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ABSTRACT

As humanity expands its reach into the Cosmos, the imagination-
sparkling prospect of colonizing other planets, such as Mars, be-
comes increasingly tangible. However, establishing livable envi-
ronments on Mars necessitates robust and efficient computer sys-
tems, and thus design knowledge for highly usable interactions that
match users’ abilities under the unique challenges posed by other
planets’ environments. In this work, we connect to current inter-
action design frameworks, such as Ability-based Design, Reality-
based Interaction, and Sensorimotor Realities, to assess their suit-
ability beyond Earth. Furthermore, we present insights from the
user experience of interactive systems on Mars through observa-
tions collected during a mission at the Mars Desert Research Station.
We use our findings to propose future research on interaction frame-
works with extraterrestrial and interplanetary applicability.
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1 INTRODUCTION

Prospective colonization of other planets is an endeavor that presents
many technical challenges, among which robust interactive com-
puter technology to sustain life, work, and communication in envi-
ronments with characteristics vastly different from Earth. The inter-
section of this endeavor with the HCI community is SpaceCHI [27,

28], an initiative that delineates an area of scientific exploration

where established methods, techniques, and approaches from within

HCI are applied to support missions and discoveries in space explo-
ration. Examples include designing user interfaces for interactive

computer systems meant to be used in extraterrestrial environ-
ments by focusing on specific human factors [18], software [3], and

hardware [29] and dealing with specific systems and human-related

challenges, such as communications delays, reduced sensory input

and motor output, and physiological effects that extraterrestrial

environments may have on humans [12].

However, interaction design that satisfies all these constraints
remains an elusive endeavor at the moment. Even with design
guidelines in place for crew user interfaces, such as those available
in the NASA’s Human Integration Design Handbook (HIDH) [20],
the multi-faceted experience of operating an interactive system on
another planet with different gravity conditions [7] or of the mere
act of eating [24], are yet to be fully understood.

In this work, we scrutinize contemporary interaction design
frameworks that capitalize on concepts of ability (i.e., what users
can do) and environment (i.e., what is the environment like in which
users engage in the interaction). Our working hypothesis is that,
despite the varying environmental conditions that affect the ability
of users to interact with computer systems on different planets,
the principles, rules, and laws inherent in such frameworks should
hold to some extent or be proportionally relative to the same in-
teractions that take place on Earth, considered as a baseline [31].
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Figure 1: How transferable is knowledge enabled by interaction design frameworks from Earth when computer systems are
meant for contexts of use specific to other planets’ environments? In this work, we examine several frameworks, originally
proposed within an Earth-centered perspective, for interaction with computer systems on other planets with a case study
involving Mars. Note: this photograph was taken during our mission at the Mars Desert Research Station (MDRS).

We are thus interested in the applicability and reusability of estab-
lished interaction frameworks for their capacity to transfer design
knowledge from Earth’s particular environment to contexts of use
specific to other planets. That is to say, what is the extent to which
interplanetary transfer of interaction design can be facilitated by
Earth-originating and bounded conceptual and design frameworks?
To this end, we resort to Ability-Based Design (ABD) [39], an ef-
fective framework for interactive technology that matches users’
abilities, and Reality-Based Interaction (RBI) [13], a framework for
designing interactions phenomenologically centered on the experi-
ence of the “real world.” We also adopt the more recent perspective
of Sensorimotor Realities (SRs) [35], a framework that connects abil-
ities with computer-supported environments, including virtual and
augmented ones. In support of our explorations, we also present
insights from observations collected during a 12-day mission at
the Mars Desert Research Station (MDRS), a space analog facil-
ity that supports Earth-based research in pursuit of human space
exploration; see Figure 1 for a photo taken during this mission.

2 RELATED WORK

SpaceCHI [27,28] represents a recent initiative of the HCI scientific
community to support human physical and mental performance in
extraterrestrial environments by means of “designing new types
of interactive systems and computer interfaces that can support

human living and working in space and elsewhere in the solar
system” [27, p. 1]. SPACECHI places emphasis on the diversity of
topical coverage in space exploration that requires HCI knowledge
and expertise, ranging from “exoskeletons for supporting humans
in low gravity, to virtual and augmented reality systems for inter-
planetary exploration, and even zero gravity musical interfaces for
entertainment during the space mission.”!

Research contributions to SPACECHI have addressed a wide
palette of topics, including crew collaboration and tools for mission
planning [41], human-system resilience and design for maintain-
ability in deep-space missions [19], participatory design for space
systems engineering [21], human-robot interaction in extraterres-
trial missions [16], food experience design for space travel [24], and
examinations of the influence of extraterrestrial conditions, such as
microgravity, on human factors and design of interactive systems of
various kinds; see [7,8,15] for a few examples. The user experience
of space interactions has also been addressed in the scientific litera-
ture. For example, Saint-Guillain et al. [29] evaluated twelve UEQ+
scales [30] during a simulated Mars mission. Nilsson et al. [22]
reported qualitative findings, from interviews with astronauts and
space experts, regarding the capabilities of virtual environments to
facilitate user-centered approaches to operational performance and
human factors in relation to system design for space missions. We

Uhttps://spacechi.media.mit.edu
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refer the readers to Ekblaw et al. [5] for more examples of research
at the intersection of HCI, pervasive computing, and space, and Lee
et al. [14] for a vision of an interplanetary metaverse intended to
connect users from Earth and Mars.

The recent interest of the HCI community in contributing to hu-
manity’s quest for space exploration sets the context for our work.
To the best of our knowledge, current interaction design frame-
works, originally developed within the Earth-centered perspective,
have not been examined for their transferability to outside-Earth
environments. These include, for example, frameworks that focus
on users’ abilities [39], the environment [13], or both [35], which
we discuss in Section 3. Note that our focus is on the high-level
paradigmatic nature of these frameworks, which goes beyond mere
design guidelines. Regarding the latter, NASA’s Human Integration
Design Handbook [20] provides an extensive set of guidelines for
crew interface with workstations, architecture, habitation facili-
ties, and extravehicular systems next to information about human
physical and cognitive capabilities. For example, the properties of
well-designed crew interfaces, according to [20], are represented by
usability, simplicity of visual design and operation, consistency of
elements, style and interaction, and legibility of text and graphics,
respectively. An example of the latter is “Displays should be legible
under all expected spaceflight conditions where reading/interpre-
tation of the displayed information will be required” [20, p. 905].
Such specific guidelines fall outside our scope, whereas we are
instead interested in high-level paradigms that accommodate in-
teractions in various environments, including extraterrestrial ones.
To address the limited exploration in this space, we connect in the
following section to current frameworks relevant to the concepts
of “ability” in relation to users and the physical characteristics of
the “environment” or “reality” within which users operate.

3 INTERACTION DESIGN FRAMEWORKS
THROUGH THE PRISM OF
EXTRATERRESTRIAL APPLICABILITY

In this section, we discuss interaction design frameworks relevant
to our scope due to their emphasis on one or both key elements of
the contexts of use [2,4] of extraterrestrial applicability: (i) users,
explored in the following through the prism of their abilities, such
as the ability to hold steady a handheld device and touch accurately
on its screen, and (ii) environments, described in terms of their
characteristics, e.g., 3.71m/s? gravity on Mars vs. 9.81m/s? on Earth.

3.1 Ability-based Design

One of the most popular and encompassing frameworks in acces-
sible computing that explicitly highlights ability—as opposed to
disability—and, consequently, directly relevant to our scope of in-
vestigation is Wobbrock et al.’s [39] Ability-based Design (ABD)
approach. Unlike other accessible design frameworks, such as user-
centered design [10], the specific focus on abilities aligns ABD with
our goal, since “Just as user-centered design shifted the focus of in-
teractive system design from systems to users, ability-based design
attempts to shift the focus of accessible design from disability to
ability” [39, p. 9:1]. Although originally introduced in the context
of assistive technology and accessible computing, ABD can also be
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applied to users of various abilities, including users without diag-
nosed disabilities in the strict sense of the word [40]. ABD leverages
seven principles: ability, accountability, availability, adaptability,
transparency, performance, and context. For example, by following
the ability principle, designers focus on abilities, not disabilities, i.e.,
what users can do instead of what they cannot. Following adapt-
ability, designers create interfaces that dynamically adapt to users’
abilities. Follow-up ABD developments include [23,38].

According to WHO [40], disability results from the interaction
between health conditions and a range of environmental and per-
sonal factors, and “is part of being human and is integral to the
human experience.” Moreover, the effect of the environment on the
experience and extent of disability is significant, where inaccessible
environments are barriers to participation and engagement. In con-
trast, abilities represent human potential, according to ABD [39].
While the term “environment” encompasses many factors, includ-
ing social ones [40], we are interested in the physical constraints of
extraterrestrial environments, demanding more effort from users
to engage in specific actions. Walking or working in a bulky astro-
naut suit (see Figure 1) are examples of constraints that diminish
one’s sensory and motor abilities, developed within Earth’s environ-
ment. From this perspective, the ABD principles, where interactive
systems adapt to match existing abilities, can generalize well to
extraterrestrial environments. Adaptability, especially, has been
previously addressed by Parsons et al. [26] in SPACECHI with a
generative theory proposal for HCI design in extraterrestrial habi-
tats characterized by high-risk, uncertain, and dynamic situation
development, i.e., “due to the dynamic, uncertain nature of work
in complex sociotechnical systems, designers cannot imagine and
plan for every possible use case of their artifacts; thus adaptations
at the ‘sharp end’ of use are inevitable” (p. 2).

3.2 Reality-based Interaction

The effect of the environment on interaction design has been exam-
ined with several frameworks, of which we use Jacob et al.’s [13]
Reality-Based Interaction (RBI) due to its explicit centering on “re-
ality”—not just as a physical environment, but also as perception of
the environment. RBI relates to design that attempts “to make com-
puter interaction more like interacting with the real, non-digital
world” (p. 201). To this end, the RBI framework considers four
themes: (i) naive physics (common sense knowledge about the phys-
ical world), (ii) body awareness and skills (awareness of one’s body
and skills for controlling the body), (iii) environment awareness and
skills (sense of surroundings and skills for manipulating and navi-
gating within the environment), and (iv) social awareness and skills
(for interacting with others), respectively.

Naive physics, represented by the informal perception of basic
physical principles, e.g., gravity, friction, velocity, is inherently de-
pendent on the planet. Although RBI subsumes the design of the
natural interaction [11], the meaning of “natural” is likely to vary
significantly in environments with different physical characteristics,
e.g., interacting with a device under microgravity conditions [8]. A
more proper conceptual approach might be non-natural interaction
design [36] to contrast, in the context of SPACECHI, users’ natural
expectations of interacting in the Earth environment vs. other plan-
ets. Environment awareness and skills refer to navigating within and
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Table 1: Comparison of Earth and Mars on just a few characteristics reveals two significantly different physical environments.

Characteristic (unit of measurement) Earth Mars

Distance from the Sun (10° km) 150 228

Gravity (m/s?) 9.81 3.71

Atmospheric pressure (kPa) 101.3 (at sea level) 0.6—1.0 (average)

Day length (hours) 24 24.6

Orbital period (Earth days) 365 687

Atmosphere Nitrogen (78%), Oxygen (21%) Carbon Dioxide (95.3%), Nitrogen (2.7%)

Surface temperature
Magnetic field yes
Presence of liquid water abundant
Radiation protection

Communications delay to Earth (minutes, one way) -

—89°C to 58°C

—125°C to 20°C
no (weak residual magnetic field)
evidence of past liquid water

protective atmosphere and magnetic field thin atmosphere, limited magnetic field

22.4

altering one’s environment, which require different skills on Earth
and outside-Earth planets. The transfer of skills at an interplanetary
dimension can be achieved in part through adaptive behavior and
performance [26] and in part through adaptive interfaces [39], as
discussed in the previous section, suggesting a process of “media-
tion” to support interaction between users and computer systems.
Next, we discuss another framework that explicitly emphasizes
computer-mediated perception and action.

3.3 Sensorimotor Realities

Sensorimotor Realities [35] (SRs) represent a technology-agnostic
framework for computer-mediated perception and action with an
interaction design perspective, i.e., “Sensorimotor Realities (SRs)
are dynamic, continuously changing manifestations of the reality
subjectively experienced by a computer system user as the result
of associating sensory perception and motor action that are me-
diated by wearable devices and smart environments” (p. 687). SRs
capitalize on three key elements: (i) the heterogeneity of human
sensorimotor abilities, (ii) the diversity of extended reality worlds,
and (iii) the mediation of perception and action through computers.
In this context, interaction represents an act of mediation that can
be characterized in a six-dimensional space, as follows. The sensory
mediation and motor mediation dimensions specify the nature and
amount of mediation that affects perception and action. The virtu-
ality dimension represents the amount of virtual content presented
to the user. The imaginarity dimension represents the degree to
which mental imagery is needed for effective operation in the world.
Finally, body augmentation specifies the use of wearables to medi-
ate sensation and action, while environment augmentation specifies
the integration of sensing, processing, and visualization technol-
ogy in the physical environment to mediate sensorimotor abilities.
Follow-up developments of the SRs framework include [36,37].
The concept of “mediation,” key to the SRs design approach,
is directly relevant to extraterrestrial contexts of use where in-
teractions are performed in specific conditions of equipment that
mediate abilities, e.g., astronaut suits as human augmentation in
space exploration [9] and, correspondingly, an emerging practice of
astronaut-oriented design [1]. Furthermore, beyond body augmen-
tation, mediation is achieved across the environment augmentation

dimension due to specialized equipment used for navigation, explo-
ration, and sustaining life in an extraterrestrial environment [19,32].

3.4 Summary

We reviewed three interaction design frameworks through the
prism of user abilities, environment physical characteristics, and
the interdependence between mediated abilities and environments
in which those abilities are used. Our findings indicate a poten-
tial for interplanetary applicability of these frameworks in their
specific dimensions of ability, adaptability, body and environment
awareness, body and environment augmentation, respectively. How-
ever, it is important to note the specific nuance that, while abilities
remain consistent as they are reused through mediation in new con-
texts of use, the physical environment undergoes radical changes.
Thus, the delta of effort in leveraging one’s abilities to engage in a
specific interaction on Earth compared to another planet is deter-
mined by unequal changes in these two elements of the context of
use—abilities and environment,—at the interplanetary scale. Next,
we present empirical insights with a measure of the relative user
experience on Mars vs. Earth, where the latter is the baseline.

4 INSIGHTS FROM A SIMULATED MARS
ENVIRONMENT

To complement our theoretical examination of interaction design
frameworks for interplanetary applicability, we conducted an em-
pirical exploration of the user experience of interacting with two
computer systems on Mars. We chose Mars because it is the most
accessible planet from Earth, while also unique in the solar system
with very diverse and complex geology;? see Table 1. Thus, Mars
presents challenging constraints for interaction design by featuring
a significantly different physical environment compared to Earth:

o Gravity and atmospheric pressure. The gravity ratio between
Mars and Earth is 3.71/9.81=0.38, while pressure ratio is
1/101.3=0.0098. The effects of reduced gravity (by 62.2%)
and pressure (Mars has barely 1% of Earth’s pressure) on
human body movement have yet to be fully understood [25].

o Climate. Mars experiences extreme temperatures with av-
erages ranging from —125°C to 20°C. In addition, its thin

2NASA Mars Exploration. Why Mars?, https://mars.nasa.gov
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Figure 2: The MDRS environment where the Mars mission was simulated (top) and examples of outdoor exploration (bottom).

atmosphere is composed mainly of carbon dioxide and pro-
vides minimal insulation for human habitation [12]. As Mars
lacks any magnetic field or shield to protect against solar and
cosmic radiation, prolonged exposure to its environment can
have detrimental effects on human health [29]. Thus, engag-
ing in tasks on Mars’ surface requires appropriate equipment,
which inevitably limits body movement and dexterity.
Dust storms. Mars is known for intense dust storms that
can cover the entire planet and last for weeks, therefore
restricting solar-powered equipment and visibility.
Communications delays. The distance between Earth and
Mars induces a communications lag of roughly 22.4 minutes,
making remote control, message exchange, and interplane-
tary applications [6] technically challenging [3].
Technological and logistic challenges. Transporting humans
and supplies to Mars and sustaining human life on the planet
pose significant challenges. Thus, developing the necessary
life support systems, habitats, and transportation infrastruc-
ture is crucial for the prospect of colonizing Mars.
Diminished visual perception. Being farther from the Sun,
Mars receives about half the sunlight compared to Earth,

which has negative effects on circadian rhythms, well-being
and visual perception, e.g., reddish sunlight [18].

e Psychological stress. Extended Mars missions involve pro-
longed isolation and limited social interaction and commu-
nication with Earth and, thus, may negatively impact the
cognitive performance [17,18].

Although in situ evaluations of interactive systems are not pos-
sible on Mars, in-lab examinations can be conducted in terrestrial
environments [33] where conditions similar to those of the physi-
cal environment of Mars are reproduced. One example is the Mars
Desert Research Station, a facility situated in the Utah desert featur-
ing a Jurassic-Cretaceous geologic landscape that looks Mars-like
to its visitors; see Figure 2, top for an overview of the MDRS envi-
ronment and facilities consisting of a two-story cylindrical building
(the habitat), day observatory, greenhouse, and a dome for conduct-
ing scientific activities. We conducted a Mars mission at MDRS with
a crew composed of eight trained analog astronauts (two women
and six men, aged between 22 and 34 years old) over a continuous
period of twelve days; see Figure 2, bottom for several photographs
taken during the mission.
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Figure 3: Dumbbell plot of the evolution of user experience (a) and importance (b) ratios after four, eight, and twelve days.

The crew members evaluated the user experience of RomIE [29],
an operation management application for robust advanced model-
ing and scheduling selected for its capabilities to optimize astronaut
scheduling during their mission. To this end, we used the following
twelve UEQ+ [30] scales in our study, which we chose due to their
capability of covering a wide palette of UX aspects, from how visu-
ally appealing an application looks to how efficient it is to interact
with it and how trustworthy its content is perceived, as follows:

Attractiveness evaluates participants’ overall impression of
the application, i.e., do they like or dislike it?

Efficiency evaluates participants’ perceptions of being ca-
pable of completing tasks within the application without
unnecessary effort.

Perspicuity measures participants’ impression about how
easy it is to become familiar with the application, including
the process of learning to use it.

Dependability evaluates the impression of participants that
they are the ones controlling the interaction in the applica-
tion.

Stimulation evaluates how exciting and motivating the ap-
plication feels during use.

Novelty measures the degree to which the application feels
innovative and creative.

Trust evaluates participants’ impression that data entered
into the application is safely processed and cannot be used
to the detriment of the person providing it.

Adaptability evaluates the impression of participants about
how easily the application can be adapted to specific prefer-
ences.

Usefulness measures the degree to which the application is
perceived to bring advantages to the user.

Visual aesthetics evaluates the degree to which the applica-
tion has a nice and appealing visual look.

Intuitive use measures participants’ impression about the
capability of the application to be used immediately without
training, instructions, or help from others.

Trustworthiness of content measures the impression of par-
ticipants about the information provided by the application
being reliable and accurate.

We refer readers to [30] for more details about these scales as
well as for other scales of the UEQ+ framework that are useful in
specific applications, such as haptics or acoustics. We employed
the scales in Earth conditions before the mission (day 0) and in
Mars conditions at different time points represented by four (Sol 4),
eight (Sol 8), and twelve Martian days (Sol 12). Subsequently, we
aggregated Mars’ experience compared to Earth into one measure
of UX transferability, following Clarke et al’s [3] definition of
relative effort, which we adapted to our specific application contexts
involving UX measure o and planet 7, as follows:

Measure « evaluated on planet &
UXT(a, ) =

Measure a evaluated on Earth W
Using this formalism, UXT(a=Efficiency, 7=Mars) represents, for
example, the relative perceived efficiency of interactions performed
with a specific computer system on Mars relative to the correspond-
ing user experience on Earth. Each UX measure was evaluated us-
ing ratings across 7-point Likert scales with labels, e.g., Perspicuity
was evaluated in response to the question “In my opinion, han-
dling and using the product are” and the following four scales: not
understandable—understandable, difficult to learn—easy to learn,
complicated—easy, and clear—confusing, respectively; see [30].
Figure 3a presents the evolution of several UXT ratios across four,
eight, and twelve days, where one Sol is one Martian day. For exam-
ple, UXT(Adaptability, Mars) starts at 0.67 at Sol-4, increases to 1.06
at Sol-8, and stays at 1.06 at the end of the mission. We observed
this trend repeating for the other UXT measures, which surpassed
threshold 1 at Sol-12 only. One exception is UXT(Efficiency, Mars),
consistently lower than 1 (from 0.56 to 0.98), suggesting that the
crew felt less efficient on Mars compared to Earth during the entire
mission. UXT(Perspicuity, Mars), however, consistently exhibited
values above 1 (from 1.21 to 1.51), revealing users’ perceptions of
interactions being easier to learn and use as the mission progressed.
Overall, all UXT ratios evolved towards higher values as the mis-
sion progressed. However, this was not the case for their perceived
importance; see Figure 3b. For example, the perceived importance
of Stimulation started at 1.03 on Sol-4 and decreased slightly at 1.00
on Sol-8 before increasing to its maximum value, 1.23, on Sol-12.
While the importance of Novelty was evaluated to be inferior on
Mars compared to Earth, it increased from Sol-4 to Sol-12 by 26%
and 39%, respectively. Adaptability remained consistent throughout
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the entire experiment, yet perceived of higher importance when
evaluated on Mars, a finding that supports prior theoretical devel-
opments on adaptive performance in SpaceCHI [26]. Finally, four
of the UXT measures evaluated in our study (Trust, Usefulness, In-
tuitive Use, and Trustworthiness) were consistently rated as having
lower importance when the interactions were performed in Mars
conditions compared to Earth.

These findings reveal different UXT trends in environments with
different characteristics compared to Earth. The various UXT ratios,
either below or above 1 (where 1 indicates equivalent UX on both
Mars and Earth), suggest different ways in which the experience
of interactions varies interplanetarily. Note that the environment
undergoes significant changes and, therefore, the interaction de-
sign must match user expectations of the new “reality” on another
planet, following reality-based interaction [13]. However, the user’s
abilities essentially stayed the same during the 12-day mission, di-
rectly transferring to another environment. Wearing specialized
suits and living in unconventional habitats are examples of SRs [35]
mediation that transpired in the different UXT trends and the rel-
ative importance of UX measures on Mars vs. Earth observed in
our study. In this context, where direct transfer of ability-based
design [39] may be interplanetary feasible, ability-mediating [35]
approaches are equally needed.

Although our results are preliminary, they suggest the oppor-
tunity of extending the applicability of current interaction design
frameworks that emphasize users’ abilities and environments’ char-
acteristics—ABD [39], RBI [13], and SRs [35], developed within the
Earth-centered perspective,—through the prism of relative user per-
formance and experience. This possibility would enable designers
to evaluate interactive systems under Earth conditions and subse-
quently apply transfer coefficients to estimate user performance or
experience in another physical environment through interplanetary
models of interaction. Such an approach has several implications for
researchers and practitioners, including new research into interplan-
etary interaction design frameworks, development of interplanetary
applications, and running user studies and conducting evaluations
that capitalize on concepts of relative user experience and trans-
fer of interaction knowledge, including natural modalities such
as gesture-based interaction with computer systems [34], across
different physical environments representing different contexts
of use. However, while this hypothesis seems promising, it needs
validation in further experiments to reveal whether the principles
and rules of current interaction frameworks developed within a
Earth-centered perspective transfer well, via proportional relativity,
to other environments with the Earth considered as a baseline. Fur-
thermore, the very notion of context of use [4] may need revisiting
for new relevant dimensions in the interplanetary perspective.

5 CONCLUSION AND FUTURE WORK

Interaction design for computer systems meant for operation on
other planets presents new challenges that require proper frame-
works that feature interplanetary transfer of design knowledge,
beyond mere user interface guidelines. In this work, we discuss
three interaction design frameworks that present potential in this
direction by emphasizing users through their abilities and environ-
ments through their physical characteristics as two key elements in
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the context of the use of interactive interplanetary systems. We
argue that as humanity advances in its quest for colonizing space,
prioritizing research on interplanetary interaction design for com-
puter systems intended to support life, work, and communications
on other planets is key to ensuring the success and sustainability
of the colonization endeavor. Interesting future work is extending
current frameworks with dimensions for interplanetary transfer
of design knowledge, such as to arrive at models that estimate
user performance and experience with interactions performed in
other planets’ environments with respect to Earth, e.g., in terms of
relative performance effort or perceived experience. Participatory
design scenarios conducted in specialized facilities, such as during
missions at MDRS, are equally recommended. Furthermore, we
look forward to more studies involving evaluations of interactions
conducted in diverse physical environments, simulating physical
constraints that would be experienced on other planets.
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