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Planetary Analog Field Operations as
a Learning Tool
Gernot Groemer* and Seda Ozdemir

Austrian Space Forum, Spacesuit Laboratory, Innsbruck, Austria

Mars and Moon analog field missions are established tools to investigate the

potential of instruments, workflows, materials, and human factors for characterizing

the astrobiological potential and geoscientific context of planetary surfaces. Historically,

there is a broad spectrum on both the scientific focus and the performance parameters

for analog missions. This applies specifically where performance parameters of

coordinated deployment of mission assets (e.g., rovers, human crewmembers, or

scientific instruments) are studied. We argue that scientific priorities and workflows shall

be consolidated at an early planning stage of deep spacemissions such as during phase-

0 or phase-A studies, while they can still impact the mission architecture design process.

It is to be expected that a human-robotic mission to Mars or the Moon will includemultiple

field assets such as human explorers, robotic vehicles including aerial reconnaissance,

mobility assets, habitat modules, stationary instruments, and engineering elements for

power, communication, and in-situ resource utilization. These require more complex

asset coordination compared to single-rover planetary missions. Therefore, we advocate

an “Exploration Cascade,” which helps to manage these multiple assets to optimize the

scientific return of planetary surface missions, to search for extinct and/or extant traces

of life, and to characterize the geoscientific context of the sites of interest.
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INTRODUCTION

Analog Missions as a Training Tool
Human-robotic Mars missions are likely to be launched within the next 2–3 decades. Some of these
missions will include surface sojourns with at least 1 month in duration (Davila et al., 2010; Drake
et al., 2010). Analog field campaigns have supported all previous planetary surface missions so far
(Preston and Dartnell, 2014) and contributed to planetary missions such as NASA-MSL’s Curiosity
Rover (e.g., Grotzinger et al., 2015; Kah and MSL Science Team, 2015) and ESA’s ExoMars (Vago
et al., 2018). It is generally understood that astrobiology constitutes one of the primary scientific
drivers for such missions (e.g., Belz et al., 2014; Domagal-Goldman et al., 2016; Fairén et al.,
2019). Analog studies are generally considered an efficient tool to prepare for future Mars missions,
complementing instrument validation campaigns. Various Mars and lunar analogs on Earth are
used to train for scientific operations on planetary surfaces, or study extraterrestrial processes (e.g.,
Preston and Dartnell, 2014, also see Figure 1). Additionally, they help to enlighten the logistics and
workflow-related aspects, focusing on human factors, engineering (e.g., human-robotic interaction)
constraints, as well as safety considerations.
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FIGURE 1 | Examples of analog missions. (A) NASA BASALT (USA), (B) D-MARS (Israel), (C) LUNARES (Poland), (D) ESA/PANGEA (Spain), (E) NASA/D-RATS

(USA), (F) HI-SEAS (USA), (G) Mars Desert Research Station (USA), (H) NASA/NEEMO underwater station (USA), (I) NDU Habitat Demonstrator (USA), (J)

OeWF/AMADEE-program (Austria, Oman), (K) Mars-500 (Russia), and (L) ESA/CAVES (Spain/Italy). Image credits: (A) photos with permission from Zara Mirmalek, (B)

photos with permission from Hilel Rubinstein/D-MARS, (C) photos with permission from Anna B. Gregorczyk, (D) photos from permission from ESA/S. Sirios, (E)

photos NASA, (F) photos with permission from Ross Lockwood, (G) photos with permissions from OeWF, (H) photos: NASA/Florida International University, (I) photos

with permission from Pablo de Leon, University of North Dakota, (J) photos with permission from OeWF, (K) photos: Roskosmos, (L) photos: European Space Agency.

Notably, a representative metasearch using the Google-
Scholar database on the number of publications focusing on
the keyword “Mars analog research” yields an increase from
611 results in 1997, to 1,890 in 2007, to 3,150 in 2017 (similar
increases were also observed on bibliographic databases NASA
ADS and Pubmed), indicating the emergence of a new scientific
field. Some examples of past analog campaigns include the
NASA DESERT-RATS field campaigns conducted between 1997
and 2010 (Abercromby et al., 2013), the MOONWALK project
(Imhof et al., 2015, 2017), the ESA CAVES missions (Bessone
et al., 2015), the NASA HI-SEAS long-duration missions
(Häuplik-Meusburger et al., 2017), an initiative by the UK Centre
for Astrobiology: the subsurface analog research MINAR (Payler
et al., 2017), ESA PANGEA (Bessone et al., 2018), the NASA
BASALT campaigns (Lim et al., 2019), or numerous stand-alone
expeditions studying highly specific astrobiological questions
(e.g., Schulze-Makuch et al., 2018) and others. Notably, in 2011,
the European Space Agency (ESA) created a topical team to
investigate recent analog activities (Martins et al., 2017) by using
the Earth as a tool for studying astrobiology, and to formulate
inputs and scientific needs for the improvement of ground-based
astrobiological research. The outcomes and lessons learned from
these and other analogmissions constitute the building blocks for
OeWF’s field campaigns.

Besides these professional programs, there are relevant studies
performed at grassroots, mixed professional/citizen-science or
outreach-focused analog sites, such as the Mars Desert Research
Station MDRS in Utah (Kobrick et al., 2018), or NASA’s
Spaceward Bound Program (Allner et al., 2010; Rask et al.,
2011).

Until now, the Austrian Space Forum (OeWF, German:
Österreichisches Weltraum Forum) has conducted 12 Mars
analog field campaigns, as part of the PolAres (2006–2017)
(Groemer, 2009) and the subsequent AMADEE Program
(since 2018). These missions included more than 750 h of
simulated EVA (extravehicular activity) operations and the
performance of more than 100 peer-review selected experiments.
The aim of these initiatives is to identify research gaps in
the exploration roadmaps such as the Global Exploration
Roadmap (GER) (Crawford, 2014) of the International Space
Exploration Coordination Group (ISECG), the NASA Mars
Reference Architecture (DRM 5.0) (Drake, 2009), the Mars
Exploration Robotic Program (MREP) of ESA (Geelen et al.,
2013), as well as NASA’s upcoming ARTEMIS program
(Chavers et al., 2019). These programmatic roadmaps facilitated
the AMADEE program assumptions in terms of projected
crew composition, primary scientific objectives, and mission
architectural considerations.
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Human Element Controversies and
Science as an Early Mission Design Driver
It could be argued that robotic exploration is a more efficient
tool than human explorers to study planetary surfaces concerning
the scientific aspect (as opposed to policy-driven programs like
Apollo). However, by looking into the exploration efficiency of
current and planned robotic missions, it becomes evident that a
human component adds significantly to the throughput of, e.g.,
sample selection, in-situ analysis, and procurement workflows
(Crawford, 2012). Glass and Briggs (2003) demonstrated in a field
test at Devon Island that humans can be up to 25 times more
scientifically productive than a rover under certain conditions.
Another concern is the planetary protection aspect, as addressed
by the respective COSPAR recommendations (Kminek et al.,
2010), which requires a high level of cleanliness at the target
site or even access denial to the restricted areas. However, this
argument applies also to robotic elements, whereas the amount
of contamination (despite proper cleaning efforts on Earth)
increases with the mass of the rovers. Hence—besides ethical and
societal arguments (e.g., Dunér et al., 2018; Szocik, 2019)—we
argue that the expected benefits of including human explorers
outweigh the risks from a primarily scientific perspective.

The bandwidth of analog missions ranges from non-scientific
initiatives with a focus on education, like the Chinese Plan-
C station in the northwestern Gobi desert, NASA’s Spaceward
Bound Program which aims to train the next generation of space
explorers by hosting students and teachers within some analogs
(see above for the references), and also highly focused projects
like the NASA D-RATS (Abercromby et al., 2013) or BASALT
missions (Lim et al., 2019), complemented by laboratory-type
analog studies (e.g., the Russian MARS-500 study; Ushakov
et al., 2014). In addition to that, analog missions vary in the
complexity of their scope. On the one end of the spectrum
there are direct instrument field validations and field data
acquisitions pertinent to geoscientific workflows such as the
AMASE expeditions verifying the performance of the ExoMars
PanCam (Amundsen et al., 2010).

On the other side it features more complex surface-sojourn
suites of experiments, including human-factors and science
tactical decision making, such as the D-RATS studies (Litaker
andHoward, 2013). Notably, one of the underground campaigns,
MINAR 2017’s main focus is to carry out not only geoscientific
investigations and instrumental operations under planetary deep
subsurface conditions but also to develop technologies for
the mining industry (Payler et al., 2017). Therefore, due to
the variety in campaign goals, analog missions do not always
represent a realistic projection of planetary surface activities.
For instance, only a few of them (such as D-RATS, BASALT,
or AMADEE) include operational remote science support teams
mimicking a major design driver for surface operations (e.g.,
Groemer et al., 2014, 2016): the modality of the decision-making
process, including constraints such as time-delay, bandwidth-
limitation, and segregated expertise. Hence, many operational
lessons learned of analog missions might be challenging to
implement in future flight missions.

We argue that the planetary surface operations—once mission
safety criteria have been met—focusing on the astrobiological

and geoscientific performance indicators, should be represented
as an early-stage design driver for mission architectures.
Current exploration frameworks, for instance, the NASA
ARTEMIS program, at first define the engineering border
conditions, including spacesuit designs, the Deep Space Gateway
infrastructure, etc., and then the science objectives are identified.
Long lead times in developing deep space infrastructure tend
to be the first step in developing architecture and traditionally,
science is involved at a later point. So, for industrial policy
cycle considerations, capacity building needs to start prior to the
surface mission science being consolidated.

However, we suggest that in contrast to the Apollo missions,
a science-first principle will ultimately lead to a more effective
mission architecture. For instance, the Mars Sample Return
project IMOST exemplifies how significant it is to involve
detailed science work combined with engineering (Beaty
et al., 2018, 2019a,b). Hence, we favor a scientific consensus-
building before committing to specific mission architectures.
Having multiple disciplines represented over multiple missions,
testing various instrumentation, facilitates the establishment of
“common trunk infrastructures.” Those provide the required
technological and operational baselines that provide high
flexibility for accommodating experiments and technologies.

RESEARCH GAPS IN TACTICAL DECISION
MAKING: APPLICATIONS OF LESSONS
LEARNED

Managing Multiple Field Assets During
Analog Missions
Balancing the needs and cultures of operational and scientific
teams during a mission can be crucial. For instance, during
the D-RATS missions (Abercromby et al., 2013), a discrepancy
between the space operations community (which had heritage
from operational branches of NASA with marginal experience
in geoscience field activities) and the scientific teams (stemming
from the academic community with less spaceflight operational
experience) was observed. This led to flight planning friction
losses resulting in both communities feeling under-served.
Following the D-RATS lessons learned (Eppler et al., 2013;
Rader et al., 2013), as a best-practice example, the 2017 BASALT
missions included a Science Traceability Matrix (STM) and
operational concepts (“ConOps”; Lim et al., 2019) defining
the missions’ science objective. Additionally, they implemented
a near-real-time interaction between field personnel and the
science back rooms at Mission Control (Brady et al., 2019), as
well as selected operational considerations (Beaton et al., 2019).

Although there was a lack of assets expected during an actual
mission, such as rovers, drones, or a physiological load, and
consumables modeling of astronauts, the BASALT field activities
were supported by the Minerva software suite (Marquez et al.,
2019), optimizing a traverse planning, timeline generation and
display (via the PLAYBOOK software, Marquez et al., 2017),
procedure management, execution monitoring, data archiving,
and visualization (Deans et al., 2017) and included a set of
codified flight rules, safety rules, and troubleshooting routines.
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Similarly, the Austrian Space Forum has established codified
standard operating procedures (SOPs), including workflows
analogous to Minerva, but also including physiological modeling
and monitoring and taking into account the limitations of
operating in high-fidelity spacesuit simulators. These procedures
are constantly trained and have evolved into an operational
toolkit independent of the technical framework deployed
(Groemer et al., 2016).

It is to be expected that a human-robotic mission to Mars
will include multiple field assets ranging from human explorers,
aerial and surface robotic vehicles, human mobility, habitat
modules, stationary instruments and engineering elements for
power, communication, and in-situ resource utilization. Notably,
this variety will require a significantly more complex asset
coordination compared to single-rover planetary missions,
including the need for delay-tolerant networking and in-situ
high-performance computing (Geist et al., 2019). The NASA
MOSAIC initiative points out this challenge in hindsight of
multiple robotic assets on the surface (Hook et al., 2018) but is
not designed to address the scale and complexity of a human-
robotic mission.

The Exploration Cascade
The “Exploration Cascade” (EC) is an OeWF-coined term
for tactically optimizing the sequence of measurements for
pursuing a pre-defined scientific question. Although the strategic
aims may be set well prior to the flight mission architecture
development, environmental dynamics (e.g., theMartian weather
or solar activity), infrastructure limitations (e.g., communication
ranges, safety rules), instrument anomalies (e.g., dust-induced
degradation), human factors (e.g., reduced productivity due to
isolation), and even (ground-based) data processing pipeline
limitations will have a significant impact on the modalities of
when and where to deploy which instruments. Building upon
established workflows and SOPs, the Austrian Space Forum has
devised the “Exploration Cascade” as an evolving algorithm,
taking into account the aforementioned border conditions.
Generally, science operations in multidisciplinary campaigns
with a wide range of both requirements and expected data
products may present challenges in the coordination workflows,
but also offer synergistic effects, if properly applying the
EC as an operational tool. To exemplify this, under certain
circumstances, the high-res imagery obtained by an orbiting
telescope may need certain orbital parameters to be met
before the target of interest can be surveyed. Although aerial
vehicles may need significantly longer time for surveying a
site, they might still be the better choice as they would be
readily available. This workflow defines when and where to
deploy instruments, when their data are to be expected by
the Mission Support Center on Earth and how fast the data
processing can lead to knowledge influencing the decision
making of the flight planners. The exploration cascade was
first demonstrated in an early exploratory investigation during
the AMADEE-18 field campaign in Oman in February 2018,
bringing together 16 experiments (Garnitschnig, 2018), and will
be furthered during the AMADEE-20 field campaign in Israel in
late 2020.

The EC visualizes and optimizes instrument workflows and
their required resources, environmental, and flight planning
border conditions, as well as the ground segment data processing
pipeline. In comparison to the established and well-tested
PLAYBOOK software, the EC is also used as one of the selection
criteria for experiment proposals at pre-mission phase, and it
allows for an inclusion of the ground segments’ remote science
support. Initially, it can be considered an empty roadmap
that is filled with mission aims, operational requirements
(e.g., safety rules for astronauts), scientific priorities (e.g.,
prioritizing of biomarker detection over media activities), and
finally with selected experiments during the mission preparation.
Subsequently, after several Dress Rehearsals and map exercises, it
evolves into a web of dependencies identifying critical pathways
(aka sequence of experiment stages determining the minimum
duration for an operation) and susceptibilities to external
changes in the workflow as well as their potential alternatives by
providing strong networking between experiment PIs, mission
leaders, and team leaders, before and during the mission. Finally,
it offers lessons learned for future missions, e.g., identifying the
need for faster data processing pipelines or increasing instrument
robustness for critical pathways.

Analog missions are tools to test permutations and the
decision-making trees of the EC. We argue that if the field
trials include representative scientific environments, such as a
time-delayed remote science support teams and realistic data
processing pipelines, multiple assets to be coordinated, and a
plausible rule set for the field operations, then uncertainties and
weaknesses in the flight mission planning can be substantially
reduced. Especially given the cost-benefit ratio of analog
missions, variants of the EC can be continuously field-tested with
a moderate effort along the mission planning up to the landing of
the actual flight missions.

CONCLUSIONS

The proper implementation of the Exploration Cascade is yet to
be demonstrated, in particular, the robustness of the workflows
needs to be tested in representative environments. As such, the
AMADEE-20 mission in Israel in late 2020 will be a proving
ground for applying the EC.

Mission teams have strived for a realistic projection of
the workflows involving both flight crews on “Mars” and the
remote science support teams on Earth. However, the multitude
and peculiarities of instruments and technologies available
to mission architects and researchers requires a plethora of
planning decisions, as in contrast to, e.g., rover missions, the
range of decision options rises exponentially with the number
of field assets deployed. Also, the bandwidth of scientific
priorities makes it challenging to identify patterns (e.g., perceived
optimal sequence of workflows) and preferably strategies beyond
anecdotal evidence. Therefore, we advocate for a deeper
understanding of the scaling effects of an increasing number
of field assets, considering long-duration surface sojourns with
engineering constraints along with low bandwidth and time-
delayed communication, as well as human factors.
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The contribution of analog missions to flight mission
architectures is strengthened by a clear definition of scientific
priorities, awareness about mission architecture assumptions,
and a well-structured workflow that allows for an in-depth
analysis of the mission performance. Besides, a structured
lessons-learned process and emerging well-maintained science
data archives, that are open to the scientific community beyond

individually funded missions, are key to optimizing the science
return for future flight missions.
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