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3.1 Introduction

Previous studies of human exploration of
Mars have tended to focus on spacecraft and
flight, rather than on what the crew would do
on the surface. The Reference Mission takes
the point of view that surface exploration is
the key to the mission, both for science and
for evaluation of the potential for settlement.
As a consequence, the Reference Mission
architecture allows for a robust surface
capability with significant performance
margins: crews will explore in the vicinity of
the outpost out to a few hundred kilometers,
will be able to study materials in situ and in a
surface laboratory, and will iterate their
findings with their exploration plan. In
addition, the development and demonstration
of the key technologies required to test
settlement issues will provide a substantial
workload. To make surface exploration
effective, the supporting systems (such as
EMU, life support, vehicles, robotics) must be
highly reliable, highly autonomous, and
highly responsive to the needs of the crew.
Some needs may not be anticipated during
crew preparation and training, which will
significantly challenge the management and
operations systems.

An infinite number of designs are
possible for a mission of this type. The
approach taken here is based on two general
principles.

=A hierarchy of requirements (starting
from mission objectives) is followed,
which, as they gain greater depth and
definition, merge with the proposed
implementation through a set of system
specifications (note that the Reference
Mission has followed these requirements
down to the system level only).

= A reasonable number of alternatives will
be considered, through trade studies at
each level of definition allowing
comparisons and choices.

3.1.1 Mission Objectives

Section 1 of this report discussed a series
of workshops conducted by NASA to define a
set of objectives and supporting rationale for
a Mars exploration program. The workshop
attendees (see Table 2-1) identified and
recommended for adoption three objectives
for analysis of a Mars exploration program
and the first piloted missions in that program.



They are to conduct:

<Human missions to Mars and verify that
people can ultimately inhabit Mars.

= Applied scientific research for using
martian resources to augment life-
sustaining systems.

eBasic scientific research to gain new
knowledge about the solar system’s
origin and history.

A Mars Study Team composed of NASA
personnel representing most NASA field
centers (see Table 2-2) used inputs from the
adopted objectives to construct the Reference
Mission. In addition, the Study Team
recognized that past mission studies had
characterized piloted Mars missions as
inherently difficult and exorbitantly
expensive. Therefore, the Mars Study Team
added three objectives. These were to:

«Challenge the notion that human
exploration of Mars is a 30-year program
that will cost hundreds of billions of
dollars.

«Challenge the traditional technical
obstacles associated with sending
humans to Mars.

«ldentify relevant technology
development and investment
opportunities.

3.1.2 Surface Mission Implementation
Requirements

To satisfy the objectives for the Reference
Mission, the Mars Study Team developed a
series of capabilities and demonstrations that
should be accomplished during surface
mission activities. Table 3.1 defines the
activities and capabilities that must exist to
meet the first three program objectives to the
next level of detail. The three objectives added
by the Study Team are useful in selecting
among feasible mission implementation
options that could be put forth to satisfy the
capabilities and demonstrations listed in the
table.

3.1.2.1 Conduct Human Missions to Mars

From the point of view of the surface
mission, conducting human missions implies
that the capability for humans to live and
work effectively on the surface of Mars must
be demonstrated. This includes several sub-
objectives to:

=Define a set of tasks of value for humans
to perform on Mars and provide the
tools to carry out the tasks.

=Support the humans with highly reliable
systems.

=Provide a risk environment that will
maximize the probability of
accomplishing mission objectives.

<Provide both the capability and the
rationale to continue the surface
exploration beyond the first mission.



Table 3-1 Capabilities and Demonstrations for Surface Mission Activities

Conduct Human Missions to Mars

a.

History
a.

b.
other science measurements.

a. Land people on Mars and return them safely to Earth.

b. Effectively perform useful work on the surface of Mars.

c. Support people on Mars for 2 years or more without resupply.

d. Support people away from Earth for periods of time consistent with Mars mission durationss
(2 to 3 years)

e. Manage space operations capabilities including communications, data management, and
operations planning to accommodate both routine and contingency mission operational
situations; and understand abort modes from surface or space contingencies.

f.

Identify the characteristics of space transportation and surface operations systems consistent

with sustaining a long-term program at affordable cost.

Conduct Applied Science Research to Use Mars Resources to Augment Life-Sustaining Systems

Catalog the global distribution of life support, propellant, and construction materials

(hydrogen, oxygen, nitrogen, phosphorous, potassium, magnesium, iron, etc.) on Mars.

b. Develop effective system designs and processes for using in situ materials to replace products
that otherwise would have to be provided from Earth.

Conduct Basic Science Research to Gain New Knowledge About the Solar System’s Origin and

Using robotic and human investigations, gain significant insights into the history of the
atmosphere, the planet’s geological evolution, and the possible evolution of life.
Identify suitable venues at Mars, in the martian system, and during Earth-Mars transits for

These then require a set of functional
capabilities on the surface, including habitats,
surface mobility systems, and supporting
systems (such as power and communications
systems).

3.1.2.2 Conduct Applied Scientific Research
to Use Mars Resources to Augment Life-
Sustaining Systems

This objective will require that an
assessment be made of the location and
availability of specific resources (such as
water) that are useful for human habitation or
transportation. It will also require that
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effective system designs be developed and
demonstrated to extract and use indigenous
resources. Opportunities exist to use
indigenous resources as demonstrations in
the life support subsystem, in energy systems
as fuel or energy storage, and as propellant
for spacecraft. These may eventually develop
into essential systems for the preservation of
the outpost. In addition, the following
habitation activities and demonstrations
satisfy the first and second objectives.

<Demonstrate that martian habitability
has no fundamental limitations due to
uniquely martian characteristics such as



low gravity, absence of a magnetic field,
soil toxicity, or the radiation
environment.

<Demonstrate that self-sufficiency can be
achieved on the local scale of a Mars
base. This includes providing a
reasonable quality of life and reasonably
low risk for the crews, and should
include operating a bioregenerative life
support system capable of producing
food and recycling air and water.

<Determine the potential for expansion of
base capabilities using indigenous
resources. This would include the
successful extraction of life support
consumables from the martian
environment and storage for later use.

=Investigate the biological adaptation of
representative plant, animal, and
microbial species to the martian
environment over multiple generations.

These activities and demonstrations are
aimed at establishing the feasibility and
approach required to move beyond the
exploratory phase toward the development of
long-term activities on the planet. They
influence the selection of elements that are
included in the surface systems (habitats,
mobility, life support, power, and
communications systems).

To the support facilities identified in the
previous section must be added exploration
systems (orbital or surface), resource
extraction and handling systems, and
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additional systems for producing food and
recycling air and water.

3.1.2.3 Conduct Basic Scientific Research to
Gain New Knowledge About the Solar
System’s Origin and History

This will require that a variety of
scientific explorations and laboratory
assessments be carried out on the surface of
Mars by both humans and robots. The
scientific research will not be conducted
completely at any one site, which will create a
need for crew member mobility and
transportation systems to support
exploration, the specialized tools required
outside the outpost to collect and document
materials, and the facilities inside the outpost
to perform analyses.

The principal science activities and
demonstrations for Mars exploration include
answering the following questions.

eHas Mars been a home for life?

This set of objectives will combine field
and laboratory investigations in geology,
paleontology, biology, and chemistry. The
underlying assumption is that this question
will not have been answered by previous
robotic Mars exploration programs, and the
best way to get an answer is through
judicious use of humans on Mars as field
geologists and laboratory analysts. Recent
evidence indicating past life on Mars found in
a martian meteorite has placed increased
emphasis on this question (McKay, et al.,
1996).



=What are the origin and evolution of
Mars, particularly its atmosphere, and
what does it tell us about Earth?

This set of objectives involves geology
and geophysics, atmospheric science,
meteorology and climatology, and chemistry.
Iterative sampling of geological units will be
required as well as monitoring of a global
network of meteorological stations. (A global
network will most likely be established by
robotic elements of the program.)

<\What resources are available on Mars?

The resource discovery and verification
of accessibility will require investigations in
geology, atmospheric science, and chemistry.
A general strategy for accomplishing this will
begin with a global mapping (from orbit) of
selected elemental and mineralogical
abundances. This activity is best suited for a
robotic spacecraft sent prior to the flight of
the first human crew. Robotic missions are
also likely for verifying the abundances and
making an initial assessment of accessibility
of the resources. The data gathered will also
be important for selecting likely sites for the
surface outpost to be used by human crews.

3.1.2.4 Surface Operations Philosophy

In addition to the facilities and
equipment mentioned above, the crew must
have a general operating philosophy for
conducting activities, demonstrations, and
experiments on the surface. The targeted
investigations to be carried out from the Mars
outpost depend on humans and automated
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rover sample collectors having accessibility to
interesting or significant sites at increasing
distances from the outpost. Figure 3-1 shows
a photomosaic of the Candor region of the
Valles Marineris in which the location of an
outpost could address fundamental questions
of Mars’ origin and history. This region is
located roughly between 70 degrees and 75
degrees west longitude and between 2.5
degrees and 7.5 degrees south latitude. A
general geological map of the region of the
outpost site should be prepared using data
gathered by robotic missions prior to selecting
and occupying the initial site.

Once the outpost is established,
exploration activity will consist of surface
observations made by robotic vehicles and
human explorers, collection of samples, and
examination of samples in the outpost
laboratory. Crews will be given broadly stated
scientific questions or exploration objectives
to be addressed in relatively large regions
near the outpost site. Operations will not be
as highly choreographed over the 600-day
surface stay-time as they are for current
spaceflight missions. The crews and Earth-
based supporting investigators will plan
campaigns lasting days or weeks, eventually
extending to months, but always with the
assumption that replanning may be necessary
based on discoveries made. It is likely that a
strategy of general reconnaissance followed
by detailed investigations will be followed.
The outpost laboratory will be outfitted to
provide mineralogical and chemical analyses
and, depending on technical development, it
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Figure 3-1 A regional map illustrating potential locations for a Mars outpost.



may be possible to perform simple kinds of
geochronologic analysis. The purpose of these
studies will be to support the field
investigations, answer “sharper” questions,
and allow human explorers to narrow their
focus to the sites of optimum sample
collection. Ultimately, selected samples will
be returned to Earth for more detailed
analysis.

Science equipment, experiments, and
tools must be proven in order for the
exploration and science objectives of the
missions to be accomplished, and their
selection is at the core of the argument that
humans can effectively perform scientific
research on the planet. Failure to equip
humans properly will be a failure to take
advantage of their unique potential. Over-
equipping them may be counterproductive as
well, at least from the cost aspect of
transporting unneeded equipment to Mars.
The exploration and science objectives to be
performed on the surface can be broken into
four categories: field work, telerobotic
exploration, laboratory and intravehicular
activity experiments, and preparation of
materials for return to Earth.

=QObservations related to exobiology,
geology, and martian atmosphere studies
will be made by humans in the field.
Samples and data will be collected and
returned to the outpost laboratory for
analysis. The information from the
analyses will be used to plan or replan
future traverses as scientific and
exploration questions are sharpened.
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Information will be transmitted to
scientists on Earth so they can
participate in the replanning activity.
Crews will also emplace geophysical and
meteorological instruments to measure
internal properties and atmospheric
dynamics. Drilling short depths into the
surface should be standard capability. At
some point it will be appropriate to drill
deeply into the surface to address
stratigraphic issues and to locate and tap
into water reservoirs.

=The Mars crews will also have the
capability to operate telerobotic systems
conducting even broader exploratory
tasks using the ability to communicate
with and direct these systems in near
real-time. Some teleoperated rovers
(TROVs) may be emplaced before crews
arrive on Mars and may collect samples
for assembly at the Mars outpost. The
TROVs may be designed to provide
global access and may be able to return
samples to the outpost from hundreds of
kilometers distance from the site. These
robotic systems may also emplace
geophysical monitoring equipment such
as seismometers and meteorological
stations.

= Scientific experiments will also be
conducted that are uniquely suited to
being performed on the surface of Mars.
These will typically be experiments that
make use of the natural martian
environment (including reduced gravity)
or involve interaction with martian



surface materials. Studies will be
performed on biological systems, best
performed in conjunction with an
experimental bioregenerative life
support system. The deployment of a
bioregenerative life support capability
will be an early activity after crew
landing. Although this system is not
required to maintain the health and
vitality of the crew, it will improve the
robustness of the life support system and
is important to the early objectives of the
outpost. Field samples will be studied in
laboratory facilities shared between the
geosciences, biosciences, and facilities
support systems. For example, analytical
systems used to monitor organisms in
the biological life support system may
also be used to monitor the environment
of the habitat in general. Some analytical
capabilities (such as gas
chromatographs) find use in both
geological and biological analysis. All
samples and data (geological, biological,
medical, etc.) will be documented and
cataloged for later research.

=One crew task will be to select and
package samples for return to Earth for
more detailed study. This will require the
creation of a minicuratorial facility and
procedures to ensure that
uncontaminated samples are returned to
Earth.

As experience grows, the range of human
exploration will grow from the local to the
regional. Regional expeditions, lasting several

weeks and using mobile facilities, may be
conducted at intervals of a few months.
Between these explorations, analysis in the
laboratory will continue. The crew will also
spend a significant portion of time
maintaining and ensuring the continuing
functionality of life support and materials
processing systems and performing
maintenance on robotic vehicles and EVA
suits (systems should be designed to help
keep these activities to a minimum).

Crew activities related to living on
another planet should be viewed not only as
experiments but also as activities necessary to
carry out the mission. With minor
modifications in hardware and software,
ordinary experiences can be used to provide
objective databases for understanding the
requirements for human settlement.

To optimize the performance of the
mission, it will be necessary to pick a landing
site primarily on the basis of satisfying
mission objectives. However, the landing site
must be consistent with landing and surface
operational safety. Detailed maps of candidate
landing sites should be available to define the
safety and operational hazards of the site, as
well as to confirm access (by humans or
robotic vehicles) to scientifically interesting
locations. Depending on the results of prior
missions, it would be desirable to site the
outpost where water can be readily extracted
from minerals or from subsurface deposits.
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3.1.3 Ground Rules and Assumptions

Translating these goals and objectives
into specific missions and systems required
adopting a number of guidelines and
assumptions.

=Balance technical, programmatic,
mission, and safety risks. Mars
exploration will not be without risks.
However, the risk mitigation philosophy
as well as the acceptability of the mission
concept to the public, its elected leaders,
and the crews will be critically important
in the technical and fiscal feasibility of
these missions. Mars is not “3 days
away,” and overcoming the temptation
to look back to Earth to resolve each
contingency situation may be the most
challenging obstacle to overcome in
embarking upon the human exploration
of Mars.

<Provide an operationally simple mission
approach emphasizing the judicious use
of common systems. For example, an
integrated mission in which a single
spacecraft with all elements needed to
carry out the complete mission is
launched from Earth and lands on Mars
to conduct the long exploration program
is not feasible due to launch mass
considerations alone. It is necessary to
determine the simplest and most reliable
set of operations in space or on the
surface of Mars to bring all of the
necessary resources to the surface where
they are to be used. A strategy
emphasizing multiple uses for single
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systems can potentially reduce the total
program costs and enhance crew safety
and system maintainability.

<Provide a flexible implementation
strategy. Mars missions are complex, so
multiple pathways to the desired
objectives have considerable value in
ensuring mission success.

<Limit the length of time the crew is
continuously exposed to the
interplanetary space environment. Doing
this will reduce the physiological and
psychological effects on the crew and
enhance their safety and productivity. In
addition, the associated life science
concerns are partially mitigated. It is
assumed that crews will arrive at Mars
in good health, that full physical
capability can be achieved within a few
days, and that crew health and
performance can be maintained
throughout the expedition.

«Define a robust planetary surface
exploration capacity capable of safely
and productively supporting crews on
the surface of Mars for 500 to 600 days
each mission. The provision of a robust
surface capability is a defining
characteristic of the Reference Mission
philosophy. This is in contrast to
previous mission studies that have
adopted short stay-times for the first or
first few human exploration missions
and focused attention principally on
space transportation.



=Be able to live off the land. The
capability to manufacture resources at
Mars, particularly propellants, has long
been known to have significant leverage
in terms of the amount of material that
must be launched from Earth. It also
provides a risk reduction mechanism for
the crew when viewed as a cache of life
support consumables to back up those
brought from Earth. Additional system
development effort will be required, but
the advantages outweigh the cost and
development risk, particularly if the
infrastructure supports more than one
human exploration expedition.

<Rely on reasonable advances in
automation to perform a significant
amount of the routine activities
throughout the mission. This includes a
capability to land, set up, operate, and
maintain many of the Mars surface
systems needed by the crew prior to
their arrival.

<Ensure that management techniques are
available and can be designed into a
program implementation that can
substantially reduce costs.

<Use the Earth-Mars launch opportunities
occurring from 2007 through 2014. A
2009 launch represents the most difficult
opportunity in the 15-year Earth-Mars
trajectory cycle. By designing the space
transportation systems for this
opportunity, particularly those systems
associated with human flights, they can
be flown in any opportunity with faster

transit times for the crew or increased
payload delivery capacity for cargo. This
enhances program flexibility.

<Examine at least three human missions
to Mars. The initial investment to send a
human crew to Mars is sufficient to
warrant more than one or two missions.
Each mission will return to the site of the
initial mission, with missions two and
three launching in the 2012 and 2014
launch opportunities, respectively. This
approach permits an evolutionary
establishment of capabilities on the Mars
surface and is consistent with the stated
goals for human exploration of Mars.
Although it is arguable that scientific
data could be enhanced by landing each
human mission at a different surface site,
the goal of understanding how humans
could inhabit Mars seems more logically
directed toward a single outpost
approach. This leaves global exploration
to robotic explorers or perhaps later
human missions.

3.2 Risks and Risk Mitigation
Strategy

Several related but also separable aspects
of risk are associated with a Mars mission and
must be considered in designing the
Reference Mission. Reference Mission
activities will inevitably be hazardous
because they are conducted far from home in
extreme environments. However, the hazards
can be reduced by proper design and
operational protocols. Before a Mars
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exploration program is approved, it will be
necessary to decide whether the elements of
risk to the enterprise can be reduced to a level
consistent with the investment in resources
and human lives.

3.2.1 Risks to Human Life

Crews undertaking the human
exploration of Mars will encounter the active
space environment, the in-space environment,
and the planetary surface environment.

The active space environment includes
launch from Earth, maneuvers in near-Earth
space, launch on a trajectory to Mars, entry
and landing on Mars, launch from Mars, Mars
orbital maneuvers, launch on a trajectory to
Earth, reentry of Earth’s atmosphere, and
landing on Earth. Because these are energetic
events, the risk is relatively high. In 100
launches of United States manned spacecraft
and a similar number of Russian spacecratft,
the only fatal accidents have occurred in
launch or landing. Once in space, the
environment has been relatively benign.
(Apollo 13 was an exception. En route to the
moon, it experienced an equipment failure
which jeopardized the crew. Because of the
characteristics of the Earth-Moon trajectories
and the spacecraft design, it was possible to
recover the crew. This type of risk can be
addressed in part by the Mars exploration
architecture, and can be different for humans
and cargo.)

The quiescent in-space environment is
relatively benign from the point of view of
explosions and other spacecraft accidents.

However, there are important and potentially
deadly environmental hazards (such as
radiation and meteoroid damage) which must
be addressed. Two radiation hazards exist.
First and most dangerous is the probability of
a solar proton event (SPE) which is likely to
occur during any Mars mission. Solar proton
events can rise to the level where an unshield-
ed person can acquire a life threatening
radiation dosage. However, shielding with
modest amounts of protective material can
alleviate this problem. The task becomes one
of monitoring for events and taking shelter at
the appropriate time. Galactic cosmic rays, the
other radiation hazard, occur in small
numbers, are very energetic, and can cause
deleterious effects over a long period of time.
For astronauts in LEO, exposure to cosmic
radiation has been limited to that level which
could induce an additional 3 percent lifetime
risk of cancer (curable or incurable). Because
of a policy that radiation hazards should be
kept as low as reasonably achievable, space-
craft and space operations must be designed
to minimize exposure to cosmic rays. The
health risk today from radiation exposure on
a trip to Mars cannot be calculated with an
accuracy greater than perhaps a factor of 10.
The biomedical program at NASA has given
high priority to acquiring the necessary health
data on HZE radiation, including the design
shielding materials, radiation protectant
materials, and SPE monitoring and warning
systems for the Mars crew. (For additional
discussion and explanation of this topic, see
NASA, 1992; Townsend, et al., 1990; and
Simonsen, et al., 1990.)
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The planetary surface is the third
environment which provides risks to crews.
Because operational experience on Mars is
limited, this environment is the least
understood. As the objective of human
exploration of Mars will be to spend time on
the surface of Mars, extensive EVA will be
required as part of the mission. EVAs will
involve exiting and reentering pressurized
habitats and conducting a variety of activities
on the surface in space suits or other
enclosures (including vehicles). In this area,
accidents and equipment failures are the
biggest concerns. These risks must be
addressed by examining a combination of
detailed information about the surface
environment, designing and testing
hardware, and training the crew. To some
extent, EVA can be reduced or simplified by
using telerobotic aids operated by the crew
from their habitat. (The risks associated with
the habitat itself are probably similar to those
faced in free space, with somewhat more
benign radiation and thermal environments.)
Finally, the presence of dust on Mars will
present risks, or at least annoyances, to
surface operations. Robotic missions to Mars
prior to human expeditions should improve
understanding of the surface hazards crews
will encounter.

3.2.2 Risks to Mission Success

The risk of a Mars exploration mission is
measured by the degree to which the program
objectives can be accomplished. A successful

trip to and from Mars, without accomplishing
any surface exploration objectives, would be
only minimally successful. Mission risk is
related to the integrated capability of the crew
and their systems to conduct the mission. For
the crew or the systems to fail to perform puts
the mission at risk of failure. On the human
side, this requires attention to health, safety,
performance, and other attributes of a
productive crew. On the system side, this
requires that systems have low failure rates,
have robust backups for systems that may fail
or require repair, and be able to operate
successfully for the required period of the
mission. Strategies to minimize failure can be
designed at the architecture level or at the
system level.

3.2.3 Risks to Program Success

Program risk is a term that refers to the
programmatic viability of the exploration
program—that is, once the program has been
approved, what are the risks that it will not be
completed and the exploration not
undertaken? These are programmatic issues
that in many cases seem less tractable than
the technical risks. They can be influenced
when management of the enterprise fails to
meet milestones on schedule and cost, when
unforeseen technical difficulties arise, or
when political or economic conditions
change. They can be mitigated by sound
program management, good planning, and
advocacy or constituency building on the
political side.
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3.2.4 Risk Mitigation Strategy

The riskiest part of the first exploration
missions to Mars may well be the risk of
accident on launch from Earth, and the
energetic events of launches and landings
during other phases of the mission are likely
to make up the remaining high risk parts of
the mission. Yet, the environment on the
surface of Mars will be new and untried, the
missions will be long, and the opportunities
to make up for error small. Therefore, a
conscious approach to minimizing risks on
the martian surface must be adopted. For a
starting point, it is assumed that this risk
must be smaller than the combined risks of all
of the energetic events. Design requirements
will have been developed with this in mind.

The strategy for reduction of risks on the
surface involves four levels of consideration.
At the top level, the mission architecture
provides for assurance that all systems will

operate before crews are launched from Earth.

The strategy must be flexible in allowing
subsequent robotic missions to replace any
systems shown not to be functional prior to
sending crew. This, in turn, places design
requirements on the hardware to allow
problems to be identified, isolated, fixed in
place if possible, and bypassed if necessary
through the addition of a parallel capability
sent on a subsequent flight.

The second level of risk reduction
involves providing redundancy through the
overlapping functional capabilities between
various systems, the ability to repair any life-
critical systems, and the provision of a

suitable suite of replacement systems as
backups to the prime systems. The following
priorities are recommended.

«Crew health and safety are top priority
for all mission elements and operations;
life-critical systems are those absolutely
required to ensure the crew’s survival.
This implies that life-critical systems will
have two backup levels of functional
redundancy; if the first two levels fail, the
crew will not be in jeopardy but will not
be able to complete all mission objectives.
At least the first level of backup is
automated. (This is a fail operational/fail
operational/fail-safe system.)

=Completing the defined mission to a
satisfactory and productive level
(mission-critical) is the second priority.
This implies that mission-critical
objectives will have one automated
backup level. (This is a fail operational/
fail-safe system.)

=Completing additional, possibly
unpredicted (mission-discretionary),
tasks which add to the total productivity
of the mission is third priority. The crew
will not be in jeopardy if the mission-
discretionary systems fail, and a backup
is not needed. (This is a fail-safe system.)

The systems contributing to this backup
strategy were assumed to be provided by
either real redundancy (multiple systems of
the same type) or functional redundancy
(systems of a different type which provide the
required function). Recoverability or
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reparability by the crew will provide yet
additional safety margins.

The third level of risk reduction involves
the automation of systems including fault
detection, failure projection, and maintenance
activities, and the provision of data that
demonstrate current status and predict future
states. Such systems are not only conservative
of crew time, but also more effective and
precise, particularly on routine monitoring
and control tasks.

The fourth level of risk reduction is
related to crew training and proficiency. The
biggest concern in this area is that the crew
will be away from the traditional Earth-based
training environment for years at a time.
Those areas with direct human
involvement—EVA, life support systems,
high capacity power systems, propellant
production and storage, mobile vehicles, and
other complex facilities—all carry a high risk
for accident, particularly if training is not
recent or crew members become
overconfident. Crews will most likely be
required to participate in continuous task
training for safety awareness requirements.

3.3 Flight Crew

Humans are the most valuable mission
asset for Mars exploration and must not
become the weak link. The objective for
humans to spend up to 600 days on the
martian surface places unprecedented
requirements on the people and their
supporting systems. Once committed to the
mission on launch from LEQO, the crew must

be prepared to complete the full mission
without further resupply from Earth.
Unlimited resources cannot be provided
within the constraints of budgets and mission
performance. Their resources will either be
with them or will have already been delivered
to or produced on Mars. So trade-offs must be
made between cost and comfort as well as
performance and risk. Crew self-sufficiency is
required because of the long duration of their
mission and the fact that their distance from
Earth impedes or makes impossible the
traditional level of communications and
support by controllers on Earth. The crews
will need their own skills and training and
specialized support systems to meet the new
challenges of the missions.

Crews should be selected who will agree
to conduct operational research willingly and
openly. Crew members should be selected
who can relate their experiences back to Earth
in an articulate and interesting manner, and
they should be given enough free time to
appreciate the experience and the opportunity
to be the first explorers of another planet.

Because the objectives of the missions are
to learn about Mars and its capability to
support humans in the future, there will be a
minimum level of accomplishment below
which a viable program is not possible.
Survival of humans on the trip there and back
is not a sufficient program objective.

3.3.1 Crew Composition

The number of crew members to be taken
to Mars is an extremely important parameter
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for system design, because the scale of the
habitats, space transportation system, and
other systems supporting the mission are
directly related to the number of crew
members. This, in turn, will have a direct
relationship to the cost of the first missions.
The size of the crew also is probably inversely
proportional to the amount of new
technology which must be developed to allow
all tasks to be performed. Because of
communication time delays between Earth
and Mars, some functions that have
previously been performed by people on
Earth will be carried out autonomously or by
crew members. Generally, there will be a high
degree of automation required for routine
operations on the Mars journey to allow crew
members to do specialized tasks.

For the Reference Mission study, it was
assumed that crew health and safety are of
first priority in successfully achieving mission
objectives and that the surface system design
requirements for operability, self-monitoring,
maintenance, and repair will be consistent
with the identified minimum number of crew
members. The crew size and composition was
determined in a top-down manner (objectives
O functions O skills 0 number of crew
members + system requirements) as the
systems have not been defined in a bottoms-
up manner based on an operational analysis
of the system.

The Mars Study Team workload analysis
assumed that the crew would spend available
time in either scientific endeavors or
habitation-related tasks. From that analysis,

lists of required skills were developed.
Expertise is required in three principal areas.

=Command, control, and vehicle and
facility operations functions. These
functions include command,
management, and routine and
contingency operations (piloting and
navigation, system operations,
housekeeping, maintenance, and repair
of systems). Maintenance must be
accomplished for facility systems,
human support systems (medical
facilities, exercise equipment, etc.), EVA
systems, and science equipment.

=Scientific exploration and analysis. This
area includes field and laboratory tasks
in geology, geochemistry, paleontology;,
or other disciplines associated with
answering the principal scientific
questions.

=Habitability tasks. These tasks include
providing medical support; operating
the bioregenerative life support system
experiment; performing biological,
botanical, agronomy, and ecology
investigations; and conducting other
experiments directed at the long-term
viability of human settlements on Mars.

The types of crew skills needed are
shown in Table 3-2 (Clearwater, 1993). If each
skill is represented by one crew member, the
crew size would be too large. Personnel will
have to be trained or provided the tools to
perform tasks which are not their specialty.
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Table 3-2 Surface Mission SKills

Specialized Operations Focused
and Services Obijectives In-Common
Mechanical Systems Operations, Geology Management/planning

Maintenance and Repair

Tool-Making

Electrical Systems Operations,
Maintenance and Repair

Electronics Systems Operations,
Maintenance and Repair

Geochemistry

Paleontology

Geophysics including
Meteorology and
Atmospheric Science

Biology
Botany
Ecology
Agronomy
Social Science

General Practice Medicine
Surgery
Psychology

Biomedicine
Psychology

Communications
Computer Sciences
Database Management

Food Preparation

= routine greenhouse
operations

= plants to ingredients

= ingredients to food

Vehicle Control
Navigation
Teleoperated Rover Control

Journalism
Housekeeping

Special skill requirements appear to be in the
areas of medicine, engineering, and

geoscience.

<Medical treatment. In a 3-year mission, it
is very likely that an accident or disease
will occur. At least one medically trained
person will be required as well as a
backup who is capable of conducting

procedures under the direction of

medical experts on Earth (through
telemedicine).

<Engineer or technician. A person skilled
in diagnosing, maintaining, and
repairing mechanical and electrical

equipment will be essential. A high

degree of system autonomy, self-

diagnosis, and self-repair is assumed for
electronic systems; however, the skill to
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identify and fix problems, in conjunction
with expert personnel on Earth, has been
repeatedly demonstrated to be essential
for space missions.

=Geologist-Biologist. A skilled field
observer-geologist-biologist is essential
to manage the bioregenerative life
support system experiment. All crew
members should be trained observers,
should be highly knowledgeable of the
mission science objectives, and should be
able to contribute to the mission science.

Other factors will also contribute to the

final determination of crew size: system
autonomy, simultaneous operations,
contingency situations, human factors, and
international participation.

=Electronic and mechanical equipment
must be highly autonomous, self-
maintained or crew-maintained, and
possibly self-repairing. The amount of
time taken to do routine operations must
be minimized through system design. In
principle, the operation of supporting
systems (such as power, life support, in
situ resource recovery) should be
transparent to the crew. The best
approach in this area is to define the
requirement for technological
development based on the mission
requirements for a given crew size.

=Simultaneous operations will be
required during the nominal mission. All
crew members will be fully occupied
during their assigned working hours,
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and a minimum number of crew
members will be required by the
distribution of tasks. For example, EVAs
are likely to require at least two people
outside the habitat at any one time in
order to assist each other. A third person
is likely to be required inside to monitor
the EVA activities and assist if necessary.
If other tasks (repair, science,
bioregenerative life support system
operation) are required to be done
simultaneously, the number of crew
members may need to be increased.

=Specific contingency situations and
mission rules have not been established
for the Reference Mission because it is
too early in the design phase. However,
the choice of what the crew will be
allowed to do or not do can impact the
size of the crew. For example, during
exploration campaigns, mission rules
may require that some portion of the
crew be left in the main habitat while the
remainder of the crew is exploring in the
mobile unit. It will be necessary to have
a backup crew to operate a rescue
vehicle in case the mobile unit has a
problem. If the exploration crew requires
three people, the requirement to have
one driver for a backup unit and one left
at the outpost implies a crew of not less
than five.

=In terms of human factors
considerations, the psychological
adjustment is more favorable in larger
crews of six to eight than in smaller



crews of three to five. However, the
psychological environment may be met
by system and support provisions rather
than by the crew size itself.

«lt is conceivable that each country that
makes a major contribution to an
international Mars exploration mission
will demand representation on the crew.
Currently, a Mars crew might be
patterned after the International Space
Station with representatives from the
United States, Russia, European Space
Agency, and Japan. However, in an
enterprise of this magnitude, Third
World representatives might also be
selected by the United Nations.

At a summary level, the five most
relevant technical fields required by the
exploration and habitation requirements
include mechanical engineer, electrical and
electronics engineer, geologist, life scientist,
and physician-psychologist. These fields
should be represented by a specialist, with at
least one other crew member cross-trained as
a backup. Crew members would also be
cross-trained for the responsibilities of a wide
variety of support tasks as well as tasks of
command and communications.

The result of the workload analysis
indicates that the surface mission can be
conducted with a minimum crew of five,
based on the technical skills required.
However, loss or incapacitation of one or
more crew members could jeopardize mission

success. Therefore, a larger crew may be
required to address the risk issues. Currently,
the Reference Mission is built on the
assumption of a crew of six.

3.3.2 Crew Systems Requirements

To survive, the crew will need adequate
shelter, including radiation protection;
breathable, controlled, uncontaminated
atmosphere (in habitats, suits, and
pressurized rovers); food and water; medical
services; psychological support; and waste
management. During the 4- to 6-month transit
to Mars, the chief problems will be
maintaining interpersonal relationships
needed for crew productivity and
maintaining physical and mental
conditioning in preparation for the surface
mission. On the Mars surface, the focus will
turn to productivity in a new and harsh
environment. The transit environment is
likely to be a training and conditioning
environment, the surface environment is
where the mission-critical tasks will be done.

For long-duration missions with
inevitably high stress levels, the trade-off
between cost and crew comfort must be
weighed with special care. High quality
habitats and environmental design features
are critical to assuaging stress and increasing
crew performance—conditions that will
greatly increase the likelihood of mission
success. Providing little more than the
capability to survive invites mission failure.

Not all amenities need be provided on
the first mission. The program should be
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viewed as a sequence of steps which, over
time, will increase the amount of habitable
space on the surface, increase the amount of
time available to the crew to devote to
mission objectives and personal activities,
increase the amount of crew autonomy,
improve the quality of food, increase access to
privacy, and increase the quality and quantity
of communications with Earth. In addition,
experience in Mars surface operations may
reduce some of the stresses associated with
the unfamiliarity of the environment.

The quality of life can be enhanced by
access to and use of indigenous resources. In
the near term, use of indigenous resources
reduces some of the mission risks (creation of
caches, use of local resources for radiation
shielding, etc.). In the long term, use of local
resources may allow more rapid expansion of
usable space. Achieving the capability to
produce water and oxygen from local
resources may have physical and
psychological benefits over continued
recycling (for example, reducing limitations
on water utilization for hygiene purposes).
The ability to grow food on site also has an
enhancing psychological effect. The
psychological impacts of these developments
is difficult to quantify, however real the effects
may be.

Finally, crew support by intelligent robots
and automated systems appears to be a good
investment from the point of view of total
mission productivity. The workload analysis
indicates that the total amount of time spent
in the field (on foot or in a rover) by a crew

member will be from 10 percent to 20 percent
of the amount of their time on Mars.
Automated or teleoperated rovers could
extend the effective field time by crew
members.

3.4  Mission Operations

Central to the success of the Reference
Mission is the accomplishment of all activities
associated with mission objectives. To this
end, crew operations are an essential part of
ensuring program success and must be
factored into all aspects of program planning.
All crew activities throughout each mission,
from prelaunch through postlanding,
constitute crew operations. The majority of
crew activities fall into four categories:
training, science and exploration, systems
operation and maintenance, and
programmatic.

=Training activities include such areas as
prelaunch survival training for all critical
life support systems, operational and
maintenance training on mission-critical
hardware, prelaunch and in-flight
proficiency training for critical mission
phases, and science and research
training for accomplishing primary
science objectives.

=The majority of science and exploration
activities will be accomplished on the
surface of Mars. They include, but are
not limited to, teleoperated robotic
activities, habitability experiments, local
and regional sorties, and planetary
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science investigations. Supplemental
science objectives may be accomplished
during other phases of the mission as
well.

=During the first mission, a substantial
amount of crew time will be spent
operating and maintaining vehicle
systems. This time allocation is expected
to decrease with subsequent missions as
the systems and operational experience
base matures.

eLastly, programmatic activities for the
crews include publicity, documentation,
reporting, and real-time activity
planning.

This report does not make specific
conclusions regarding hardware
requirements, facilities requirements, and
training programs, but a number of
recommendations and guidelines regarding
these areas have been developed and tailored
to the various mission phases that will be
experienced by each crew sent to Mars. While
these and other crew activities may not be
seen as directly affecting program success, all
areas contribute to the successful completion
of each mission and are, therefore, essential to
the overall success of the Reference Mission.

3.4.1 Training Guidelines

The key to successful operations is
having well prepared, knowledgeable team
members. This knowledge and preparation is
most effectively obtained by training for
nominal and contingency operations.

Extensive training in these areas will improve
overall mission success as well as contribute
to meeting science and exploration objectives.
Several overriding principles must govern the
way training is conducted for the Reference
Mission. Due to time constraints, crew
training in preparation for the first mission
must be done concurrently with vehicle and
training facility development. The first crew
and mission controllers will be supplanting
operational training with involvement in
system design and testing. This will provide
the mission team with the needed system
familiarity which would otherwise come from
operational training exercises. Operations
input on system designs also has the added
benefit of enhancing vehicle functionality and
operability (for example, nominal daily
operations such as housekeeping, food
preparation, and system maintenance will
benefit from input by the actual users).

Additional prelaunch training must
emphasize developing a working knowledge
of life-critical and mission-critical elements.
Because reliance on Earth-based ground
control becomes more difficult and less time-
responsive as the mission progresses toward
Mars, crew self-sufficiency becomes essential.
In-depth training on life-critical and mission-
critical systems will enable crews to become
more self-sufficient. Contingency survival
training for failures in critical life support
systems will also be required as real-time
ground support will not be possible during
Mars surface operations and similar remote
phases of flight.
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Extensive preflight and in-flight training
on critical event activities (such as major
propulsive maneuvers, Mars atmospheric
entry, surface sorties, and Earth atmospheric
entry) will be required to ensure crew
proficiency during these busy time periods.
The need for such training will require
preflight development of a well-defined
activity plan for all critical events.
Significantly less preflight training will be
required for noncritical, mission-success-
oriented activities such as surface science
operations. The initial surface operations
required for the establishment of the Mars
surface base and preliminary surface science
activities will be well defined before the first
crew departs. Subsequent exploration and
science activities will depend on the findings
from the initial scientific investigations. As a
result, training for more than the initial
science activities will not be feasible. Instead,
it will be necessary to ensure that crews have
the skills to enable them to plan and prioritize
real-time activities in support of the overall
mission objectives. Some planning assistance
and direction will be provided by ground
personnel; however, the responsibility for
detailed planning and execution will reside
with the crew. They are on the surface and
have firsthand knowledge of environmental
and logistical considerations.

Due to the length of the mission and
length of time between critical event
activities, proficiency training will be
necessary during all phases of the mission. In
flight and on the martian surface, training for

critical events will ensure that crews are
adequately prepared for both nominal and
contingency situations. From Earth launch
until Mars ascent and TEI is about 2 years
which necessitates an ongoing training
regime to maintain proficiency. The Earth-
based training the crews received 2 years
earlier prior to Earth launch will not be
sufficient. Training for the Mars atmospheric
entry and landing phase will be conducted by
the crew during the transit between Earth and
Mars. While on the martian surface and
intermixed with other surface activities, the
crew will conduct proficiency training for the
critical Mars ascent phase, subsequent
docking with the ERV, and trans-Earth
propulsive maneuver. In-flight and surface
training requirements dictate the need for
effective training facilities in the habitat
vehicles or in the ascent vehicles. Design and
development of such facilities will require
further investigation and is beyond the scope
of this preliminary report.

Documentation in the form of computer-
based libraries must be available for
operational instruction, maintenance of and
troubleshooting systems, and hardware
failures. Reliable and immediate access to this
type of information will supplement crew
training for all types of activities from
mission-discretionary to life-critical. Extensive
computer-based resources will have the
added effect of increasing crew self-
sufficiency during remote mission phases.

The final, but by ho means least
significant, element of crew training will be
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the feedback provided by the early crews on
training applicability and effectiveness related
to all mission phases. Feedback from the first
crew in particular will need to be
incorporated into training procedures,
hardware, and facilities to be used by
subsequent crews. An effective channel for
incorporating this feedback into redesign and
upgrading of systems and procedures will be
essential for follow-on crew training.

3.4.2 Science and Exploration

The majority of science and exploration
activities will be accomplished on the surface
of Mars. They include, but are not limited to,
teleoperated robotic activities, habitability
experiments, local and regional sorties, and
planetary science investigations. Additional
science activities which supplement the
primary science objectives may be
accomplished during other phases of the
mission as well; however, the largest portion
of time and activity allocated in support of
science and exploration will occur on the
planetary surface.

Initial surface science activities will be
well defined before each crew departs Earth.
Detailed activity planning to maximize the
crews useful science and exploration time will
increase overall mission success and will be
necessary to ensure the successful completion
of many primary science objectives and
mission safety requirements. Many
investigative results designed to satisfy safety
requirements (for example, tracking crew
health) will contribute to satisfying science

objectives as well. Detailed identification of
safety requirements and related activities is
not required until later in the mission
planning process and will not be discussed
here.

Subsequent exploration and science
activities will depend on the findings from
the initial scientif