent axis, a near-duplication accounted for in Section 6.5. In Equation (15),
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ng,np,ny4 are the counted launches, docking/refueling operations, and landings, and
PL, PD, P4 the per-event success probabilities (0.98, 0.995, 0.99; with the baseline counts of
Table 5 these give Risk = 0.0866). Event independence is a declared simplification standard
in campaign-level risk aggregation [3,28]. The Apollo 17 normalization constants of Table 2
are taken from the mission record [35] and exposed as parameters, since REC and RSC are
only meaningful relative to a documented baseline.

Table 5. Baseline evaluation vector of the Artemis III-derived periodic cycle. Risk is computed at the

modeled event counts under H2 (see Section 6.7 for the resolved physical counts).

Metric Symbol Value Reading

Feasibility gate z 1  All conditions (4)—(9) satisfied

Crew Surface Days CSD 1820 2> Te plus handover overlap,
Equation (13)

. . Science upmass per cycle,

Exploration Mass Delivered EMD 100 kg Equation (13)

Total Launch Mass TLM 10359274 kg~ Dominated by the aggregated
cargo/tanker launch

Upmass Capacity Utilization ucCu 0.458  Equation (14)

Exploration Capability EC 18,200 kg crew-d  Equation (14)

. . s Sustained presence outperforms
Relative Exploration Capability REC 3.08 Apollo 17 per kg launched
Relative Scenario Cost RSC 3.54 Equation (15), wy = wp =1
Scenario Risk Risk 0.0866 Equation (15):n, =2,np =6,

TZAZZ

Tsiolkovsky closure,

Total Av/propellant Avtot, Mprop 31,365 m/s; 9987 t Equation (3)

Element Active Days EAD 531.5  Fleet utilization term of RSC

Margin/resilience m; p 32.3d;0.359 Equations (12) and (17)

. - 0.0144 kg per tonne of
-5 g P

Science return efficiency N 1.44 x 10 propellant, Equation (16)
Equation (18), M = 1000, 95%

Schedule-delay robustness (c; =2d) R 1.000  confidence interval (CI)
[0.996,1]

SERI _ 1.000 Base normalization,

Equation (19)

3.2. New Indicators

Three indicators, absent from the classical suite, capture dimensions that the periodic
formulation makes measurable. All are dimensionless (or day-normalized) and defined
only forz = 1.

3.2.1. Propellant-Specific Science Return

With e gown the sample mass returned to Earth per cycle and mprop = ¥ Mprop b
the cycle propellant expenditure,

e ] (16)
Mprop
7 measures the sample return obtained per kilogram of propellant expended. Because
Mprop is dominated by the Earth-to-orbit ascent burns (about 93% of the 9987 t baseline
total), 17, correlates strongly with total launch mass and discriminates between architectures
mainly through their imported propellant budget rather than through refueling alone, as
Sections 6.5 and 6.7 confirm.
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3.2.2. Supply Resilience
With m the margin of (12),
o= €01, (17)
T,

the minimum consumables margin normalized by cycle length. p quantifies how close to
depletion the architecture operates in nominal conditions and is the deterministic precursor
of robustness.

3.2.3. Schedule-Delay Robustness

Launch delays displace the entire operational chain (launch, aggregation, transit, han-
dover, resupply), extending the outgoing crew’s surface stay against a fixed pre-resupply
stock. With delays drawn as d,, = |N'(0, 0;)|, a half-normal schedule-perturbation proxy,
the schedule-delay robustness is the Monte Carlo estimate

M
R = Pr{z =1 | launch-delay perturbation} ~ % Y zm €10,1]. (18)
m=1

The perturbation model covers launch delays only, and since propellant budgets are delay-
invariant under fixed arc proxies (H4), the sole failure channel is depletion of the logistical
stock. R is therefore a schedule-delay and reserve robustness metric, not a measure of over-
all architectural robustness: vehicle-loss contingencies, reliability dynamics, and demand
uncertainty lie outside its uncertainty model (Section 7.3). Within that scope, R separates
designs indistinguishable in the nominal case. Every reported R is a binomial estimate
accompanied by its 95% Wilson interval, with sample sizes declared in Table 2.

3.3. The Sustainable Exploration Return Index

The composite indicator is the base-normalized product

z-REC- (1 —Risk) - R

SERI =
[z-REC- (1 — Risk) - R]

, (19)

base

so that SERIp,se = 1 and SERI = 0 for any unsustainable architecture. The multiplicative
form is non-compensable (any factor approaching zero collapses the index) and needs
no free weights, but any aggregation imposes a preference structure, so SERI is not the
comparative foundation of this work. Rankings are based on the Pareto front over the
objective vector

J = (TLM, Risk, —REC, —#z, —R) (all minimized, feasible set z = 1), (20)

and SERI is subjected to an a posteriori consistency test: its correlation with the first principal
component of the standardized evaluation matrix is reported with a bootstrap confidence
interval (Section 6.6). Two caveats limit what this test can establish. The first principal
component (PC1) is the direction of maximum variance of the same evaluation matrix, not
an external reference, and SERI is built from metrics that belong to that matrix, so the test
is partly circular. It can refute a grossly misaligned index but cannot validate SERI in the
model-validation sense of Section 4.3. The correlation is therefore reported as a descriptive
alignment statistic rather than judged against a pass/fail threshold, the stability of the SERI
ranking under alternative constructions is examined, and a weak alignment would lead us
to report only the Pareto front.
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3.4. Cross-Architecture Comparison Methodology

Structurally different architectures are compared under four devices, applied in or-
der: (i) the common feasibility gate z; (ii) baseline-relative normalization, which renders
topologically different networks commensurable; (iii) projection into a common principal-
component space; and (iv) Pareto dominance over (20). Device (iii) also tests the indicator
suite itself: if the classical MOEs are collinear while the new indicators load on distinct com-
ponents, the new indicators add information the classical suite does not carry. Section 6.5
finds this to hold for p, the margin, and R, but only partially for 7.

4. Simulation Platform and Reproducibility Protocol
4.1. Architecture

The reference implementation is a sequential, open-source program operating on
the single CSV input dataset, with modules that map one-to-one onto the methodology:
input loading and validation, model construction, the discrete-event engine implementing
Equations (1)—(10) (elements in transit are credited to the destination node only from the
arc’s arrival time, so surface crew days accrue from landing), one evaluation function per
metric, the Monte Carlo layer of (18), the full-factorial scenario generator with its internal-
consistency rules, a multivariate layer (standardization, singular value decomposition,
SVD, based PCA [31], expectation—-maximization, EM, Gaussian mixtures with information-
criterion selection [32], Pareto filtering [33]), and an export layer that writes every figure,
table, a JavaScript Object Notation (JSON) metrics record with the input manifest, a log,
and a report. Only mature open scientific libraries are used, and the multivariate algebra is
implemented in numpy so that no machine-learning framework is required.

4.2. Input Validation Layer

Before any simulation, the platform validates mandatory-field completeness, units
and physical ranges, network referential integrity, the propulsive capability of every
burner, the temporal ordering of the timeline, a positional pre-simulation that verifies each
event finds its elements at the required node (the discrete-event analogue of SpaceNet’s
pre-simulation [9]), and the expected periodic consumables balance. Every failure reports
the table, row, field, and corrective action.

4.3. Verification and Validation Status

The evidential status of the platform is stated in the standard three-level vocabulary.
Software verification: the input-validation layer of Section 4.2 checks field completeness,
physical ranges, referential integrity, propulsive capability, temporal ordering, and the
positional pre-simulation, and every propellant budget is re-verified against Equation (3) at
each execution. Internal consistency verification: the periodic-state computation of Section 6.2
(fixed point, contraction, multi-cycle propagation with sub-kilogram residuals) establishes
that formulation and implementation are mutually consistent, and the Artemis III-derived
case is treated throughout as a demonstration of this consistency. Model validation against
an independent implementation, a higher-fidelity trajectory tool, a reference campaign, or
flight data has not been performed and is not claimed; the review by Ho [20] identifies this
as a largely unresolved need for the field. The sourced values of Table 2 tie the scenario
to published data but do not validate the model outputs; the contribution of the released
platform is a regenerable baseline against which such validation can be performed.

4.4. Reproducibility Protocol

Reproducibility is enforced by construction rather than by policy [30]: the CSV input
dataset is the sole input and is version-controlled with the code, all stochastic layers are
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seeded from a single declared seed, every figure and table of this paper is a file in the
Results/ tree regenerated by a single execution, the assumption register of Table 2 is
embedded in the input file, and the execution log records a SHA-256 digest of every input
table actually read, so the provenance of a results tree can be checked against the distributed
inputs file by file.

5. Demonstration Case: An Artemis III-Derived Periodic Architecture
5.1. From Artemis III to a Periodic Operating Regime

Artemis III, as publicly described, is a single sortie: four crew travel to lunar orbit, two
descend, and all four return [1]. A sustained campaign requires an operating regime that
repeats. The demonstration case therefore evolves the Artemis Il element set into a periodic
architecture defined by three features. First, continuous surface presence with paired
rotations: each cycle launches a crew pair, overlaps it on the surface with the outgoing pair
during handover (Ngys: 2— 4 — 2), and returns the outgoing pair with the accumulated
samples; the four-crew Artemis III sortie is the documented bootstrap mission preceding
the periodic regime and is not itself simulated. Second, a two-lander HLS fleet alternating
between the surface and the staging orbit: the orbiting, refueled lander descends with the
incoming pair while the surface lander ascends with the outgoing pair, is refueled, and
becomes the next cycle’s descent asset, so that each lander executes one powered leg per
cycle, which renders the propellant budget closable (a single lander executing all legs was
found to be propulsively infeasible under the declared Av proxies). Third, aggregated
cislunar propellant delivery: a cargo/tanker element, the accounting-level aggregation of
the NASA depot-plus-tankers concept [1], delivers the lander refueling load, crew-vehicle
top-off, and logistics upmass, and is expended (H2).

5.2. Network Instantiation

The scenario network consists of six nodes and six directed transport arcs, defined in
Tables 3 and 4 and shown in Figure 1; the assumption codes refer to Table 2.

EARTH SURFACE LOW EARTH ORBIT LOW LUNAR ORBIT LUNAR SURFACE
1875 m/s
0.01 d 0.04d
3600 m/s
launch site 5.15 d / 2 burns ‘/\
185 x 1806 km  aggregation node 100 km poM%B“ S

2030 m/s
0.04 d

recovery

1230 m/s
5d

=p== Qutbound transport arc === Return transport arc ® Orbital node M Surface node

Figure 1. Earth-Moon logistics network of the periodic scenario (schematic layout). Generated by
the program from the node, edge, and burn definitions in the input file. Node codes (KSC, Kennedy
Space Center; LEO, low-Earth orbit; LLPO, low-lunar polar orbit; LSP, lunar south pole; PAC, Pacific
splashdown node) are as in Table 3.

Each row of Table 3 gives the node identifier and name, the celestial body, and, for
orbital nodes, the apoapsis and periapsis altitudes and the inclination as read from the
input file; surface nodes carry a georeference instead. The launch origin uses the KSC
LC-39A coordinates (N-1), the low-Earth-orbit staging and aggregation nodes use the
185 x 1806 km, i = 28.5° orbit of the SLS DSNE specification (N-2), the recovery node is a
Pacific splashdown proxy (N-6), and the surface node is a Shackleton-region south-pole
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proxy (N-5). The lunar staging node is encoded as a 100 km circular polar low lunar orbit
(LLPO), a Keplerian descriptor compatible with the reduced schema, while the Av and time
of flight of the arc that reaches it absorb the reference NRHO insertion profile, so that the
node is cost-equivalent to the Artemis NRHO staging orbit (N-3/N-4); this mapping is a
declared modeling proxy.

Table 4 lists the arcs with their transit time, a geometric distance proxy (E-2), and the
total impulsive Av, decomposed in the last column into burns. The KSC-LEO arc carries an
aggregated 9500 m/s surface-to-LEO cost (B-1). The translunar arc combines the 3150 m/s
trans-lunar injection with the 450 m/s staging insertion, modeled as two 225 m/s burns
following the reference NRHO profile (B-2). Mid-course corrections are absorbed into the arc
proxies (B-3), the powered-descent and ascent arcs carry the 2030 and 1875 m/s reference
costs, and the return arc aggregates trans-Earth injection and entry. All Av values are fixed
proxies under H4 and the absolute propellant figures inherit their uncertainty (Section 7.3).

5.3. Element Set and Closable Propellant Budgets

The thirteen scenario elements (crew vehicle with 316 s hypergolic-class service propul-
sion; a 462 s cryogenic upper stage performing TLIL, Interim Cryogenic Propulsion Stage
(ICPS) class; aggregated crew and cargo launch stacks at 430 s; two 100-t HLS landers at 380 s;
the expendable tanker; a pressurized logistics carrier; a pre-deployed surface habitat holding
the consumables reserve and sample backlog; and four tracked crew members at the 100 kg
SpaceNet convention) are listed with their full parameterization in the input file. Initial
propellant loads were sized ex ante by backward propagation of Equation (3) along each
element’s burn sequence and are re-verified by the engine at every execution (Equation (9)).
Two sizing results carry architectural meaning: the per-cycle lander refueling load at the
staging node is 188 t, so the aggregated tanker requires about 680 t of propellant in LEO,
which is why the cargo launch stack (H2) dominates cycle launch mass (Section 6.1).

5.4. Mission Timeline

The 20-event cycle timeline is fully specified in the mission_timeline table of the
input file, with its parameter references resolved against the parameter table, and is the
sequence read chronologically from Figure 2. The steady-state design values are exposed as
editable parameters: a consumption rate of 7 kg crew ! d~! [9], a 45-day reserve, a 1274 kg
resupply per cycle equal to the expected 182 crew-day cycle demand, 100 kg of science
upmass, and a 144 kg sample export equal to the expected cycle generation.

Launch and Translunar Handover, Earth Steady
aggregation transit surface overlap return operations
Elements (dashed: crew,
PAC | _; : dottecd: exgelndable stages)
recovery [ = Crew |
________ =V ==« Crew_B2
LSP S S S S S ——— == Crew_Al
lunar surface === =rT=—=——==T=—==5 .. e Crew A2
. -{'—— === =X j Srewv;hicle
staging orbit =E=2 pperStage
E ——————————— CrewLaunchStack
LEO_DOCKING | YIS = HLS_B
aggregation = HLS_A
= === CargoTanker
LEO . - = Sy gI Carrier
low Earth orbit pply
% = CargoLaunchStack
Ksc -'=)1( == SurfaceHab
launch site E % Disposal (REMOVE)
¥ Recovery (RECOVER)
®© © 6 © 60w O D
T T T T

0 2 4 6 8 10 12 14 16 1830 60 90

Cycle time (days), active phase expanded Cycle time (days)

Events: 1 launch of the crew and cargo stacks (0 d) 2 crew-vehicle top-off in LEO (2 d) 3 translunar departure (3.0 and 3.2 d)
4 staging-orbit arrival and crew transfer (8.2 to 9.0 d) 5 landing of HLS_B with the incoming crew (9.5 d) 6 ascent of HLS_A with the outgoing crew (10.5 d)
7 refuelling of HLS_A (11.5 d) 8 trans-Earth injection (12 d) 9 disposal of the tanker and the carrier (13 d) 10 splashdown and recovery (17.5 d)

Figure 2. Element time-location chart of the reference cycle, showing all thirteen scenario elements.
Small vertical offsets separate traces that share a location, the left panel expands the event-dense
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active phase (days —1 to 18), and the right panel compresses the static remainder of the 90-day cycle.
Dashed traces are crew. The vertical axis carries physical locations only: disposal (REMOVE) and
recovery (RECOVER) are marked by cross and down-triangle glyphs at the location where they occur,
where the corresponding trace ends. The HLS_A /HLS_B traces exchanging the LSP and LLPO levels
visualize the position-multiset periodicity of Equation (5).

6. Results

All quantitative results in this section are outputs of the reference execution of the
released program on the reference input file; they are not asserted values, and re-executing
the program regenerates every number, figure, and table reported below.

6.1. Baseline Cycle: Sustainability Closure

The baseline cycle satisfies the full feasibility gate (z = 1) with zero propellant viola-
tions, continuous presence Ng¢(t) > 2 throughout, no depletion, and the sample objective
met. All periodic conditions are satisfied to numerical precision rather than merely within
tolerance. The periodic state is computed rather than assumed (Section 6.2). The ter-
minal consumables stock returns to its initial 630 kg level with a residual below 0.1 kg
against a 14 kg tolerance, the tracked lander propellant states return to their initial values
{188.7,66.8} t with a residual below 0.05 kg against a 5 t tolerance, the lander position
multiset {LSP, LLPOY} is invariant, and two crew are on the surface at Tc. The minimum
consumables margin is m = 32.3 days (p = 0.359). Cycle totals are Avyr = 31,365 m/s
executed, Mprop = 9987 t, and TLM = 10,359 t across two modeled launches, six docking
or refueling operations, and two landings. Table 5 reports the complete evaluation vector.
Risk in Table 5 is computed at the modeled event counts under the launch-aggregation
hypothesis H2. When the aggregated cargo launch is resolved into its physical flights, as in
the cross-architecture comparison of Section 6.7, the baseline value rises from 0.087 to 0.191.

6.2. The Periodic State: Fixed Point and Multi-Cycle Propagation

A declared tolerance on the periodicity conditions invites an objection: a residual
small enough to pass the gate but systematically signed would accumulate over successive
cycles. Two results address it. First, the periodic state is computed rather than assumed.
Writing the cycle as a return map R that carries the propellant loads of the tracked fleet
from the start of a cycle to its end, with the lander roles rotating as required by Equation (5),
the periodic state is its fixed point x* = R (x*). Iterating R from the nominal design loads
{190,70} t converges in 17 iterations to x* = {188.7,66.8} t, the load declared in the input
file, and the cycle resupply mass is set to the exact cycle consumption 1. CSD = 1274 kg;
with x* as initial condition, the per-cycle residuals fall below 0.05 kg on a 255 t fleet
inventory. Second, R is a contraction: deviations decay geometrically with ratio ~ 0.6
per cycle, so the declared tolerance acts as a convergence criterion on the approach to the
periodic orbit rather than as a license for drift, which is also why it remains meaningful
across the scenario campaign, where each design point has its own periodic orbit. Figure 3
shows the campaign propagated over four consecutive cycles: the histories repeat, the
consumables return to exactly 630 kg at every cycle boundary, and the per-cycle propellant
drift of the tracked fleet is +-0.01 kg or below, the dynamic form of x(T;) = x(0).

Figure 2 is the element time-location chart of the reference cycle, read chronologically.
Att = 0, the crew and cargo stacks lift off from KSC and their boosters are staged within
hours (the disposal crosses at the KSC level). Both stacks aggregate at the LEO docking
node on days 1-2, where the tanker tops off the crew vehicle, and reach the staging orbit
around day 8. Lander B lands with the incoming pair at f = 9.5 d, lander A ascends with
the outgoing pair at t = 10.5 d and is refueled at t = 11.5 d, and the crew vehicle performs
trans-Earth injection at f = 12 d with recovery at t = 17.5 d (the triangles at PAC); the
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expended tanker and carrier are disposed of at t = 13 d. From day 18 to T, = 90 d, the
configuration is static, which the right panel compresses. The central feature is that the
HLS_A and HLS_B traces exchange the LSP and LLPO levels between cycle start and
cycle end: this exchange is the graphical expression of the position-multiset periodicity of
Equation (5).

Figure 3 shows the surface histories (crew count, consumables against Smin and the
reserve, sample accumulation), Figure 4 the per-vehicle propellant trajectories with the
188 t staging-node refueling as the positive step, and Figure 5 the Av budget and cycle
launch mass, whose dominance by the cargo launch quantifies the launch-mass cost of
importing all cislunar propellant from Earth, which is the trade-off that motivates ISRU
studies [16].

4 consecutive cycles chained end-to-start: the campaign repeats without drift
(shaded band: the unit cycle that repeats indefinitely)

5 unit cycle == N_surf_min = 2

N_surf [crew]
N W N
=
L
—
.

500 1 —— consumables stock (SurfaceHab)
----- S_min = 42 kg
--=Initial level (reserve 45 d)

Consumables [kg]

= Accumulated surface samples
150 i

100

Samples [kg]

50 4

0 90 180 270 360

Campaign time [days]
Figure 3. Four consecutive cycles chained end-to-start (the terminal state of each cycle seeds the next,
with the lander roles rotating); the shaded band marks the unit cycle that repeats indefinitely. Panels:
surface crew count (blue trace) against the continuity floor (dotted line, Equation (6)); consumables
stock against the depletion floor S™" and the initial reserve level, returning to exactly 630 kg at
every cycle boundary—the periodic-inventory closure of Equation (4); and cumulative sample
generation/export.

6.3. Schedule-Delay Robustness of the Baseline

Under M = 1000 half-normal launch delays with ¢; = 2 days, the baseline remains
sustainable in every realization, giving R = 1.000 with a 95% Wilson interval of [0.996, 1.000].
The 45-day reserve absorbs the induced extension of the pre-resupply consumption window
with a large margin: analytically, depletion requires a delay exceeding about 32 days at the
baseline reserve, and the half-normal model with 0; = 2 d makes such delays extremely
unlikely. Figure 6 shows the Monte Carlo distributions of margin, resilience, and 7,;. The
left tail of the margin distribution quantifies how delays erode the buffer without breaching
it. This result should be interpreted together with Section 6.4: schedule-delay robustness is
a property of the reserve sizing, not of the architecture topology, and it degrades sharply at
lower reserves.
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Figure 4. Per-vehicle propellant trajectories (symmetric-log scale; time axis from day —1; the shaded
area marks the linear range of the axis, below 50 t, in which the small crew-vehicle and upper-stage
loads are resolved). Discrete drops are impulsive burns consuming propellant per Equation (3); the
positive step on the ascended lander is the 188 t staging-node refueling that closes the fleet’s propul-
sive cycle. Vehicle disposal and recovery are marked by cross and down-triangle glyphs, respectively.

Cycle TLM breakdown (total 10,359 t)
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Figure 5. (Left) aggregate Av budget per network arc. (Right) cycle launch-mass decomposition;
the cargo/tanker launch aggregates the multi-flight tanker campaign of the NASA concept [1] at
accounting level (assumption H2).
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Figure 6. Monte Carlo distributions (histogram and kernel density) of the minimum margin, supply
resilience p, and # under half-normal launch delays (¢; = 2 d, M = 1000), baseline scenario.
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6.4. Scenario Campaign: The Hidden-Depletion Phenomenon

The full-factorial campaign spans T, € {60,90,120} d, reserve € {15,30,45} d,
ag; € {0.25,0.5,0.75}, and 03 € {0,2,4} d, giving 81 design points. The rotation size
is held at the steady-state pair, and the campaign is performed on architecture A1, so this
section and Sections 6.5 and 6.6 characterize the design space of the two-lander baseline.
Internal-consistency rules re-derive the resupply mass, the initial stock, and the science
flows at each point, so no design point is malformed by construction. Each point is evalu-
ated deterministically and with a Monte Carlo estimate of R using Ms = 400 draws, with a
95% Wilson interval on every estimate.

The principal result is the dissociation between nominal and perturbed sustainability:
all 81 design points are feasible under the nominal schedule (z = 1), yet 18 are fragile
(R < 0.95), losing periodic sustainability through depletion of the pre-resupply surface
stock. Since one third of the design has 0; = 0 and cannot be fragile by construction, the
relevant fraction is 18 of the 54 delay-perturbed points, and every fragile point sits at the
15-day reserve level. The classification is statistically firm. All 18 fragile classifications are
significant at the 95% level (largest fragile estimate R = 0.783, Wilson interval [0.739, 0.820]),
the fragile estimates fall in two groups by delay dispersion (R ~ 0.73-0.78 at 0; = 2 d and
0.41-0.45 at 0; = 4 d), every robust delay-perturbed point returned R = 1.000 (400/400,
one-sided lower bound 0.993), and no point lies between R = 0.78 and R = 1.00. Figure 7
supports the choice of M with a convergence study at four representative design points:
the estimates stabilize well before M = 400, and the intervals at the production sample size
are narrow relative to the separation between the classes.

Convergence of the schedule-delay robustness estimate

1.0 1
| ___fragility threshold R_= 0.95

_. 0.9
ko) : production Ms = 400
g :
© H
2 0.8 1 +
o
I}
0 .
= 0.7 —e— baseline (90 d, 45 d, 0.50)
X —e— fragile (60 d, 15 d, 0.50)
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= —— robust (120 d, 30 d, 0.50)
B 051 :
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©
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Figure 7. Convergence of the schedule-delay robustness estimate with the number of Monte Carlo
draws at four representative design points. Shaded bands are 95% Wilson intervals, the dashed line
marks the R = 0.95 fragility threshold, and the dotted vertical line marks the production sample
size Ms = 400. The baseline trace coincides with the robust trace (R = 1.000 at every M) and lies
beneath it.

The formulation does not claim that finite-horizon analysis is incapable of revealing
depletion; a sufficiently long finite-horizon simulation with uncertainty propagation could
expose the same drawdown. What the periodic formulation contributes is a formal criterion
for systematic cycle-to-cycle drift that requires no arbitrary horizon choice: a nominal
one-cycle analysis would certify all 81 designs indistinguishably, whereas the gate-plus-
perturbation methodology stratifies them by their operating margin under the declared
perturbation model.
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The maximum SERI = 1.994 is attained jointly by seven design points, all with
T. =120 d and a,; = 0.75 and every reserve—o,; combination at which R = 1. The tie is
structural: with Risk constant across the sweep, SERI reduces to REC - R up to normaliza-
tion, so at fixed T, and a,.; the index is reserve-invariant wherever delay perturbations do
not reduce feasibility.

6.5. Multivariate Structure of the Trade Space

The evaluation suite defines fourteen metrics, but the analysed matrix is smaller. Risk
and Avio; are constant across the 81 design points, because the sweep varies neither the
event counts nor the network, so both are removed before standardization and the retained
matrix is 81 x 12. That matrix contains exact and near-exact duplicates: UCU and TLM are
perfectly correlated in this design (r = 1.000), as are EC and REC, while RSC and 1prop
track TLM with |r| > 0.999 (Section 3.1). Its full spectrum confirms the degeneracy: the
rank is seven, with explained-variance ratios (0.578,0.196,0.167,0.043,0.010, 0.003,0.003),
and retaining the duplicates would count the launch-mass block up to five times.

The primary analysis therefore uses a de-duplicated set of eight metrics, one rep-
resentative per collinear group: CSD, EMD, TLM, REC, #, p, R, and the margin. Its
explained-variance ratios are (0.454,0.288,0.173,0.064, 0.013,0.005, 0.003): two components
carry 74.2% and three 91.5% of the variance, so the suite has an intrinsic dimensionality of
approximately three. Figure 8 shows both scree plots and Table 6 the loadings of the first
three primary components.

Primary de-duplicated set (8 metrics) Retained full set (12 metrics)
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o°
o
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o
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Figure 8. Scree plots of the evaluation matrix: the primary de-duplicated eight-metric set (left) and
the retained twelve-metric set (right), with cumulative explained variance. The retained set has rank
seven because of the metric duplications described in the text.

Table 6. Loadings of the first three principal components of the de-duplicated evaluation matrix.

Metric PC1 PC2 PC3
CSD 0.426 0.031 0.487
EMD 0.279 0.177 —0.671
TLM 0.456 0.051 0.405
REC 0.467 0.167 —0.298
N 0.487 0.143 —-0.103
0 —0.248 0.547 —0.043
R —0.074 0.501 0.161
margin m —0.101 0.605 0.149
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The loadings support the non-redundancy claim of contribution 2, with one qualifi-
cation. The classical exploration metrics load jointly on PC1 (CSD 0.43, TLM 0.46, REC
0.47), and p, the margin, and R load dominantly on a distinct second component (0.55,
0.61, 0.50), so the margin-and-robustness indicators carry information the classical suite
does not. 7y, in contrast, loads on PC1 with the mass block (0.49): it does not separate
along the science-allocation direction, which is PC3 (EMD —0.67 against CSD and TLM),
consistent with its dominance by the imported-propellant budget noted in Section 3.2. The
non-redundancy conclusion is accordingly claimed for p, the margin, and R, but not for 7.

Figure 9 shows the biplot of the primary analysis. The number of Gaussian-mixture
components is selected by the Bayesian information criterion (BIC) over K = 1 to 6 on
the first two principal-component scores, each model fitted with 20 random EM restarts;
label stability is measured by the adjusted Rand index across restarts. BIC takes the values
653.7, 661.1, 671.1, 568.5, 565.0, and 568.0 for K = 1 to 6 and selects K = 5, with K = 4 and
K = 6 within ABIC < 3.5 and a mean adjusted Rand index (ARI) of 0.62 at the selected K
(the Akaike information criterion, AIC, decreases monotonically; the full selection table
is exported with the results). Figure 10 shows the five archetypes and Table 7 their mean
profiles and sizes. A low-reserve fragile archetype (25 points, mean reserve exactly 15 d,
p = 0.03, mean R = 0.71) isolates the fragility phenomenon of Section 6.4, and a short-cycle
conservative archetype (15 points, T, = 72 d, 45-day reserves, p = 0.47) trades launch-mass
efficiency for margin. The long-cycle family splits by science allocation into a high-return
archetype («5; = 0.75, REC 6.1, SERI 1.99) and a mid-allocation counterpart (a,,; = 0.50,
REC 4.1), 7 points each, and the remaining 27 mid-range points form a central archetype.
The isolation of the fragile group is the operationally important feature, and it is preserved
by the selection procedure.

Principal component biplot of the scenario x evaluable matrix
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Figure 9. PCA biplot of the de-duplicated scenario-evaluable matrix (color: SERI; red vectors: metric
loadings). The classical exploration metrics load jointly on PC1, while p, the margin, and R load on a
distinct second component, supporting the non-redundancy of the margin-and-robustness indicators.

Table 7. Mean profile and size of each Gaussian-mixture archetype (K = 5, selected by BIC). 77, in kg
of returned samples per ton of propellant.

Archetype n T.(d) res.(d) Ngei oq(d) REC N P R SERI
Long-cycle, high science return 7 120.0 34.3 0.75 1.7 6.14 0.019 0.18 1.00 1.99
Low-reserve fragile 25 87.6 15.0 0.49 2.2 291 0.011 0.03 0.71 0.66
Short-cycle conservative 15 72.0 45.0 0.55 2.0 2.78 0.011 0.47 1.00 0.90
Mid-range 27 86.7 33.3 0.42 2.0 2.34 0.010 0.25 1.00 0.76
Long-cycle, mid science return 7 120.0 34.3 0.50 1.7 4.09 0.019 0.18 1.00 1.33
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Scenario archetypes: Gaussian-mixture components (1-sigma, 2-sigma covariance ellipses)
3
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)
)
@

) Archetype 0
) Archetype 1
© Archetype 2
© Archetype 3
) Archetype 4
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Figure 10. Scenario archetypes identified by a Gaussian mixture (EM algorithm [32]) in principal-
component space, with K = 5 components selected by BIC. Ring markers denote the mixture means,
the shaded ellipses the 1-sigma and 2-sigma covariance contours of each component (degenerating to
line segments for the two seven-point long-cycle archetypes), and Table 7 gives the archetype profiles.

Figure 11 shows the REC-TLM projection of the trade space with the 49-point Pareto
set over Equation (20). The size of the front is expected under five-objective dominance
in a factorial design, and the archetype and principal-component structure supplies the
interpretable organization that raw dominance does not.

REC-TLM projection of the trade space with the Pareto front
(the z gate excludes unsustainable scenarios from ranking)
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Figure 11. REC-TLM projection of the trade space with the Pareto-non-dominated set over
J = (TLM, Risk, —REC, =17, —R) circled; only z = 1 scenarios compete.

6.6. SERI Consistency Test and Sensitivity Screening

The a posteriori consistency test of Section 3.3 yields corr(SERI, PC1) = +0.761, with
a 95% bootstrap confidence interval of [0.65,0.85] over 5000 resamples (Figure 12). No
fixed pass/fail threshold is applied, since PC1 is not a ground truth against which an
index can pass or fail. SERI is aligned with the dominant axis of the trade space, but
12 ~ 0.58 implies that approximately 42% of the PC1 variance remains unexplained, so
SERI is a summary rather than a substitute, and ranking decisions defer to the Pareto front
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of Equation (20). The ranking is robust to reasonable re-definitions of the index: removing
the Risk factor or replacing the product by the geometric mean leaves the ranking of the
81 points unchanged (Spearman 1.00), an additive min-max composite gives 0.96, and
substituting 1 for REC gives 0.91, whereas the alignment statistic itself varies between
0.52 and 0.76 across constructions, a further reason to treat it as a consistency check rather
than a validation.

Main-effect screening over the factorial design (Figure 13) separates the two responses.
Science allocation (ASERI = +0.91 between extreme levels) and cycle length (+0.60,
through launch-mass amortization in REC) dominate SERI, with the reserve a clearly
weaker third factor (4-0.26). The schedule-delay robustness responds to a different pair:
the reserve is its dominant positive driver (AR = +0.27) and the delay dispersion its
dominant negative driver (—0.19), while cycle length and science allocation are immaterial
(JAR| < 0.002). This is the quantitative form of the hidden-depletion mechanism. Variance-
based global sensitivity indices, such as Sobol” indices estimated by Saltelli sampling [39],
would refine this screening and are a natural extension of the exploration layer.

A-posteriori consistency of SERI with PC1
(r=0.76, 95% CI [0.65, 0.85])
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Figure 12. A posteriori consistency of SERI with the (orientation-adjusted) first principal component
(r = 0.76, 95% bootstrap CI [0.65,0.85]). A weak alignment here would have led us to report only the
Pareto front.

Main effect on SERI Main effect on schedule-delay robustness R

Science allocation as.; +0.91 Surface reserve
Cycle length T, +0.60 Delay dispersion gq
Surface reserve - +0.27 Cycle length T, —0.002 (negligible)
Delay dispersion gy 4 —0.19 Science allocation asc; +0.001 (negligible)
T T T T T T t T
-1.0 -0.5 0.0 0.5 1.0 -0.2 0.0 0.2

ASERI (high level minus low level) AR (high level minus low level)

mmm Positive effect (higher level increases the response) B Negative effect

Figure 13. Main-effect (tornado) screening of the factorial design: effect of each design variable (high-
level minus low-level means) on SERI (left) and on the schedule-delay robustness R (right). The
reserve dominates R and the delay dispersion degrades it, while cycle length and science allocation
drive SERIL
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6.7. Multi-Architecture Comparison

The preceding results characterize a single architecture. The central methodological
claim, however, is generality: any concept expressed in the reduced schema is evaluated by
the same engine, indicators, and feasibility gate (Section 3.4). Two additional architectures
were therefore instantiated, each in its own CSV input dataset with no change to the engine
code, sharing crew size, cadence, consumables model, science allocation, and Apollo-17
normalization with the baseline, so that differences in the evaluables are attributable to
architecture and to the declared vehicle parameterization, whose influence is quantified
below. The three are: A1, the reusable two-lander baseline; A2, an Apollo-derived direct-
descent expendable concept in which a single integrated launch delivers an expendable
trans-lunar and descent stack and a small ascent vehicle directly to the surface, with no
orbital staging; and A3, an NRHO/Gateway hub with a persistent orbital outpost and a single
reusable lander refuelled at the Gateway by a dedicated tanker chain. A2 and A3 were
sized ex ante so that every burn closes and the cycle is periodic, the engine confirms z = 1
for all three, and the schedule-delay robustness of each is R = 1.000 with a 95% Wilson
interval of [0.990,1.000] at M, = 400 draws.

A prerequisite of the comparison is a consistent risk accounting. Hypothesis H2
aggregates a multi-flight tanker campaign into one accounting-equivalent launch for Al
and A3, whereas A2 flies a single physical launch, so counting only the modeled events
would charge the refueling architectures less launch-risk exposure than they incur. The
primary risk figures of the comparison therefore resolve each aggregated launch into
physical flights, N = [delivered LEO payload/per-flight capacity| at the declared 125 t
capacity of Table 2: seven flights for Al’s cargo campaign (eight Earth launches per cycle in
total), four for A3 (five in total), and one for A2. Per-flight depot berthings are conservatively
not added to the docking counts, which understates Al’s and A3’s exposure and works
against the conclusion drawn below.

Table 8 reports the cross-normalized comparison, with indicators referred to Al.
All three architectures are sustainable (z = 1) with the same estimated robustness and
consumables margins of 32.3 d (A1, A3) and 36.8 d (A2, whose resupply lands earlier in the
cycle), confirming that schedule-delay robustness is governed by reserve sizing rather than
by topology. The evaluable differences are ordered and mechanistically explicable. Total
launch mass orders A2 < A3 < Al (1562, 7549 and 10,359 t), which quantifies the launch-
mass cost of importing cislunar propellant from Earth (H2), largest for A1’s 100 t-class
reusable fleet, smaller for A3’s single 40 t lander, and near-minimal for A2’s Apollo-class
expendable stages. Exploration mass delivered is equal (EMD = 100kg) and crew surface
days are almost identical (CSD = 182.0, 182.0, 182.2; the handover overlap of A3 is
0.1 d longer), so relative exploration capability, which rewards exploration per unit launch
mass, orders inversely: A2 > A3 > Al (REC = 6.63, 1.37, 1.00). Since crew surface days
and exploration mass are the same for the three concepts, REC reduces to the launch-
mass ratio, 10,359/1562 = 6.63 for A2 and 10,359/7549 = 1.37 for A3. Scenario risk at
resolved physical launch counts tracks the number of critical operations: A2 flies one launch
with no rendezvous (Risk = 0.040), A3 accumulates five launches and seven Gateway
handoffs (0.145), and A1 eight launches and six dockings (0.191); under the aggregated
accounting, the figures would be 0.040, 0.091 and 0.087, so the resolution widens A2’s
risk advantage. Propellant-specific science return orders the same way (77, relative to Al
= 4.74,1.39, 1.00), the smaller multiple than REC reflecting A2’s lower absolute sample
return (100 vs. 144 kg). The composite index, computed with the physical-count risk, ranks
A2> A3 > Al (SERI = 7.87, 1.45, 1.00; 6.97, 1.37, 1.00 under the aggregated accounting).
These orderings hold at the two-crew, sample-return objective encoded by the suite and
under the declared vehicle parameterization, whose influence is bounded below.
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Table 8. Cross-architecture comparison of the three concepts under the identical indicator suite
and feasibility gate. Risk is computed at resolved physical launch counts N, (primary accounting),
with the aggregated single-launch figure Riskagg shown for reference. REC, 7, and SERI are cross-
normalized to the Al baseline (Al = 1.00), and SERI uses the physical-count risk. CSD is given
absolutely so that the REC ordering can be reconciled with the launch masses (since REC « CSD -
EMD/TLM and EMD = 100 kg for all three). All three satisfy the periodic gate (z = 1) with R = 1.000
(0.990,1.000] at M, = 400.

Arch. CSD TLM Np/ Risk Riskagg REC Uk P SERI

(c-d) () Dock (/A1) (/A1) (/A1)
Al—Reusable two-lander 182.0 10,359 8/6 0.191 0.087 1.00 1.00 0.359 1.00
A2—Direct-descent exp. 182.0 1562 1/0 0.040 0.040 6.63 474 0.409 7.87
A3—NRHO/Gateway hub 182.2 7549 5/7 0.145 0.091 1.37 1.39 0.359 1.45

All three architectures deliver the same science upmass (EMD = 100kg), so the
exploration capability EC = CSD - EMD differs only through CSD.

Underlying vehicle definitions. Table 9 lists the propulsive elements of the three
architectures with their dry mass, specific impulse, initial propellant load, cargo capacity,
initial location, and reusability, and Table 10 gives the campaign-level totals. Multi-stage
vehicles are represented stage by stage, staging being an event that discards the spent stage
after its last burn, so the rocket equation is applied over the instantaneous stack mass. For
the tracked, pre-deployed landers the initial propellant is the exact periodic state computed
in Section 6.2.

Table 9. Propulsive-element parameters of the three architectures. Dry mass, specific im-
pulse, initial propellant load, and cargo capacity; “Reus.” marks tracked assets subject to the
periodicity conditions.

Arch. Element Dry Isp Prop. Cargo  Start Reus.
® (s) () ®

Al CrewVehicle 13.5 316 11.0 0.6 KSC no
UpperStage 4.0 462 34.0 0.0 KSC no
CrewLaunchStack 85.0 430 1280.0 60.0 KSC no
HLS_A 100.0 380 66.8 25.0 LSpP yes
HIS_B 100.0 380 188.7 25.0 LLPO  yes
CargoTanker 100.0 380 680.0 100.0 KSC no
CargoLaunchStack  150.0 430 8000.0  1000.0  KSC no

A2 CrewLaunchStack 85.0 430 1400.0 0.0 KSC no
TransLunarStage 4.0 462 46.0 0.0 KSC no
DescentStage 2.5 311 13.5 1.5 KSC no
AscentVehicle_A 3.0 311 6.5 0.2 LSpP yes
AscentVehicle_B 3.0 311 6.5 0.2 KSC yes

A3 Crew Vehicle 13.5 316 11.0 0.6 KSC no
UpperStage 4.0 462 34.0 0.0 KSC no
CrewLaunchStack 85.0 430 1280.0 0.0 KSC no
SustLander 40.0 380 79.3 25.0 LLPO  yes
Tanker 100.0 380 390.0 100.0 KSC no

CargoLaunchStack  150.0 430 5480.0  1000.0  KSC no
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Table 10. Campaign-level totals per architecture: executed velocity increment, propellant consumed,
total launch mass, and the counted critical operations entering Equation (15).

Av exec.  Propellant

Arch. (m/s) ® TLM (t) Launches Dockings Landings
Al 31,365 9987 10,359 2 6 2
A2 18,685 1463 1562 1 0 2
A3 31,365 7182 7549 2 7 2

Risk exposure across aggregation levels. Because the physical launch counts depend
on the declared per-flight capacity, the resolution level was swept directly. When the
aggregated cargo/tanker launch stands for N physical flights, Risk rises for Al from 0.087
at N = 1t00.207 at N = 8 and 0.269 at N = 12, and for A3 from 0.091 to 0.272 over the
same range, while A2, which has no aggregated campaign, is invariant at 0.040; the primary
values above correspond to N = 7 (Al) and N = 4 (A3). Every resolution level N > 1
widens rather than narrows A2’s risk advantage, so the risk ordering is insensitive to the
choice, and total launch mass is invariant to N by construction, so the mass-normalized
indicators are unaffected.

Sensitivity to vehicle-sizing assumptions. The three concepts differ simultaneously
in dry mass, specific impulse, staging, and aggregation level, so the comparison could
reflect the assumed vehicle sizing as much as the logistics topology. To quantify this, the
propulsive dry masses of each architecture were scaled over 0.70-1.30 and the specific
impulses over 0.90-1.10, one factor at a time. Because the reference propellant loads were
sized to close every budget, each perturbed case is re-sized with the same closure logic: the
propellant load of every propulsive element and the refuelling quantities are recomputed
as the fixed point of the cycle map, inheriting the residual margins of the reference datasets,
and the engine then verifies closure and periodicity; at unit scale, the procedure reproduces
the reference launch masses to within 0.001%.

Figure 14 gives the results (the full table is exported with the results tree). The REC
ordering A2 > A3 > Al is preserved at every perturbation level of both factors, whether
applied to a single architecture or to all three, although the absolute evaluables move
strongly: a 10% specific-impulse penalty raises Al’s launch mass from 10,359 to 15,782 t
and its cargo campaign from seven to nine flights. The margin protecting the ordering is
wide. Degrading A2 alone, its propulsive dry masses must grow by a factor of about 5.3
before its REC falls to A3’s nominal value and about 7.3 before it falls to Al’s, and reducing
A2’s specific impulse alone produces no inversion in the range over which the re-sizing
converges. The ranking statements of this section are therefore insensitive to plausible
vehicle-sizing errors, while remaining conditional on the declared concept definitions.

Figure 15 shows that all three architectures close the periodic inventory condition,
Figure 16 renders the comparative profile as grouped bars and a radar chart, and Figure 17
projects the three architectures into a single common principal-component space built by
pooling their reserve x delay stress grids (deterministic imposed delays of 0, 2 and 4 days,
a stress sweep rather than draws from the half-normal model). The architectures separate
almost entirely along the first component (67% of variance), which carries the architecture
identity, while the second component reflects only the common stress response: structurally
different architectures share the same latent axes and are therefore directly commensurable
(device (iii) of Section 3.4).
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Sensitivity of REC to the vehicle-sizing factors (propellant loads re-sized to closure at every point)

—— Al —— Al
—— A2 —o— A2
—o— A3 —o— A3

104 —

REC (absolute, Apollo-17-normalized)

0.7 0.8 0.9 1.0 1.1 1.2 1.3 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100
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Figure 14. Sensitivity of the absolute REC of the three architectures to the vehicle-sizing factors, with
propellant loads and refuelling quantities re-sized to budget closure and periodicity at every point.
The REC ordering A2 > A3 > Al is preserved throughout both ranges.

Surface consumables histories per architecture (periodic closure)
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Figure 15. Surface consumables histories (green traces) of the three architectures against the depletion
floor S™IM (dotted line) and the initial reserve (dashed line); all three return to the initial reserve,
evidencing periodic inventory closure.
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Figure 16. Quantitative comparison of the three architectures. (Left) key evaluables normalized to
the column maximum (A1l blue, A2 orange, A3 green, as in the legend of the right panel). (Right)
comparative radar profile (outer = better), with TLM, Risk and RSC inverted.
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Common latent space: the three architectures pooled into one PCA
(reserve x imposed-delay stress grid; rings mark architecture centroids)
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Figure 17. Common latent space of the three architectures, obtained by pooling their reserve x
imposed-delay stress grids into one PCA. Rings mark the architecture centroids. The first component
carries the architecture identity and the second the common stress response.

7. Discussion
7.1. Implications

Three implications follow. Methodologically, nominal feasibility gates that ignore pe-
riodicity and perturbation do not stratify architectures by operating margin, whereas
the stratification obtained here (81 nominally feasible, 18 fragile, all at the smallest re-
serve) is the information a program office needs to size reserves; the analysis converts the
qualitative injunction to carry margin into a quantified reserve-versus-robustness trade
(Figures 6 and 13). Architecturally, the launch-mass dominance of cislunar propellant im-
port (Figure 5) is the launch-mass cost of the two-lander architecture’s reusability and
delimits the region in which lunar ISRU becomes advantageous [16]: any in situ propellant
fraction reduces the dominant TLM term while leaving the sustainability gate untouched.
Programmatically, REC > 1 (3.08 at baseline) reflects the CSD-integrating structure of the
exploration-capability metric under continuous presence, not launch-cost superiority over
Apollo, which is why REC enters SERI jointly with Risk and R.

7.2. Comparison with Alternative Architectures

The comparison methodology of Section 3.4 is architecture-agnostic by construction,
and Section 6.7 exercised it on three concepts (Table 8). The outcome contradicts the
common expectation that reusability is preferable. Under the current indicator suite, the
two-crew sample-return objective, and the declared vehicle parameterization, the expend-
able direct-descent architecture (A2) leads on every scalar reported, with sustainability and
schedule-delay robustness equal to the others. The mechanism is direct: when all propel-
lant is imported from Earth (H2) and throughput is capped at two crew, a reusable fleet’s
launch-mass premium is not amortized. The sensitivity study shows that this ordering
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survives £30% dry-mass and £10% specific-impulse perturbations with a wide margin,
but it remains a statement about the compared concept definitions at the stated objective,
not about expendable versus reusable architectures in general.

These results do not establish A2 as the preferable architecture in general. The scalar
suite measures mass and risk efficiency at a fixed, small objective and does not price
the dimensions on which Al and A3 dominate: surface-throughput scaling (A1’s fleet
and Starship-class cargo against A2’s two-crew ceiling and A3’s single-lander bottleneck),
orbital infrastructure and abort options (absent in the direct profile, partial at Al’s staging
orbit, and provided by the persistent Gateway of A3), evolvability toward in situ resource
utilization (Al and A3 extensible, A2 not), and the effect of ISRU on the dominant cost
(highest for Al, whose large refuel term it would displace, and lowest for A2, which
imports little propellant in the first place). The same analysis identifies where reusability
pays off: Al’s launch-mass premium is amortized only when throughput is high or when
ISRU displaces the dominant imported-propellant term, the term Al maximizes and A2
minimizes, while the Gateway hub (A3) preserves reusability and adds persistent orbital
infrastructure at a considerably smaller penalty than that of A1, and it is the architecture
in which an ISRU capability that would invert the TLM ranking would be installed. The
recommendation is therefore conditional: A2 for a mass-minimal two-crew sortie campaign,
A3 for a sustained, scalable program of the kind Artemis intends, and Al when surface
throughput must scale past the single-lander bottleneck.

7.3. Limitations

The hypotheses of Table 2 bound the claims. Under H1, transit consumables are
untracked, which displaces cycle demand by under 10% but understates absolute demand.
Under H2, expendable-fleet replenishment is charged wholly to TLM, and production-
rate and cost dynamics are out of scope. H3 and H5 are deliberate modeling choices
justified in Section 2.3.3. Under H4, burns are impulsive over fixed arc proxies without
CR3BP dynamics; NRHO-family transfer costs vary with geometry and epoch and require
ephemeris-based transfer design to resolve [23,24,26], so the absolute Av and propellant
figures carry the proxy uncertainty. The risk model of Equation (15) assumes event inde-
pendence with fixed scenario-level probabilities and is an exposure proxy rather than a
reliability model [27,28]. The perturbation model behind R is limited to schedule delays;
discrete vehicle-loss contingencies, which would couple to the fleet-position periodicity,
and the state-vector extensions of Section 2.3 are the most consequential extensions. Fi-
nally, the engine evaluates a declared event schedule and does not optimize manifests, so
exact MILP optimization over the time-expanded network [11,12,15] remains the natural
optimization companion.

These hypotheses do not bias the compared architectures uniformly, so the compara-
bility of the results cannot be argued from their common application alone. Table 11 states,
hypothesis by hypothesis, the expected direction of the bias per architecture and its bearing
on the reported ordering. Three of the four differential effects are conservative with respect
to the conclusions of Section 6.7, because correcting them would widen rather than narrow
A2’s lead, while the fixed-arc-proxy hypothesis (H4) affects the NRHO-staged architectures
in a direction that only ephemeris-based transfer budgets can resolve. The comparability
claim is therefore made in this bounded form: the reported orderings are supported within
the declared model form, the directions of the known differential biases are stated, and H4
is the uncertainty that requires higher-fidelity resolution.
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Table 11. Differential model-form uncertainty: expected direction of the bias of each hypothesis
per architecture and its bearing on the reported ordering (A2 > A3 > Al on the mass-normalized

indicators; A2 lowest on risk).

Hyp.

Differential Effect Across Architectures

Bearing on the Ordering

H1 (untracked transit consumables)

Understates demand in proportion to crewed transit
duration, comparable across the three concepts

Approximately neutral

H2 (launch aggregation, risk side)

Understates launch-risk exposure only for the
refueling architectures Al and A3

Conservative; resolved in the primary comparison,
and every resolution level widens A2’s advantage

H2 (tanker aggregation, mass side)

Neutral on TLM by construction; suppresses
per-flight boil-off and transfer losses that would
burden Al and A3

Conservative; modeling those losses would widen
A2’s REC lead

H4 (fixed arc proxies)

Affects the NRHO-staged concepts (A1, A3)
differently from direct descent (A2), whose profile is
closer to its Apollo reference

Direction not determinable at this fidelity; requires
ephemeris-based budgets [26]

Risk model (independence)

Common-cause structure would penalize the

architectures with more coupled operations (A1, A3) Conservative for the risk ordering

8. Conclusions

This paper addressed the question of whether a lunar campaign admits a periodic
operating regime without depletion, and answered it by formulating periodicity as a check-
able mathematical condition, implementing an openly released platform that evaluates it,
and applying that platform to three architectures. The two gaps identified in Section 1.2
can be closed explicitly. The first was the absence of periodic boundary conditions. The
methodology makes periodicity a first-class feasibility criterion: on the Artemis IlI-derived
demonstration case, the periodic state was computed as the attracting fixed point of the
cycle map and shown to hold over multi-cycle propagation, and the practical consequence
is the hidden-depletion result, in which all 81 design points of the factorial campaign are
feasible under the nominal schedule yet 18 lose their periodic regime under launch delays,
every one of them at the smallest reserve considered and all 18 classifications significant
at the 95% level. Periodic-state closure thus provides a formal criterion for cycle-to-cycle
drift that requires no arbitrary horizon choice, and it converts reserve sizing into a quanti-
fied trade: the reserve is the dominant driver of schedule-delay robustness and the delay
dispersion its dominant threat, while cycle length and science allocation govern return
efficiency. The second gap was the decoupling of evaluation from reproducibility, closed
by construction: a single CSV input dataset regenerates every number, figure, and table of
this paper in under a minute, with the provenance of every input table recorded by digest.

Three further results follow. The indicators p, m, and R carry information the classical
suite does not, whereas 7 largely tracks the launch-mass axis; SERI is aligned with the
dominant axis of the trade space (r = 0.76, a consistency statistic rather than a validation)
and its ranking is stable under reasonable re-definitions, so it can be used as a summary
indicator while Pareto non-dominance remains the basis of the comparison. And when
all propellant is imported from Earth and throughput is fixed at two crew, the expendable
direct-descent concept leads every mass-normalized indicator with the lowest risk exposure,
an ordering that survives the resolution of launch aggregation and wide vehicle-sizing
perturbations, while the Gateway hub becomes preferable once orbital infrastructure, abort
options, and ISRU extensibility are valued. The preferred architecture is therefore a function
of the program’s objective weighting, and the contribution of the methodology is to make
that dependence explicit, quantified, and reproducible.

The claims are bounded by the model form (Section 7.3). Future work will replace
the arc proxies with ephemeris-based NRHO transfer budgets [26] within a multifidelity
workflow [17,20], extend the state vector with sparing and degradation terms, add ISRU
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generation and discrete failure contingencies, benchmark the platform against an indepen-
dent implementation, and couple the evaluation layer to exact manifest optimization.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/aerospace13090845/s1, File S1: reproducibility archive
(ZIP) containing the simulation notebook, the CSV input datasets of the three architectures (Al,
A2 and A3), the input guide, and the reference results tree that regenerates every figure, table and
number reported in this article. The same archive is deposited at Zenodo (https://doi.org/10.5281/
zenodo.22715084).
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AIC Akaike Information Criterion

ARI Adjusted Rand Index

BIC Bayesian Information Criterion

CI Confidence Interval

COs Class of Supply

CR3BP Circular Restricted Three-Body Problem

CSD Crew Surface Days

Csv Comma-Separated Values

DoE Design of Experiments

DSNE Design Specification for Natural Environments
EAD Element Active Days

EC Exploration Capability

ECLSS Environmental Control and Life Support System
EM Expectation-Maximization

EMD Exploration Mass Delivered

GMCNF  Generalized Multi-Commodity Network Flow
GMM Gaussian Mixture Model
HLS Human Landing System
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ISRU In-Situ Resource Utilization

KSC Kennedy Space Center

LEO Low-Earth Orbit

LLPO Low-Lunar Polar Orbit

LSP Lunar South Pole (surface node)
MILP Mixed-Integer Linear Programming
MOE Measure of Effectiveness

NRHO Near-Rectilinear Halo Orbit

PAC Pacific splashdown node

PC Principal Component

PCA Principal Component Analysis

REC Relative Exploration Capability
RSC Relative Scenario Cost

SERI Sustainable Exploration Return Index
SLS Space Launch System

SVD Singular Value Decomposition

TEI Trans-Earth Injection

TLI Trans-Lunar Injection

TLM Total Launch Mass

UCU Upmass Capacity Utilization
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