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ABSTRACT

For decades, Mars architectures had been constrained to up to 6 crew members for surface
endurances up to 600 days because the increased mass for larger missions implied significantly
higher costs. More recently, reusable rockets and mass manufacturing approaches are starting
to transform the human spaceflight landscape, offering increased mass to orbit capabilities,
dramatically reduced unit costs and a falling cost of access to space. In view of the above,
the approach in this work is to turn crew size from a constraint to the primary design
variable and explore the design space for larger architectures that could offer increased
value, robustness and a potential for growth. This requires more elaborate and flexible
approaches to modeling the supply and demand for crew time, going beyond the state-of-
the-art. The crew time model in this work is based on the parametric modeling of 533
activities and considers economies of scale and productivity effects from specialization, task
focus and learning to estimate time demanded for logistics, utilization, thriving and growth.
An architecture screening model integrates the high-resolution crew time model with low-
fidelity sub-models for mission aspects like food production and habitat construction, all
driven by crew size and surface endurance. Mars architectures from 4-63 crew members
in up to 3 nearby sites for up to 10 years were evaluated using new metrics such as the
Lifecycle Cost per Non-Logistics Full Time Equivalent person on Mars per year and the
Robustness Composite Indicator (ROCI), finding that dual-site designs with 30 to 42 crew
strike a balance between affordability to NASA, mission value, high robustness with a self-
rescue capability, and potential for autocatalytic growth. A case study proposes a NASA-
led, 36-crew, 10-year Mars mission, with broad participation from Artemis Accords member
countries. The 27-year program, with an average annual cost of $3.1b peaking at $7b in
the mid-2030’s, fits within NASA’s current deep space exploration budget. This work shifts
the focal point for human spaceflight from mass to crew time, supports the study of larger,
hitherto unexplored Mars architectures, and finds that larger, multi-site Mars missions could
be more cost-effective, robust and sustainable than traditional concepts. The research also
supports future work towards new, larger-scale Mars analog missions which could improve
our understanding of crew productivity and other factors which vary with mission scale.
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For Carl

"...there was the question of where, in
terms of practical politics, the money
was supposed to come from. The costs
of getting the first humans to Mars
had been variously estimated, ranging as
high as $500 billion.

Of course, it’s impossible to predict
costs before you have a mission design.
And the mission design depends on such
matters as the size of the crew; the ex-
tent to which you take mitigating steps
against solar and cosmic radiation haz-
ards, or zero gravity; and what other
risks you are willing to accept with the
lives of the men and women on board. If every crew member has one essential specialty, what
happens if one of them falls ilI? The larger the crew, the more reliable the backups. You
would almost certainly not send a full-time oral surgeon, but what happens if you need root
canal work and you’re a hundred million miles from the nearest dentist? Or could it be done
by an endodontist on Earth, using telepresence?

Wernher von Braun was the [...] engineer who, more than anyone else, actually took us
into space. His 1952 book Das Marsprojekt envisioned a first mission with 10 interplane-
tary spacecraft, 70 crew members, and 3 "landing boats.” Redundancy was uppermost in his
mind. The logistical requirements, he wrote, "are no greater than those for a minor military
operation extending over a limited theater of war.” He meant to "explode once and for all the
theory of the solitary space rocket and its little band of bold interplanetary adventurers.” [...]
Modern Mars mission designs have ignored this advice. They are much less ambitious than
von Braun’s, typically calling for one or two spacecraft crewed by three to eight astronauts,
with another robotic cargo ship or two. The solitary rocket and the little band of adventurers
are still with us..."

Carl Sagan with a Viking lander mockup. Image: NASA /JPL

- Carl Sagan, Pale Blue Dot (Sagan 1994, pp. 266-267)
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Glossary of Variables

Symbol De nition
Cuesign The Crew Size of the Mars Surface mission
E design The Endurance of the Mars Surface mission, in years

Runassigned

Tavailable

Tdem

Tdem;i

Tn;i

Total reserve time in crew-minutes per mission

Total Mars surface time in crew-minutes per mission, being the prod-
uct of Cgesign and Egesign (With a constant for units)

Total Demanded Crew Time per Mission, including scale-dependent
adjustments for crew productivity, in crew-minutes per mission

Total Demanded Crew Time for thei-th Activity, in crew-minutes per
Mission, including scale-dependent adjustments for crew productivity

Total Nominal Demanded Time for thei-th Activity, in crew-minutes
per Mission

Number of repetitions of thei-th Activity, per Mission
Number of Activity-triggering events for thei-th Activity, per Mission

Number of L1 physical units where the-th Activity has to be started
separately

Total crew time, in Crew-Member minutes, demanded for one in-
stance of thei-th Activity

Number of crew engaging in the Setup tasks and repeating tasks of
the i-th Activity

Time, in minutes, for one crew member to perform the Setup task for
the i-th Activity

Number of Tasks peri-th Activity and per L2 physical unit

Number of L2 physical units, each demanding a Task from thieth
Activity

Duration per Task in minutes, for one crew member to perform one
Task that is part of the i-th Activity
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De nitions of Acronyms and Capitalized

Terms

Term

De nition

Available Time

Demanded Time

Reserve Time

Activity

Activity Group

Setup Action

Tasks

Value
Bene t

Total crew time on the surface of Mars in Crew-Member minutes
(CM-min), being the product of Crew Size and Endurance, denoted

by Tavailable .

The total crew time demanded by all Activities during the Mars sur-
face mission phase, in CM-minutes, denoted Blgen,.

The di erence between Available Time and Demanded Time, denoted
by Runassigned - A negative Reserve Time indicates infeasibility.

A batch of related tasks which occur in contiguous time at a de ned
place. This batch may include a Setup action and the Tasks. The
Activity list in this work contains 533 Activities, denoted by the su x
I, which are evolved from the list of 484 Mars Surface tasks created
by Jack Stuster. Most Activity de nitions are exactly as rst written
by Stuster, with some changes and additions by the author to re ect
the unique needs of larger architectures.

A group of related Activities, similar and overlapping with the Sum-
mary Task Statements created by Stuster.

If an Activity has a Setup Action with a non-zero duration, then the
Setup Action must be completed before performing the Tasks.

All Activity tasks except the Setup Action. For modeling simplicity,
the de nition of Tasks is such that Tasks are assumed to be uniform,
identical and repetitive.

A set of Bene ts obtained in consideration for Cost.

The outcome(s) or output(s) of a system, externally-delivered to one
or more stakeholders who value them, exclusive of the Cost required
to procure the Bene' t.
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Term De nition

Cost The Cost to procure a Benet or Bene ts. Unless otherwise stated,
all Costs in this work are Lifecycle Costs

Lifecycle Cost All costs incurred in the e ort to procure the Bene ts including de-
sign, development, testing, evaluation, fabrication, launch, operations
and other, throughout the life cycle of the system architecture.

Robustness The absence of as many vulnerabilities as possible.

Vulnerability An aspect of the system architecture, whether in its form or function,
which could eventually become the direct or indirect cause of unde-
sired emergence leading to loss of a crew member, loss of mission or
other serious loss.

Autocatalysis A capability of self-organizing, self-directed systems to absorb every-
thing they need from their environment to sustain themselves and
grow.

Autocatalytic Poten- The term is generally used to refer to having a higher potential to

tial achieve the state of Autocatalysis in future.

Crew Size Crew Size refers to the number of crew on the surface of Mars and

is denoted byCgesign. In case of multi-site architectures, and unless
otherwise stated, Crew Size refers to the total number of crew on
Mars.

Endurance The duration of the Mars surface mission measured in Earth years,
from the landing of the crew until their departure, denoted byE gesign -

Day Unless otherwise stated, all references to a Day shall refer to an Earth
day, with 24 hours per day.

Week Unless otherwise stated, all references to a Week shall refer to an
Earth week with 7 Days per Week.

Year Unless otherwise stated, all references to a Year refer to an Earth
calendar year with 365 Days and 52 Weeks per Year.

LCC Estimated Mission Lifecycle Cost in units of $m, undiscounted and
unadjusted for in ation.

FTE Full-Time Equivalent persons on the surface of Mars, calculated in
terms of the proportion of Crew-Member time spent on various Ac-
tivities using a variable workweek length, which is set as needed in
an e ort to sta all Activities with crew time.

LFTE Logistics FTE, being the equivalent number of crew engaged in work-
time Activities intended to support the survival and logistical needs
of the Crew and Mission.
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Term

De nition

NLFTE

UFTE

UIFTE

UEFTE

XFTE

GFTE

RFTE

RWFTE

RPFTE

Workweek, Indicated

Workweek, Demanded

Workweek, Feasible

Architecture

Non-Logistics FTE, being the equivalent number of crew engaged in
all other worktime Activities intended to generate value for stakehold-
ers

Utilization FTE, being the equivalent number of crew engaged in
Utilization Activities which deliver direct mission value to the mission
sponsor, who is also the primary stakeholder.

Utilization (IVA) FTE, being the equivalent number of crew engaged
in Utilization Activities inside the surface habitat

Utilization (EVA) FTE, being the equivalent number of crew engaged
in Utilization Activities outside the surface habitat

Expression-related professions FTE, being the equivalent number of
crew engaged in self-selected, expression-related worktime Activities
which deliver primary value to themselves and fellow crew-mates

Growth-related FTE, being the equivalent number of crew engaged in
worktime Activities which expand the pressurized volume, carrying
capacity and / or capabilities of the Mars habitat

Reserve FTE, being the equivalent number of crew not engaged in
any Activity and available to be assigned to Activities which require
additional crew time resources

Reserve (from worktime) FTE, being RFTE from unutilized Work-
time

Reserve (from personal time) FTE, being RFTE from unutilized Per-
sonal time

The Indicated Workweek is set at 65 hours per crew member per Week
and refers to the maximum time available for work-related Activities.

The Demanded Workweek is the number of hours of worktime de-
manded per week from each crew member on average, such that the
sum of LFTE, UFTE, XFTE and GFTE will be equal to the Crew
Size.

The Feasible Workweek is the lowest of the Demanded or Indicated
Workweeks.

De ned by Edward Crawley and Olivier de Weck as "The embodi-
ment of concept, and the allocation of physical/informational function
(process) to elements of form (objects) and de nition of structural in-
terfaces among the objects.” The term can refer to the Architecture
of buildings, software, missions or of any system.

26



Term

De nition

Pre-Phase A

Real Option

122 5

123 5

263_10G

343_8G

Village

Pale Red Dot

According to NASA, "the purpose of Pre-Phase A is to produce a
broad spectrum of ideas and alternatives for missions from which new
programs/projects can be selected. During Pre-Phase A, a study or
proposal team analyses a broad range of mission concepts that can fall
within technical, cost, and schedule constraints and that contribute
to program and Mission Directorate goals and objectives."

A costly investment in an aspect of the System Architecture under-

taken in the present or at an earlier time, in order to preserve the

optionality to modify some aspect of the system architecture at a

later time to take advantage of the resolution of uncertain events in

such ways as to mitigate future losses and/or take advantage of new
upside opportunities.

A 4-crew, 5-year surface endurance Mars mission architecture with 1
site, 2 teams per site and 2 crew per team.

A 6-crew, 5-year surface endurance Mars mission architecture with 1
site, 2 teams per site and 3 crew per team.

A 36-crew, 10-year surface endurance Mars mission architecture with
2 sites, 6 teams per site, 3 crew per team and organic growth capa-
bilities.

A 36-crew, 8-year surface endurance Mars mission architecture with
3 sites, 4 teams per site, 3 crew per team and organic growth capa-
bilities.

In this work, a Village refers to a contiguous habitat area which is
separated from other Villages by relatively short distances that can
easily by covered by walking or using the rovers.

Polis-based Architecture for the Long-term Exploration of the Red
planet, with Exciting and Diverse Developmental Opportunities to

Thrive. Pale Red Dot, a 36-crew, 10-year, dual-village Mars archi-
tecture received the First Place Overall and Best in Theme: Home-
steading Mars Awards from a panel of NASA and Industry Judges
at the NASA RASC-AL Competition held in June, 2023 at Cocoa
Beach, Florida.
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Chapter 1

Introduction, Background and
Motivation

1.1 Overview

NASA's Moon to Mars strategy and ongoing technology investments (National Aeronautics
and Space Administration 2023) are currently being decided in the context of signi cant
advancements in space systems reusability, in-situ resource utilization (ISRU) and in-space
assembly and manufacturing (ISAM) (Donald Rapp 2023). Despite these advancements,
which foreshadow many opportunities for order-of-magnitude reductions in lifecycle costs
(Jennifer L. Heldmann et al. 2022), recent NASA reference architectures for Mars exploration
still aim to minimize total lifecycle cost. NASA Mars studies, going back six decades, have
all strived to minimize the number of launches and were limited to no more than 6 crew
members for no more than 600 days on the surface of Mars (Portree 2001; Donald Rapp
2023). In his comprehensive review of the crew size decision for all published NASA and
other Mars architectures, (Donald Rapp 2023) concludes that little discussion has been
given to crew size and that we still only have primitive notions on the pivotal questions of
crew size and makeup (emphasis added):

"In previous sections of this book, | provided a history of proposals for human
missions to Mars dating back about 70 years. Many such proposals have been
made. One of the odd things about these proposals is thatlatively little
discussion was given to crew size ; yet crew size is the most critical

1The author of this work is aware of at least one rigorous attempt to investigate optimal crew size and
makeup, the 2005 NASA Concept Exploration and Re nement Study by MIT and Draper. This is discussed
in Section 2.1.2.
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factor in determining the feasibility and cost of a human mission to Mars."
(Donald Rapp 2023, Section 3.11.1.3 in)

"l think the question of crew makeup in addition to crew size remains
very uncertain . While engineers estimate masses, propellants, trajectories and
mission timelines, the entire mission is driven by crew size and crew
makeup, and we have only primitive notions about that. "

(Donald Rapp 2023, Section 3.11.1.4 in)

Beyond interesting technical matters of architecture performance and cost, the questions
of crew makeup and size are closely related to the properties of robustness and self-reliance.
Given the distance from Earth and the 26-month interval between low-energy launch win-
dows, 'high' robustness and 'high' self-reliance would be, all other things being equal, very
desirable properties for any Mars mission architectureRobustness has been de ned by
(C. M. Escobar, Nabity, and David M Klaus 2017) as emerging from three separate sys-
tem characteristics: reliability, resilience, and survivability. In turn, each of these charac-
teristics were de ned by Escobar et al. as the insensitivity of functional performance to
"random expected failures and conditions” (reliability), "foreseen but unexpected deviations
in conditions or disturbances" (resilience) and "unforeseen disturbances or adverse events"
(survivability).

Crew makeup and size is also intimately related to the Mars architecture's potential for
self-reliance. According to the environmental ecologist Howard Odurautocatalysis is the
selective development and reinforcement of system structure such that the system may utilize
more energy to feed system products back into system development and reinforcement (Odum
1988). Writing several decades before (Donald Rapp 2023), Odum was clear about the
pivotal role of humans within any system boundary, and especially within self-organizing
(autocatalytic) systems:

"E orts to explain self-organization as a selection of designs for maximum power

were begun long ago .... but these explanations ignored the di erent qualities

of energy. Work of an intelligent human counted no more than that of a

plant leaf. Now, however, insights from ecological food chains help us

reformulate de nitions of work and distinguish energy types quantitatively.”
(Howard Odum 1988, p.1133)

Intuitively, the same mix of capabilities and intelligent agents that can support self-
organization in the name of autocatalytic growth should also support repairing any degrada-
tion of the system of which they are part, motivating us to explore larger and more exible
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architectures centered on intelligent humans. Accordingly, this thesis will argue that the
literature has been plausibly overlooking a potentially attractive region of the Mars sur-
face architecture design space characterized by more crew, longer surface endurance and
more launch mass. Some of these larger architectures are expected to exhibit attractive
characteristics including: increased value due to economies of scale, productivity gains from
specialization and learning; increased technical and psychosocial robustness (including self-
rescue capabilities and opportunities to thrive), and potential for autocatalytic (organic)
growth. Questions related to an optimal mix between humans, arti cial intelligences, robots
and machines are not part of the scope of this thesis, mainly because the intent of this work is
to support pre-phase A investigations into the general characteristics of robust architectures
that can generate surpluses of economic value, meaning that there should be a preference
to baseline only the lowest-common denominators of technologies, and also in part because,
in the opinion of this author, a genuinely robust and autocatalytic architecture should not
have an excessive dependence on systems that it cannot itself produce.

Speci cally, this dissertation proposes a new approach to Mars mission architecting by
starting from the top level requirements that the architecture shall seek to maximize its
robustness and its potential for autocatalysis, and then developing methods and an integrated
model to investigate and justify thecrew size, surface endurance and launch mass
decisions, over a broad range of mission scales, with outcomes measured in terms of solution-
neutral bene t, cost and risk metrics. The key contributions made in this dissertation are:

1. New, solution-neutral and physics-based mission value metrics with broad applicability
to a range of sponsor goals and objectives

2. A high-resolution, bottom-up crew time model with endogenous treatment of uncer-
tainty, productivity, learning, fatigue and economies of scale, and

3. Are ned methodology for the integrated modeling of exible, robust, large-scale crewed
Mars architectures which shall be capable of organic growth.

The overall objective of the work is to inform the design of Mars architectures that can
improve the probability of successful establishment of the rst foothold and shorten the path
towards Earth independence.

The remainder of this introduction is structured as follows: Section 1.2 discusses modeling
and metrics for crew time, and the contributions that will be made by this thesis in this
particular area. Section 1.3 presents a preliminary evaluation of historical Mars architectures,
supply chains and technologies, using these metrics to both illustrate their use and also to
evaluate the state of the art against the same metrics that will be employed to score new,
larger, more robust and more autocatalytic architectures.
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1.2 Modeling and Metrics for Crew Time

1.2.1 Ontology of Crew Time Models in Literature

A central deliverable of this dissertation is a high-resolution, bottom-up Crew Time (CT)
model with endogenous treatment of uncertainty, productivity, learning, fatigue and economies
of scale, which shall be interfaced with all other required submodels for tradespace explo-
ration of alternative Mars surface mission architectures. In the literature, crew time and/or
crew productivity models are generally employed to answer questions of resource su ciency
for narrow purposes and to support mission development and mission operational planning.
To organize the literature review for the purposes of identifying speci ¢ gaps in crew time
modeling and motivating the design and features of the high-resolution crew time model
developed in this dissertation, the rst step, inspired from the approach shown in (Simmons
2008), was to enunciate four distinct but non-exclusive aspects of crew time modeling:

1. Empirical aspect: Direct CT estimates from empirical analog models. For example,
predictions of Mars CT outcomes from observed ISS historical analogs. Proposed
Mars Architectures have had similar crew sizes to ISS, justifying the use of this simple
approach, sometimes with the use of reasonable adjustment factors.

2. Analytical aspect: Empirically-grounded analytical predictive models of crew time.
For example, deterministic predictions of CT required to carry out unscheduled main-
tenance based on demand triggered by an average rate of equipment failures. Here,
the source of the estimate is an abstraction (model, simulation)

3. Stochastic aspect: improved realism for CT estimates using stochastic analytical
models. For example, predictions of supportability under demand uncertainty treating
both spares and CT as limited resources. Here, the CT outcomes are probability
distributions grounded on distributions of uncertain parameters / inputs.

4. Dynamic aspect: CT estimates with some endogenized parameters, using dynamic
models with a time dimension. For example, the parameters of productivity, know-how,
specialization, learning, fatigue, multitasking and task-switching can all be endogenized
as nonlinear functions of scale (and of other architectural decisions). These models are
common in industrial organization research for terrestrial organization, and some have
been qualitatively acknowledged in human factors literature, but they do not appear to
have been used in quanti ed models for in-space applications other than in Department
of Defense GPS satellite procurement modeling by (Tour 2016).
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A cross-cutting ontological dimension is the intent of the crew time modeling exercise
and how the outputs of the crew time modeling will be used. Isectoral models, crew time
is modeled for one subsystem or element of the architecture without concurrent modeling of
other elements of the architecture, whereas imtegrated models, the crew time submodel
is just one part of a whole-system model of the entire Mars architecture. The former are
usually parts of trade studies investigating questions oé ciency , such as which strat-
egy minimizes logistical mass for spares and consumables subject to crew time constraints,
whereas the latter support investigations intee ectiveness and feasibility by contributing
to the calculation of system-wide value metrics, such as "Crew - Days available for Mission
Utilization".

1.2.2 Gaps in Crew Time Models in Literature

In the literature, which is reviewed in Chapter 2, most crew time models are sectoral, empir-
ical and primarily rely on ISS analogs, such as the work by (Russell, David M. Klaus, and
Mosher 2006) which noted di erences in crew productivity when the ISS crew went from 2
to 3, and the work by (Stromgren, F. Escobar, et al. 2018) which used adjusted ISS data to
estimate Mars crew time needs by category of activities. There are also sectoral, analytical-
stochastic models, with the state of the art fully developed in an MIT Engineering Systems
Laboratory doctoral thesis by (Owens 2019) and also an integrated, stochastic model for
the Moon (not for Mars) with the state of the art exempli ed by (Stromgren, Lynch, et al.
2022). The literature does not appear to include integrated, dynamic models attempting
to endogenize the productivity of crew on the Moon or Mars as a function of parameters
and time-varying intermediate variables, which is to be expected since most productivity
e ects are a function of scale, and scale had been historically treated as a xed parameter
or requirement. However, the literature is rich in many elds which can be used to inform
the construction of integrated, dynamic models, such as cognitive penalties, time costs and
safety risks from multitasking (Loukopoulos, Dismukes, and Barshi 2016; Loukopoulos 2009)
and the well-known system dynamics models of overwork, rework and fatigue (Herweg and
Pilon 2001).

As discussed in Section 1.1, in this thesis, the scale of Mars architectures (being a com-
posite of crew size, surface endurance and launch mass) will be varied to investigate the
performance, cost and risk of a family of architectures intended to be relatively more robust
and relatively more autocatalytic. Upon increasing the scale of missions from the typical
NASA values, we observe that the research gaps become even more pronounced in each of
the four modeling aspects previously identi ed:
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1. Empirical - as crew size increases, the ISS experience which is limited to no more
than a nominal 6-7 crew with Earth-supported food and spare parts becomes even
less directly applicable. Alternative sources of empirical analogs include the Depart-
ment of Defense (e.g., submarines, remote deployments including families), or industry
(e.g., vertical farms, machine shops, low-volume craft industries), or polar exploration
analogs (e.g.,South Pole Station, McMurdo, the Fram expedition recounted by (J.
Stuster 2005)). These sources have not been tapped su ciently because architects
haven't been looking at larger architectures.

2. Analytical - as crew size and endurance increase, the delity of deterministic, ana-
lytical models starts to degrade. To maintain accuracy and realism, scale-dependent
e ects should be included, such as economies of scale, productivity gains from spe-
cialization and learning, penalties for excessive multitasking and task switching, the
e ects of fatigue and errors, etc. Moreover, analytical (and empirical) models typi-
cally allocate crew time among a very small number of categories, implicitly assuming
that "work will contract to |l the time available". This type of failure mode may be
tolerable for a small, mostly ISS-style Earth-dependent missions where many elements
are ready-made and resupplied from Earth, but less acceptable for larger architectures
that aspire to Earth independence.

3. Stochastic - as crew size and endurance increase, the impact and severity of small
errors in assumptions for high-volume activities is magni ed. For example, seriously
underestimating the time required for housekeeping, food production and routine main-
tenance is less impactful for a 30 or 300-day mission with 10% biomass production when
compared to a 3000-day mission with 100% biomass production. Hence, we need to
account for uncertainty in assumptions behind scale-dependent crew capabilities such
as the crew time productivity of food production and in-space manufacturing tasks,
and not just for uncertainties on the demand side, as is the current state of practice.

4. Dynamic - as endurance increases, to improve the delity of the model it is necessary
to account for erosion or accumulation of crew capabilities as well as other dynamic
e ects. This includes learning, fatigue, morale, the psychosocial condition of crew, and
guestions of dynamic availability such as whether a certain crew member with unique
expertise is available for an unscheduled task, whether they are on a long traverse at
the time they are needed, and what is the time penalty to complete a task if the crew
member most experienced in that activity is not available. Dynamic availability was

2|t is noted that ISS crew can go up to 15 during periods of overlap between an arriving and a departing
crew.
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recently recognized by subject matter expert Chel (Stromgren, Lynch, et al. 2022) as
an area with potential for future work.

In view of the above, this dissertation develops a Crew Time (CT) model that can be
used for sectoral or integrated applications, combining into a single model the best features
of all four aspects of models in the literature - empirical, analytical, stochastic and dynamic.
Compared to the state of the art, the delity of the CT model can be improved as follows:

1. Empirical - as the contributions of this dissertation are methodological, the parameter
data used in the model is intended to pass a plausibility test. The high-resolution CT
model in this dissertation can utilize parameter data from ISS as well as carefully
selected appropriate Earth analogs. A unigue bene t of the high-resolution modeling
approach in this dissertation is that these task-level model parameters that drive the
task time equations could be tested and validated in hundreds of small experiments on
Earth, on the ISS or on the Moon. This would improve the delity of the parameters
used in the analytical model, particularly if the degree of automation and Al assistance
would be varied in these smaller Earth-based experiments.

2. Analytical - the CT model in this dissertation has been developed bottom-up with
high granularity, starting from a list of over 500 Mars crew surface activities compiled
by NASA subject matter expert (J. Stuster, Jurine Adolf, et al. 2018). Stuster's
list has been validated by subject-matter-experts, however many tasks are appropriate
for NASA's small missions, so the list has been adapted to suit the family of robust,
autocatalytic architectures which are the subject of this dissertation. The total crew
time spent on each task will be a function of multiple parameters and intermediate,
endogenously determined variables. As a result, the total estimated uses of crew time
will be the result of a plausible high-resolution model and will cover all activities, not
just a single sector.

3. Stochastic - the parameters and assumptions used for the CT model in this dis-
sertation are sensitivity-tested for their leverage to the performance and cost of the
architecture. Parameters with high leverage are researched in the literature and plau-
sible probability distributions employed to model them. The integrated architecture
model is ultimately a Monte Carlo model, estimating a probability distribution of crew
time by task and by category of tasks. The integrated model, including the CT model
and all other submodels for space transportation, habitat construction and radiation
protection, food production, master equipment list and cost estimation, manufactura-
bility, and the Monte Carlo capability, has been developed in an Excel environment.
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This integrated model, operated in deterministic mode, has already been used to evalu-
ate large architectures in the submission to the 2023 NASA RASC-AL competition led
by the author (G. Lordos, Hoying, AlSadah, et al. 2023). The selection of appropriate,
validated probability distributions for parameters is a key activity that is beyond the
scope of this work; in this dissertation, plausible distributions are used.

4. Dynamic - The integrated model described above calculates total crew time over
the duration of the mission individually for each of the more than 500 activities, in-
cluding averaged e ects for economies of scale and productivity, but does not include
time-varying, endogenous dynamic e ects. These are incorporated at low delity by
considering the e ects of decisions, constraints and uncertainty on intermediate archi-
tecture performance metrics, which are then utilized to calculated productivity gains
and penalties applied to nominal crew time per Activity.

With larger, longer-endurance architectures, with more potential for the occurrence of
known, unknown, expected and unexpected failures, and with only infrequent and limited
resupply available, every capability can be enhanced by the application of crew time. The
crew time resource is the most valuable and simultaneously the most inelastic of all; therefore,
a key contribution of this dissertation is reframing the Mars surface human architecture
design problem to change crew size and surface endurance from a constraint to a design
degree of freedom (DOF), and calculating both existing and novel Figures of Merit for value,
relative robustness and relative autocatalytic potential that vary plausibly with architecture
scale. Thus, the central contribution is a new approach to explore Mars surface architecture
designs over a broad range of mission scales. This new methodology and the new metrics
are illustrated with plausible parameter data.

1.2.3 Metrics and Figures of Merit

In this thesis, the Full-Time-Equivalent (FTE) metric, which is quanti ed in person units,
supersedes traditional crew-member hours. The primary metric for assessing architectures
and their technologies is the Lifecycle Cost per Non-Logistics Full-Time Equivalent person
on Mars per year (LCC per NLFTE per year). This approach provides a more nuanced
economic analysis of deploying individuals on Mars, while eliminating biases related to crew
size and mission duration and maintaining neutrality towards speci ¢ sponsor objectives.
FTE-based metrics convert crew-hours into full-time equivalents based on a de ned length
of workweek, thereby re ecting the time available for mission objectives in units that are
easily relatable and meaningful. As an alternative to the LCC, the thesis proposes the use of
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Lifetime Embodied Energy per NLFTE per year (LEE per NLFTE per year). LEE is a metric
previously formulated by the author for a master's thesis (G. Lordos 2018) to calculate the
thermodynamic work throughout a system's lifecycle, including indirect contributions from
associated systems. Both metrics o er comprehensive ways to analyze the cost-e ectiveness
of Mars mission architectures.

Crew time is categorized into six exclusive, comprehensive categories: Well-being, Lo-
gistics, Utilization, Thriving, Growth, and Reserve. These categories, particularly the novel
"Thriving" and "Reserve," help assess architecture robustness and autocatalytic potential,
which are crucial for large-scale, resilient missions. An example of novel activities under
"Thriving" would include self-selected, expression-related professions which enrich the lives
of individuals and of the community, such as chef, journalist, theatrical producer, or yoga
coach. The novel category "Growth" would include constructing and out tting new habitats.
The categories are integrated into the case study and contrasted with traditional crew time
models.

1.2.4 Modeling Architectures over a Broad Range of Mission Scales

The dissertation's modeling approach trades o lifecycle cost against the number of NLFTE
persons, exploring robustness and autocatalytic potential. It sets a high baseline for mission
endurance and a low threshold for Earth resupply, encouraging robust, adaptable architec-
tures with high mission value. Design variables include robustness-conferring capabilities,
architectural elements, and scale-related variables like crew and village numbers.

The model accounts for economies of scale and productivity gains from specialization,
which are hypothesized to benet larger missions. It uses System Dynamics and Excel for
sub-models, incorporating Monte Carlo simulations for uncertainty analysis.

Model outputs include cost, mission value, robustness, and autocatalytic potential met-
rics, alongside intermediate variables like radiation dose, workweek length, and resupply
requirements. These outputs provide a comprehensive view of the cost-bene t landscape for
Mars mission architectures.

1.2.5 Integrated Model Validation

The validation approach for the integrated model and CT model presented in this dissertation
is to compare model outputs with historical missions and with analogs of space missions.
Speci cally, a validation method is illustrated for estimated mission costs using recent space
systems development projects, and for crew time results using an analog Mars mission carried
out by the author and his team in Maine, in May 2023.
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1.2.6 Case Study

The methods and tools in this dissertation can support Mars surface architecture design
and development by assessing the impact of the crew size decision on metrics of value,
relative robustness and relative autocatalysis. A case study presented in Chapter 6 will
demonstrate this. The case study is based on the 2023 NASA RASC-AL submission titled
"Pale Red Dot" which received the First Place Overall and Best in Theme: Homesteading
Mars from a panel of NASA and industry judges. This theme required teams to develop a
crewed human exploration architecture of Mars that can enable astronauts to survive on the
surface of Mars for at least 7 years with minimal support from Earth. In accordance with
the high-robustness starting point, a family of energy-rich, water-rich modular Mars surface
architectures is explored which may include capabilities and technologies not previously
incorporated in NASA Mars mission architectures, such as a Mars Makerspace, Mars Mission
Control, Mars Field Hospital, meeting 100% of nutrition needs from biomass production,
tunneling systems for construction of permanent habitats, and extensive utilization of in-
situ consumables as well as mineral resources. As the focus of this work is on surface
architectures, all architectures use the same transportation strategy, which is the Starship
concept of operations by SpaceX, enhanced with a custom self-unloading cargo Starship
concept named StarCrane Architectures are then investigated at di erent scales, from 4 to

63 crew and from 1 to 3 villages, to quantify the crew time available to sta these robustness-
conferring capabilities. Compared to the rst version of the model used for "Pale Red Dot",
the model has been upgraded to include stochastic parameters, Monte Carlo analysis, real
options, and regrouping of the time-based output metrics in terms of the six time-based units
described above.

The A ordability Study in Section 6.5.3 explores cost-sharing models for large-scale space
missions, drawing on successful precedents like NASA's Commercial Crew and Commercial
Lunar Payload Services (CLPS) programs. Focusing on a 36-crew Mars mission, it reveals
that larger missions, like the "Pale Red Dot" architecture, can have a lower cost per annum
for NASA compared to smaller missions. This is due to the lower per-crew-member costs
which unlocks the potential for signi cant international funding from multiple Artemis Ac-
cords members who could not a ord to participate in a smaller mission, where the cost per
crew member is signi cantly higher. The study's ndings suggest that pursuing larger mis-
sions can reduce the annual nancial burden on the US while o ering substantial scienti c,
engineering and diplomatic bene ts.

3StarCrane was designed by George Lordos and Dane Gleason for the Pale Red Dot Mars Architecture,
for the 2023 NASA RASC-AL Forum. See Figure 6.10 for details of StarCrane.
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Figure 1.1: Mars Surface Crew and IMLEO in metric tons, 1956-2021. With the exception
of von Braun's architectures, all NASA Mars architectures have been limited to between 2
to 6 crew on the surface of Mars. This was driven by the need to keep the cost a ordable.
The linear trendlines show the declining crew sizes.

1.3 Mars Architectures, Supply Chains and Technologies

It can be appreciated intuitively that signi cantly larger Mars surface architectures, which
until now had been considered una ordable, could o er new gains in value, relative robustness
and relative potential for organic growth (autocatalysis).

A simplistic thought experiment to illustrate the point follows. For any given Mars
mission architecture, assume a doubling of the number of crew, of every physical quantity
and of every productive capacity used by the mission. Under most conditions, this should
support surplus capability margins to accomplish mission goals, respond more robustly to a
given contingency or emergency situation, and increase the resources available to the crew.
At the same time, cost should less than double because of economies of scale, productivity
gains in the increased specialization of the crew, better amortization of development costs,
etc.

Hence, all other things being equal, a larger Mars mission could, under certain conditions,
be more valuable, more robust and better primed for future organic growth than an otherwise-
similar but smaller Mars mission. Historical studies of Mars human architectures that started
by restricting mission size to 6, 4 or 2 surface crew in order to control costs, as shown in
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Figure 1.1, may be missing important non-linear e ects of architecture scale on architecture
performance and result in unintended bias against larger missions.

1.3.1 Architecting from the Right

Following the principle of "architecting from the right", a Mars human mission architecture
should comport to the eight Recurring Tenets (RT's) in the recently-published NASA Moon
to Mars strategy (National Aeronautics and Space Administration 2023), as follows:

RT-1 International and Industry Collaboration . partner with international com-
munity and U.S. industry to achieve common goals and objectives.

RT-2 Crew Return : return crews safely to Earth while mitigating adverse impacts to
crew health.

RT-3 Crew Time : maximize crew time available for science and engineering activities.

RT-4 Maintainability  : when practical, design systems for maintainability, reuse, and/or
recycling to support the long-term sustainability of operations and increase Earth indepen-
dence.

RT-5 Responsible Use : conduct activities for the exploration and use of space for
peaceful purposes consistent with international obligations and principles for responsible
behavior in space.

RT-6 Interoperability : enable interoperability and commonality (technical, operations
and process standards) among systems, elements, and crews throughout the campaign.

RT-7 Leverage Low-Earth Orbit . leverage existing infrastructure to support Moon
to Mars activities.

RT-8 Commerce and Space Development : foster the expansion of the economic
sphere beyond Earth orbit to support U.S. industry and innovation.

One would expect that a NASA Mars architecture intended to align with NASA's own
highest level strategic goals would meet as many of these Recurring Tenets as possible.
However, none of the past or current NASA Mars architectures meets all 8. The small size
of all NASA-sanctioned Mars human architectures to date is especially concerning for the
satisfaction of recurring tenets 3, 4 and 8, which reference crew time available for science and
engineering activities, maintainability, long-term sustainability of operations and a potential
to foster the expansion of the economic sphere beyond Earth to support U.S. industry and
innovation.
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Figure 1.2: A Farm Modeled Using Howard Odum's Energy Language. Solar energy drives
crop growth, which feeds the family, and the family's e orts, plus interactions with external
markets, keep the farm maintained and growing. This illustrates that the key ingredients
for self-directed autocatalysis are to have intelligent agents within the system boundary,
together with access to the capabilities they will need to expand the scale of their system.
For explanation of the symbols, please see Appendix A. Image credit: reproduced by George
Lordos from (Odum 1983), p. 9

1.3.2 Supply Chain Strategies for Autocatalytic Mission Architec-
tures

There is a fundamental di erence between autocatalytic systems and externally-supported
systems: the former are not only capable of regenerating their systems to full functional
performance, but also maintain capability surpluses that enable the addition of new systems
and their continuous self-directed organic growth. Architectures that rely heavily on ongoing
external logistical support may face technical, economic, cultural and/or political challenges
to a later transition to increased organic growth. Crucially, as shown by the simple example
of an 'autocatalytic' farm in Figure 1.2, the self-direction in autocatalytic architectures is
provided by the humans using only what is available to them within their system bound-
ary (Odum 1983; Odum 1988; Odum 1996). Thus, the planning and execution tasks related
to autocatalytic growth are deserving of their own time budget line item, as detailed in
section 3.4.1.
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Having removed the constraints on crew size, system mass and endurance that inhibited
past Mars architecting, it is of interest to compare large, autocatalytic Mars human archi-
tectures against traditional, small architectures in terms of performance, safety and cost.
Larger architectures with autocatalytic features can, potentially, gradually reduce their de-
pendence on Earth resupply and maximize their organic growth using locally available energy,
crew time, capital equipment and in-situ resources. In turn, this should re ect on perfor-
mance, cost and on our value metric of LEE per NLFTE per year. Within the scope of
this dissertation, therefore, close attention will be paid to architectures, related technology
portfolios and individual technologies that support the emergence of autocatalytic features
and characteristics. These characteristics include the use of in-situ resource utilization, high
manufacturability of systems, high exibility in the form of a capability-rich architecture,
and other planned and emergent attributes. Some attributes are increasingly available gen-
erally only to larger architectures, such as situating the entire Mission Control Center on
Mars, or having a large 'makerspace' on Mars that could, if needed, manufacture "almost
anything".

In-situ Resource Utilization

All other things being equal, as endurance, number of crew and mass of mission systems
increase, the attractiveness and the potential for infusion of ISRU technologies into a Mars
human architecture also increases. Hence, in step one of the design choices, a broad range
of ISRU technologies is incorporated. To accomplish the research goal of developing a high-
resolution crew time model, for each element of ISRU form, the model should aim to char-
acterize all important direct and indirect interactions between alternative technologies with

the crew time resource. This requires, among other things, an approach to allocate indirect
crew time liens on the basis of the inputs required by each lifecycle activity attached to
every technology. In turn, the sizing of these inputs will require a framing of the relative
performance and relative maintenance requirements of ISRU technologies at di erent scales.

Manufacturability of Systems

All other things being equal, a large mission architecture can support more crew time,
more oorspace and pressurized volume, more energy supplies / margins, more consumables
and more material throughput to support the establishment of a larger and more diverse
"makerspace” on Mars. Such a makerspace could be used for the batch manufacturing of
spare parts, the repair or remanufacturing of failed parts, processing or recycling of in-situ
resources, and even the fabrication and assembly of new systems with which to organically
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expand the carrying capacity of the habitat. As the exibility, capability and resource depth

of the makerspace and the crew increase, there comes an in ection point where they can
"make almost anything" - a distinguishing characteristic of an autocatalytic architecture. As
part of the manufacturability sub-model task, this dissertation will investigate the nonlinear
behavior of the architecture model around this in ection point.

Flexible, Capability-rich Architectures with Real Options

More generally, exibilities speak to providing options to the crew to resolve short- and long-
term challenges in di erent ways, selecting the course of action that is best aligned with
future conditions that are not known to the architect at the time these decisions are made.
One example of a real option is a modular, expandable architecture which could grow by
adding more habitation, farming or industry modules if it is determined that a larger crew

is required. Another example is the choice between distributed, modular vs. monolithic
systems. The former require more maintenance e ort in total than the latter, but that
maintenance e ort could be deferred in time if the distributed system was designed with
su cient margins such that most failures would have no impact to the functional output at
the system-of-systems level. As a result, all failures are graceful failures, and, with su cient
similar redundancy made possible by a mass-rich architecture, all unscheduled repairs are
automatically converted to scheduled repairs, leveraging economies of scale and improving the
utilization scheduling and productivity of specialized crew and equipment. Therefore, this
dissertation will characterize and model exibilities built into the architecture in the form

of Real Options, resolving them rationally according to pre-set decision rules in response
to outcomes of modeled events. The delta in value, robustness and autocatalysis metrics
resulting from the investment in each Real Option is the return of investment in that option,
and the delta in lifecycle cost or LEE is the cost of procuring the option, thereby providing

a means to value investments in technological real options (Shishko, Donald H. Ebbeler, and
Fox 2004).

1.3.3 Aligning Technology Portfolios with Mission Value, Robust-
ness and Autocatalytic Potential

Generally, a baseline architecture model or a parametric governing equation is essential to
guantify a high-level metric with which to score architectures, such as our proposed metric.
At the same time, each unique architecture implies and is implied by at least one technology
portfolio. Thus, the same metric could and should be used to value alternative technology
portfolios that could support said architectures. For example, as discussed above, an enabling
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technology area for the engineering of autocatalytic supply chains on Mars is in-situ resource
utilization (ISRU). Ideally, investments in individual ISRU technologies for infusion into Mars
human architectures ought to be motivated by the total expected value that a given ISRU
technology could contribute to the crewed planetary surface mission, measured in terms
of the delta to our Figures of Merit. An example of this is shown in (Shishko, Donald
H. Ebbeler, and Fox 2004) where the authors used an "options pricing approach in the
context of selecting those advanced technologies that should receive scarce NASA funding."
In practice, however, most approaches to quantify ISRU value had been limited to analyses
of infusing ISRU technology for its potential to reduce the cost of space transportation for
multiple missions (C. A. Jones, Klovstad, et al. 2019; C. A. Jones, Pensado, et al. 2020).
This work will demonstrate methods to evaluate the contribution of individual technologies
or capabilities in terms of their delta contribution to top-level, architecture-wide Figures of
Merit.

1.4 Summary and Analysis Needs

Recent advancements in reusable rockets and mass manufacturing have transformed human
space ight, challenging traditional constraints on Mars missions. Historically, Mars Sur-
face Human Architectures (MSHA) were limited to small crews and shorter missions due to
perceived high costs. However, emerging technologies are rede ning these limitations, neces-
sitating a reevaluation of crewed Mars mission designs in light of NASA's evolving Moon to
Mars strategy (National Aeronautics and Space Administration 2023) and the potential for
reduced lifecycle costs (Jennifer L. Heldmann et al. 2022).

Historical NASA architectures demonstrate a trend of prioritizing smaller crews and
shorter missions. This approach, in uenced by top-down mandates and cost concerns, ne-
glected a thorough quantitative analysis of mission safety and performance over a broad
range of mission scales. Reference missions over the years have progressively downsized crew
sizes and surface endurance, driven by constraints on launches, Earth-To-Orbit (ETO) mass,
and payload limits (Donald Rapp 2023; Michelle A. Rucker et al. 2022; Goodli et al. 2015a,;
Craig, Troutman, and N. B. Herrmann 2015; B. G. Drake 2009; Portree 2001; Stephen J
Ho man and Kaplan 1997).

Despite the critical role of crew size in mission feasibility and cost, there's limited discus-
sion in literature (Donald Rapp 2023). High costs of traditional space transportation led to a
locked-in high-cost environment, only disrupted by the development of reusable boosters (G.
Lordos, Je rey A. Ho man, and Weck 2023). This cost sensitivity resulted in a consensus
for 'minimum viable crew size' and mission duration, based on favorable astrodynamics and
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minimal launch requirements (Gri n et al. 2004; B. U. Drake 1998; Michelle A. Rucker et al.
2022).

Mission robustness, encompassing reliability, resilience, and survivability (C. M. Escobar,
Nabity, and David M Klaus 2017), has often been compromised due to these constraints.
Larger crews with more resources could enhance these aspects, along with self-reliance as
emphasized by (Odum 1988). Therefore, this dissertation proposes a systematic methodology
to assess Mars human architectures across a wide range of scales, including crew sizes (e.g.,
4, 40, 400 persons), surface endurance (30, 300, 3000 days), and Mars payload mass (50, 500,
5000 tons). It hypothesizes that larger architectures will o er greater value, robustness, and
autocatalysis potential, with nonlinear bene ts outweighing the cost increases.

In conclusion, the falling costs of access to space could make larger, more diverse Mars
architectures feasible, and capable of mitigating a broader spectrum of risks. This research
aims to quantify these architectures' cost, bene t, and potential for organic growth over a
broad range of mission scales, contributing to Mars exploration planning.

1.5 Thesis Organization

Chapter 1 introduces the problem and opportunity, that there is a gap in larger, meso-
scale Mars Surface Human Architectures which is the product of seven decades of high
launch costs and a preoccupation with minimizing mission scale and mission mass. This gap
persists despite the realization that larger architectures are more likely to be more valuable,
more robust and more self-sustaining, and despite the observation that the cost of space
transportation is falling and new technologies are becoming available.

Chapter 2 identi ed six specic gaps in the literature: four are in the framing of Mars
Surface Human Architecture problems, and one each in the alignment of human exploration
technology roadmapping and development and of supply chain strategies for supportability
with larger, meso-scale Mars Surface Human Architectures.

Chapter 3 describes the overall approach. It starts by posing the overarching research
guestion and six research sub-questions, one aligned with each of the six gaps in the literature.
The hypotheses for the expected ndings are stated along with proposed metrics and Figures
of Merit. The Mars surface human architecture problem is then reframed and presented as a
three-step process starting with principles, methods and nally the overview of a modeling
approach, intended to support the design of high-value, robust and autocatalytic Mars surface
human architectures.

Chapter 4 presents the model structure and equations for the integrated architecture
screen, crew time, and sub-models including manufacturability, radiation, food, construction,
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earth resupply, lifecycle costs and launch manifesting at the whole system level. The model
also quanti es the e ects of mission scale and mission endurance on productivity changes,
including from the e ects of economies of scale, specialization, task focus and learning. The
model can be used to calculate probability distributions for the Figures of Merit of the
architecture.

Chapter 5 is concerned with approaches for the veri cation, validation and limitations
of the modeling approach used. These include terrestrial and ISS analogs, and comparison
with Polar exploration expeditions.

Chapter 6 is a case study of the Pale Red Dot Mars mission architecture, a concept with
two nearby villages of 18 persons each, with extensive capabilities for low-level repairs, self-
rescue, food production, construction of new habitats, and with a surface endurance of 10
years for each crew with limited Earth resupply. The case study includes the development
of a scalable baseline architecture, the exploration of value, robustness and growth potential
at di erent crew sizes and endurance, and an a ordability study.

Chapter 7 discusses the ndings, revisits the hypotheses, and summarizes the contribu-
tions, major assumptions, limitations and potential impact of this thesis.

Figure 1.3 summarizes the main steps in the modeling approach, with references to the
relevant sections in the thesis.
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