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Since its start in 2016, the COSPAR workshop series on "Planetary protection
requirements for human extraterrestrial missions" has generated and refined a set of
planetary protection (PP) knowledge gaps (KGs) which, if addressed, would represent one
path to a successful PP implementation strategy for the first crewed Mars mission. The KGs
fall into three topic areas: microbial and human health monitoring (in habitat and in crew);
microbial contamination control and mitigation in spacecraft systems, and; transport and
survival of terrestrial life at Mars. The 2018 workshop led to a timeline that for the first time
described a path to a tractable end-to-end PP solution for a crewed mission to Mars. In the
time since the workshop, NASA and ESA have been incorporating elements of the KG set into
forward plans for capability developments in human spaceflight architecture.

While the microbial and human health monitoring and transport and survival of
terrestrial life at Mars KGs focus primarily on knowledge needed to inform the definition of
usable “top down” requirements for spacecraft hardware providers, the KG’s for microbial
contamination control and mitigation in spacecraft system represent an engineering-driven
“bottom-up” requirements set, based on technical performance of needed hardware systems.

The integration of all three topic areas into capability-development planning by space
agencies offers the promise that the KGs will be addressed in a timeframe aligned with
opportunities for new data acquisition by ISS and Gateway experiments, robotic science
missions and ground analog studies on the one hand, as well as the future launch of the first
crewed Mars mission to Mars. This paper provides an update on the current status.
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I. Introduction

C

OSPAR (the Committee on Space Research) maintains the international consensus policy on planetary protection1
that is widely accepted2 as the methodology for how spacefaring nations should address the “avoidance of harmful
contamination” as described in Article IX of the Outer Space Treaty. 3 The COSPAR planetary protection policy has
two principal concepts: 1) that the Earth must be protected from the potential hazard posed by extraterrestrial matter
carried by a spacecraft returning from an interplanetary mission, and 2) that the conduct of scientific investigations
of possible extraterrestrial life forms, precursors, and remnants must not be jeopardized.
While approaches to achieve these goals are well refined for robotic exploration missions, and previously the
Apollo Program had developed strategies for addressing planetary protection for crewed lunar missions, currently we
do not have the know-how for doing this on a crewed mission to Mars. Indeed, it would be prefereable to ensure some
of the shortcomings of the Apollo implementations4 are addressed as part of this process.
As part of planning for future crewed space exploration, COSPAR, together with participating space agencies, has
supported a series of interdisciplinary meetings to consider next steps in addressing knowledge gaps (KGs) in the
planetary protection discipline, in advance of future human missions beyond low Earth orbit.
As a follow-on to the 2015 NASA5, and 2016, 2018 and 2019 COSPAR workshops6 on planetary protection for
human missions to Mars, two COSPAR-supported meetings were held (virtually) in 2020. The earlier meetings had
first, identified, and then prioritized important knowledge gaps in science and technology areas related to planetary
protection for crewed missions. Their reports describe much of the basis for 2020’s meetings and also include a
timeline, developed to assist in ensuring timely closure of the knowledge gaps. Later meetings considered
implementation of strategies to close knowledge gaps in the areas of “Microbial and human health monitoring” and
in the “Natural transport of contamination on Mars”. The remaining subject of the 2020 virtual meetings described in
this paper was the topic of “Technology and operations for contamination control”, which aimed to determine potential
strategies in managing the contamination associated with in- and outflow of crewed systems at the surface of Mars.
The first of the two meetings (May 2020) functioned as a briefing to the interdisciplinary community, and the
later (Dec 2020) meeting was partitioned into virtual breakout groups to discuss and generate responses on the
following knowledge gaps brought forward from earlier meetings:
KG 2B: What level of microbiological and organic release from humans and their support systems is
acceptable?
KG 2C: What decontamination, verification, & monitoring protocols (inside & outside pressurized systems)
are required for remediation after potential releases from humans and their support systems?
KG 2G: What is considered acceptable regarding waste handling and disposal?
Each KG was addressed in turn, in a series of breakout group sessions as described below. Groups were organized
so that each had a spectrum of scientists, engineers, planetary protection specialists and program folk. The subquestions around each KG topic were provided to the breakout groups for consideration. Summary responses from
each breakout group are provided in tables for easy cross-comparison, with additional explanation in the text. Verbatim
responses provided by the individual breakout groups are preserved in the appendices of the COSPAR meeting report7.
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II. Knowledge Gap “2G” What is considered acceptable regarding waste handling and disposal?
A. Is surface or subsurface disposal preferred or required?
This question addresses whether (and how) trash and waste should be buried, stored or otherwise contained. In
general, the breakout groups indicated that burying risked undetected leakage over time, particularly when the regolith
at Mars may have oxidative properties. Also burying wastes would require work, which (unless done robotically)
would deplete one of the key mission resources (crew time) in essentially a non-productive task. For the first mission
at least, surface storage was preferred. This could be at grade, in a depression (to further reduce exposure to wind), or
even raised on a platform (which would allow access for a future mission, with potentially more capability to process
and recycle the waste). Note that this finding applies to all waste streams (e.g., fecal waste, urine/condensate, wet
trash, dry trash) but may be optimized for each.
B. How long should any container be expected to provide its containment?
The consensus was that waste containment should be designed to be effective for 50+yr. This assessment was
reached based on a number of factors, including subjective assessment of what might be possible for a containment
system in a mass-limited environment, some notion of the cadence of crewed exploration, consideration of estimates
of decay of the biological threat, and anticipation about the trajectory of our knowledge about the Mars environment
and the need for planetary protection constraints to protect future science.
C. Should trash etc. be “sterilized” prior to disposal?
For this question, there was no clear single answer. Although an active sterilization process is an effective approach
to achieving planetary protection goals, this is potentially a mass and power overhead for the mission. In addition, the
mission would have to be able to accommodate a failure of the sterilization process, due to e.g. equipment malfunction.
Effective containment of unsterilized waste, potentially taking into account passive sterilization processes at Mars,
may be sufficient. An engineering trade study is needed to evaluate this issue in more detail.
D. Should bulk containment be used to surround trash to prevent interaction with wind?
There was broad agreement that multiple layers of containment (at least two, potentially three) should be used,
with the outer layer being a larger container that was resistant to the Mars environment.
E. What degree of containment is required?
Here, two more detailed sub-questions were considered: First, is use of a sealed container (for pressure), but with
no special microbial mitigation applied to the trash, a viable option? And second, is a sealed container with specific
microbial mitigation to contents and container exterior required? In some groups, sealing was preferred. In others,
closure but with venting through a HEPA filter (and potentially also a molecular scrubber) was the preferred solution.
In particular, the issue was identified that a sealed vessel will leak eventually. Given the absence of a clear answer,
an engineering trade study is needed to address this issue.
F. What degree of contents (microbial) tracking is required?
The groups concurred that some degree of microbial tracking of the waste is required, in the sense of understanding
the initial bioload so that the risk can be assessed. There was no a consensus that monitoring the bioload over time
was necessary.
G. Is a single dedicated disposal site near the habit preferred or can disposal occur along the path of a rover?
Groups 3 and 4 that considered this trash management question recommended that a single site adjacent to the
landing site be used for waste disposal. The rationale was pragmatic in the sense that, for the short duration mission
planned, there is no need to dispose of waste material en route, and returning the waste to the landing site location
makes it easier for tracking, allows for potential resource recovery by processing at the landing site by later missions,
and potentially allows for sterilization at the landing site, e.g. by exposure to irradiation from the “Kilopower” surface
power elements that may be present7.
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Breakout Group 2 – Group 1
Day 2
(December 2, 2020)

Group 2
Focus Area: Habitats

Group 3

Group 4

Focus Area: Suits/Vehicles

Summary Question (from KGs): What is considered acceptable regarding waste handling and disposal (2G)?
Q. Is surface
Depends on how
Sealed container
Bags will be placed
Should store waste
or subsurface
waste is contained
inside the habitat,
in a hard wall/metal
on the surface in a
disposal preferred
-surface disposal has triple contained.
container (including
container away from
or required?
a risk for aerial
No need to relaunch
filter for emissions)
the environment
distribution,
waste.
A. Surface
subsurface disposal
carries the risk for
leaching
Q. How long should At least 50yr (100
40-50yr (after
50yr
At least 50yr cf
any container be
and 250 considered)
biology is dead)
orbital assets
expected to provide
(until we answer life
its containment?
detection question)
A. 50+yr
Q. Should trash etc.
be “sterilized” prior
to disposal

Yes – filter gases,
heat/radiation
sterilize
liquids/solids

A. (No clear answer
– Engineering trade
study needed)

Q. Should bulk
containment be
used to surround
trash to prevent
interaction with
wind?
A. Yes
Q. What degree of
contents (microbial)
tracking is
required?

Containment is
preferable (also can
containment be an
alternative to
sterilization?)

Characterization may
be necessary to
verify sterilization
Barcode system for
waste bags

Mars will sterilize
for us?
50:50 vote to
sterilize vs. not
(alternative is to use
passive Mars
processes)
Sterilizing waste
before disposing
them to the
sterilizing conditions
of Mars is double the
work.
Seal them and vent
them, from the
engineering systems
is the optimal design

Stabilizing prior to
containment may be
beneficial to stop
degradation/gas
emission
Sterilization not
required

N/A

Monitoring should be
a requirement

A. Microbial
Tracking Required
Table 1: Summary Responses to KG 2G by Breakout Groups
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Waste should be
sterilized to reduce
microbial activity
and then stored in a
leak tight container
(complete
containment is ideal)
that can withstand
the Martian
environment.

Yes - Smaller
containers would be
placed into larger
containers

We want to identify
the microorganisms
in our waste before
we dispose of it, not
track the waste over
its lifespan

Q. What degree of
containment is
required?

Heat sealed baggies?

Mission architecture
fidelity needed to
provide the best
approach.
Equivalent System
Mass (ESM) is the
driver. For short
missions we might
not need to have as
strict requirements.
A little bit of
engineering goes a
long way.
Preparation is key.
Contain at equal
pressure and vent

As humans or robots
pass smaller waste
containers into larger
one, could have
something like a
tunnel/chute that
could sterilize

Is a sealed
container (for
pressure) but with
no special microbial
mitigation to trash
a viable option?

Preference is to
sterilize and have
fewer requirements
for containment but
could make the
container part of the
sterilization method

Is a sealed
container with
specific microbial
mitigation to
contents and
container exterior
required?

Not if we are
sterilizing the waste

N/A

Want it contained,
but can find
advantages to
different ways – will
be dependent upon
needs

N/A

N/A

Leave on rover until
get to trash disposal
area

The container needs
to be
environmentally
resistant (e.g. UV,
temperature, freezethaw, ice deposition,
dust deposition, etc.)
and last at least until
we answer life
detection questions

(No clear answer –
Engineering trade
study needed)
Q. Is a single
dedicated disposal
site near the habitat
preferred or can
disposal occur along
the path of a rover?
A. Single

Table 1 (contd.): Summary Responses to KG 2G by Breakout Groups
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For preliminary
missions there should
only be one waste
disposal site to
reduce how much we
need to bring/build,
but if sterilization
and containment
strategies are
sufficient we can
develop multiple
sites.

III. KG “2B” What level of microbiological and organic release from humans and their support
systems is acceptable?
A. What gas/liquid/microbial discharges are acceptable?
The common presumption was that, by the time of the first crewed Mars mission, non-biological discharges will
not be the concern: Only release of viable microbes (potentially attached to particles) would be the concern. The
solution for this would be for HEPA filtration of gas releases and for storage of liquids, with the goal of preventing
release of viable microbes into the martian environment. One of the groups considered that it may be acceptable for
some low biomass gas waste streams to not be filtered, provided that it could be acceptably demonstrated that the
martian environment would effectively sterilize that waste stream (e.g. potentially space suit joint leakages).
B. Is it required for an airlock (and residual air in it) to be sterilized prior to egress for an EVA? Is it required
for an airlock (and residual air in it) to be sterilized prior to ingress from an EVA?
Discussion reflected that, at the very least, for egress (operatons?), the atmosphere/surfaces in the airlock ought to
be bioburden reduced (with acceptable levels TBD). A similar bioburden reduction process would be imposed prior
to reentry into the pressurized environment from an EVA. However, there was not a clear consensus, so a “use case”
needs to be developed, in order that needed requirements can be identified and addressed. One of the groups
highlighted that recovered gas (collected during depressurization) should be HEPA filtered.
C. Is it required for e.g. suits and tools to be sterilized prior to egressing for an EVA? Is it required for e.g.
suits and tools to be sterilized to ingress from an EVA?
Yes, potentially, for egress, depending on the hardware item and its use. The expectation is not that robotic
mission-level bioburden cleanliness levels are maintained (new cleanliness requirement TBD), but that gross
contamination is prevented and that pristine Mars samples (free of terrestrial microbial contamination) can be
acquired. Discussions reflected that bulkier items such as suits should be bioburden reduced on an ALARA-type
basis8, while tools intended to acquire samples or potentially contact the Mars subsurface could potentially be sterilized
prior to use. As long as it has not been determined whether Mars is an abode of current life, steps need to be taken to
minimize the opportunity for potential Martian biota to encroach into the interior of crewed systems. Thus, processing
of tools, suits etc. would be needed prior to ingress. One of the groups highlighted the need for a separate airlock (or
other pathway) for tool egress and ingress from the pressurized volume.
For both the airlock atmospheres and the materials moving in and out of the pressurized volume, a more detailed
use case would be needed in developing and optimizing approaches for egress and ingress.
D. What planetary protection constraints are required for using bio-regenerative systems or plants for
consumption?
In general, plants and bioregenerative system wastes were considered similarly to other terrestrial contaminated
waste, including the need to sterilize and/or contain prior to departure, while minimizing (eliminating?) uncontrolled
release into the Mars environment. That said, the breakout groups were informed that a full bioregenerative life
support system was unlikely for the first mission to the martian surface. Accordingly, the large biomasses that might
be associated with full-scale versions of these systems were not given significant consideration as a threat to the
martian environment at this meeting.
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Breakout Group
(Dec 3, 2020)

Group 1

Group 2

Focus Area: Habitats

Group 3

Group 4

Focus Area: Suits/Vehicles

Summary Question (from KGs): What level of microbiological and organic release from humans and their
support systems is acceptable (2B)?
Q. What
gas/liquid/microbial
discharges are
acceptable?
A. Filter gas
Store liquid
Prevent micro
release

Q. Is it required for
an airlock (and
residual air in it) to
be sterilized prior
to egressing for an
EVA?
A. Reduce
bioburden
Q. Is it required for
e.g. suits and tools
to be sterilized
prior to egressing
for an EVA?

Filtration: HEPA
for gas/0.2um for
liquid
Store liquid
Sterilize on
departure
Use daylight UV
Condition before
departure
50-100yr
requirement
Yes – filter (2
layers?)

Filter by HEPA
Contain human waste
– 3 layer
Take advantage of
natural conditions
Some risks need to be
accepted

Separate airlock for
tools

Sterilize/ Sanitize on
ALARA basis
Reduce Bioburden

Assume concern is
microorganisms
O2 loss is OK
Research needed to
ID performance
requirement

Bioburden reduction
(not sterilization per
se)

A. Potentially
(develop use case to
prove)

Q. Is it required for
an airlock (and
residual air in it) to
be sterilized prior
to ingress from an
EVA?

Low biomass (e.g.
suit leaks) – vent and
rely on Mars
HEPA for others
Need risk assessment
1um cutoff for
particles
Shower space? –
trust but verify

Yes – separate
system

A. No clear
consensus – use case
needed
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Depends on use – life
detection instrument
vs mechanical
fixings
Tools: manage by –
witness plate use,
material selection
(cleanable),
contamination
knowledge, make
clean, keep clean.
Need a mudroom?
Visibly clean may be
acceptable
Ground testing
needed

Minimize cross
contamination.
Sterilization may be
preferred but weigh
against ops burden/
cost

Table 2: Summary Responses to KG 2B by Breakout Groups
Q. Is it required for
e.g. suits and tools
to be sterilized to
ingress from an
EVA?
A. Potentially
(develop use case to
demonstrate)
Q. What planetary
protection
constraints are
required for using
bio-regenerative
systems or plants
for consumption?

UV in airlock to
sterilize
Need to manage
dust problem

Reduce risk
Likelihood x
Consequence type of
risk analysis
Coveralls problematic for suits;
mobility, logistics

Not an additional
risk in the Hab.
Need to destroy on
leaving

Inside – no problem
Outside – no plant
pathogens

Sterilization may be
preferred but assess
against operations
burden/ cost

Same as human
systems and waste
Could sterilize seeds,
soil
Manage bioreactors
as a contamination
source

Mitigate via
sterilization

A. Manage
(eliminate?) release
into Mars
environment
Table 2 (contd.): Summary Responses to KG 2B by Breakout Groups

IV. KG “2C” What decontamination, verification, & monitoring protocols (inside & outside
pressurized systems) are required for remediation after potential releases from humans and their
support systems?
A. How can unacceptable discharges be made acceptable?
This question was mainly addressed by Group 2 through considering mitigation of spills. They suggested the need
for controls to reduce accidental spillage, and appropriate protocols in the event of situations when spills do occur.
Group 3 considered EPA/OSHA-style treatment of spills (control spread and stabilize; collect, minimize and isolate).
This group also considered protection of special regions9 at Mars and the potential for bioburden reduction by whatever
means is appropriate and available. Overall there was no clear consensus across the groups, demonstrating the need
for integration with ConOps planning and one or more future engineering trade studies.
B. Microbial/chemical monitoring capability is assumed: What microbial detection/monitoring of the habitat
environment is required?
For limiting forward contamination, bioburden control and monitoring were baselined as expected
implementations for the first crewed Mars mission. DNA sequencing to obtain microbiome information 10 was
recommended by three of the four groups, although additional work is needed to develop an appropriate detection end
point for such assays. One group suggested that this should be in parallel with classical culturing, although another
group pointed out that deliberately culturing terrestrial microorganisms in a mission to another planet would be
something that should probably be avoided. One group suggested that other technologies be used alongside
sequencing, such as witness plates and/or a direct detection methodology. A use case scenario needs to be developed
to evaluate the various options.
8
International Conference on Environmental Systems

C. What microbial detection/monitoring outside the habitat environment is required?
First, it was identified that there needs to be the ability to detect (and potentially to mitigate) a change in the
microbial community, which implies the ability to establish a baseline. Again, multiple groups identified DNA
sequencing as a desireable methodology, combined with a physico-chemical method such as uv (blacklight) inspection
or a chemical detection methodology.
D. What constitutes a biomarker for forward contamination purposes (what do we care or not care about)?
On this issue, no clear consensus was achieved. There was comment that very small particles (close to the size of
a microorganism) would be degraded by martian uv, and so can be disregarded. However, use of artificial tracers to
track contamination was considered to be a threat to detection of martian biomolecules and should be avoided. Once
again, a use case is proposed to evaluate options.
E. How is backward contamination to be detected and measured?
This topic was very much unresolved in the meeting. On the one hand, the bulk sources of the contamination are
left behind at Mars, and so crew are being “quarantined” from the Mars environment on the return journey to Earth.
However, the astronauts, their equipment and any samples being brought back will have been exposed to Mars. ATP
(adenosine triphosphate) was suggested as a detection methodology, but it is recognized that in a crewed mission there
may be signal to noise issues. The need for a glove box capability was suggested for analyses en route, but this may
be in conflict with quarantining requirements. Another group advocated for simple miniaturized monitoring
technologies, but there was no clear consensus, indicating that again, a use case study is needed. How should nonnominal spills/leaks be addressed (in contingency planning and surface operations)?
This final topic was how to treat spills, particularly from vehicles. Some groups had partially addressed this in
earlier discussions, but in the this final analysis groups 3 and 4 considered spills occurring during a traverse. Both
groups identified that crew safety would be prioritized, but beyond that, the strategy should be based on containment
rather than some kind of disinfection treatment: Mars is cold and dry, so spills of liquid will most likely freeze, then
sublime, rendering the biologic contamination frozen and dessicated, and therefore be unlikely to cause harmful
contamination based on current knowledge10.
Breakout Group
(Dec 3, 2020)

Group 1

Group 2

Focus Area: Habitats

Group 3

Group 4

Focus Area: Suits/Vehicles

Summary Question (from KGs): What decontamination, verification, & monitoring protocols (inside &
outside pressurized systems) are required for remediation after potential releases from humans and their
support systems (2C)?
Q. How can
Do controls
Special regions
unacceptable
Have protocols
consideration
discharges be made
ready
Bioburden reduction
acceptable?
A. No clear consensus
-Engineering trade
study needed
Q. Micro/chemical
monitoring capability
is assumed: What
microbial detection/
monitoring of the
habitat is required?

Mixed culture
and Next Gen
Sequencing

Witness plates
Materials coatings

A. No clear consensus
– use case needed
9
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Leak checks
Sampling
Look for step
function changes

No culturing – DNA
sequencing/ATP

Table 3: Summary Responses to KG 2C by Breakout Groups
Q. What microbial
detection/ monitoring
outside the habitat
environment is
required?
A. Ability to detect
(and mitigate?) a
change
Q. What constitutes a
biomarker for
forward
contamination
purposes (what do we
care or not care
about)?
A. No clear consensus
– use case needed
Q. How is backward
contamination to be
detected and
measured?

Establish the
baseline & detect
changes
UV light inspection
MinIon

Monitor
Look for step
function changes

Chemical signature
and DNA analysis is
ideal

Tracers are false
contamination

ATP? (signal to
noise problem?)
Glove box detection
en route for
returning mission

A. No clear consensus
– use case needed
Q. How should nonnominal spills/leaks
be addressed (in
contingency planning
and surface
operations)?

Assume not a
problem (sources
left behind).
Use simple
miniaturized
technologies
Crew safety
prioritized
EPA/OSHA
approaches: control
spread, stabilize,
collect, minimize &
isolate

“spill kit” (to
collect, contain,
track is better
[easier] than
disinfection?)

A. Basis should be
containment rather
than treatment (Mars
is cold)
Table 3 (contd.): Summary Responses to KG 2C by Breakout Groups

V. Agency Considerations
While this COSPAR-led activity has been multi-agency in its support and participation, of the agencies taking
part, only NASA currently has a significant level of work in the architecture planning for crewed exploration of Mars,
through its Moon to Mars program. Within NASA, the planetary protection discipline is being incorporated into
planning and preparation activities for the current 30-day surface mission architecture study12 for the first crewed
mission to Mars. Much of the paradigm created by the COSPAR studies has been adopted (albeit temporarily) in
NASA’s Interim Directive, NID8715.12913 that entered into effect on July 9th, 2020. Planning within NASA continues
to integrate planetary protection considerations into the work of the HEOMD SE&I (Systems Engineering and
10
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Integration) group, with significant coordination activities ongoing with other organizations engaged in hardware
development and knowledge generation. Much of this work is pertinent to developments in the planning for crewed
lunar exploration because of the intent to use the Moon as a venue for testing planetary protection approaches before
deployment at Mars. Also there are significant cost advantages to redeploying technologies and hardware developed
for use at the Moon onto the first crewed Mars mission.

VI. Conclusion and Future Work
The 2020 virtual meetings were successful in addressing the three knowledge gaps highlighted (2B, 2C, 2G). As
with many workshops, different breakout groups addressed topics differently from each other, giving the variety
shownand agency representatives are considering how best to incorporate these topics into ongoing portfoliios of
activity. However, a number of gaps remain unaddressed in the “Technology and operations for contamination
control” topic area. In particular, issues around approaches to quarantine and pristine sample handling have not been
addressed in the era of the current NASA Mars transit/30 day short-stay mission architecture (KGs 2D. and 2I. from
the 2016 workshop). The intention is to convene a further virtual meeting and a final in-person meeting in 2021 to
wrap up these topics and provide an opportunity to update previous findings, in order to provide the COSPAR
community with a current, comprehensive perspective on planetary protection knowledge gaps for human missions to
Mars ahead of the 2022 Athens General Assembly.
As a result, the report series will provide an update from the data set14-16 used to support generation of the original
COSPAR planetary protection guidelines for human missions to Mars1. Any update to the COSPAR guidelines would
reflect input from a more up to date scientific background10, technological capability11 and mission architecture12. In
particular, updates to the guidelines might reflect changes in scientific opinion and data fidelity about the habitability
of different areas of the Mars environment, new opportunities to monitor microbial contamination (using for example,
in situ DNA sequencing), constraints imposed by the less capable 30-day architecture12 that does not provide separate
“lab” and “hab” as envisaged previously16 and the publication in the US of a National Strategy for Planetary
Protection17.
In the work to close the KGs, NASA is currently the only agency maturing a significant program for the crewed
exploration of Mars. In doing so, it is aligning progress developing hardware, systems and processes with planetary
protection “built in” to the design. A systematic approach to addressing they survival and dispersion of terrestrial
organisms at Mars has not yet been adopted. However, it is important that these early (scientific) parameters are well
constrained, to minimize the accommodations that spacecraft hardware designers need to make to deal with such
uncertainties at a later date.
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