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Figure 1: Photograph captured during one of our missions at the Mars Desert Research Station, depicting an environment char-
acterized by extreme constraints, isolation, and confinement, with harsh conditions that can affect physical and psychological
well-being. Note the deserted landscape, the strong sunlight, and the bulky equipment. In this setting, closely mimicking a
Mars analog environment, we conducted two user experience studies exploring various pragmatic and hedonic dimensions of
interacting with computer systems, with a baseline represented by user experience measured in a conventional environment.
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Abstract

Isolated, Confined, and Extreme (ICE) environments, such as those
encountered in space missions, deep-sea explorations, and polar
expeditions, pose unique physical and psychological challenges that
influence user interaction with computer systems and have been
significantly less explored compared to conventional environments.
In this paper, we report empirical results from two experiments in-
volving two crews of six analog astronauts each and two interactive
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systems with graphical and haptic user interfaces, conducted in
both a conventional Earth environment and a Mars analog setting
at the Mars Desert Research Station. We examine how extreme con-
ditions affect UX and we provide implications for interaction design
addressing ICE environments through adaptation, automation, and
assistance-resistance mechanisms.
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1 Introduction

In extreme environments [25,66], such as space stations [19], sub-
marines [25], or polar-desert research settings [27], individuals of-
ten find themselves isolated [1] or part of a very small team [23,66],
working in confined spaces for prolonged periods [24], often with
restrictive equipment that limits their sensory perception and move-
ment; see Figure 1 for a photograph captured during our experi-
ments conducted at the Mars Desert Research Station' illustrating
an extreme environment. These conditions, coupled with limited re-
sources [67], create unique physical and psychological settings that
influence the user experience (UX) of interacting with computer
technology [58]. We refer to such environments as being Isolated,
Confined, or Extreme (ICE) [1,19] given that the contexts of use
impose extreme constraints, including psychological [25,58], physi-
cal [28,42,67], social [44], cognitive [27], and technological [2,7,16].
In contrast, the common interpretation [8] of a conventional context
of use [9] in Human-Computer Interaction (HCI) refers to situations
in which users perform tasks with a device or platform in environ-
ments characterized by anything but extreme constraints [3].
Despite extensive research on HCI in conventional settings, far
from extreme [8], common and ubiquitous [10], or even multi-target
contexts of use [3], few works have addressed the challenges faced
in ICE environments [10,34], where the extreme physical character-
istics of the environment and the remote nature of the habitat [19]
can seriously impact the UX of interactive systems [56]. However,
such systems [11] remain vital for tasks related to navigation, com-
munication, work, and safety in these environments [16]. Thus,
understanding the impact of ICE on UX becomes essential for ex-
panding scientific and design knowledge beyond the conventional
and familiar environments typically addressed in HCI research.

!https://mdrs.marssociety.org. See also a 3D VR navigation of the MDRS facility at
https://storage.net-fs.com/hosting/5682637/18.
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In this context, we report empirical results regarding the influ-
ence of physical and psychological factors characteristic of ICE
environments on a broad range of UX dimensions related to inter-
action with computer systems, with the following contributions:

(1) We conduct two experiments involving six analog astronauts
each and two interactive systems featuring graphical and
haptic interfaces in an ICE environment simulated at the
Mars Desert Research Station (Figure 1). We report findings
across various UX dimensions, including perceived efficiency,
perspicuity, usefulness, adaptability, and trustworthiness,
evaluated repeatedly on different days, which we contrast
to the baseline condition of UX evaluated in a conventional
Earth-like setting. Our results highlight different trends in
UX according to the specific dimension being evaluated.

(2) Based on our findings, we propose a set of practical impli-
cations for interaction design addressing ICE environments
with exemplification in extraplanetary settings. We highlight
adaptation, automation, and assistance-resistance as practical
mechanisms to accommodate specific ICE requirements into
the design process of interactions with computer systems.

2 Related Work

2.1 Human Factors in ICE Environments

Prior research on ICE environments, conducted outside the field
of Computer Science, has highlighted key individual human at-
tributes necessary for successful adaptation, including emotional
stability, self-control, and task-oriented coping [1]. Furthermore,
environmental design plays a crucial role in this process, with rec-
ommendations targeting flexible spaces, personalization options,
and areas fostering privacy and socialization [58]. Environmental
factors like sensory deprivation [67], sleep disturbances [72], and
group dynamics are known to significantly impact the function
of ICE sojourners [60]. Additionally, neurobiological systems play
a vital role in team dynamics, with factors like nutrition [41], ex-
ercise [2], sleep patterns [72], and habitat design [19] known to
influence social interactions [44] in ICE settings [23]. However, fur-
ther multidisciplinary research is needed to fully understand and
support teams facing extreme environments [23]. Similarly, train-
ing and performance measurement in such environments require
novel approaches to equip team members with essential knowledge,
skills, and attitudes for effective long-term performance [66].
Following Van Puyvelde et al. [60], an ICE environment shapes
the impact of organizational, interpersonal, and individual working
and living systems, thus influencing the functioning of people so-
journing in these habitats. Inevitable symptoms include sensory and
sleep deprivation, fatigue, reduced group dynamics, and displace-
ment of negative emotions. Palinkas and Suedfeld [44] reinforced
that these psychosocial factors influence human performance in
ICE, while Hauplik et al. [19] emphasized how the unique charac-
teristics of ICE environments impact human factors and habitability
considerations. Furthermore, Suedfeld [58] argued that positive psy-
chology can be applied to select personnel for ICE environments,
while Weaver and Salas [66] concluded that the characteristics of
ICE environments influence team performance and, thus, require
novel approaches to training and measurement. Mohanty et al. [37]
discussed the importance of integrating habitat design, cognitive
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sciences, and psychology to understand human behavior in ICE
environments, such as for planetary missions. In this wide body of
scientific literature, one of the most relevant studies to our scope is
Bartone et al.’s [1], who conducted a systematic review of cogni-
tive and behavioral adaptation mechanisms to ICE environments.
Based on a corpus of seventy-three studies, they identified several
adaptability attributes necessary for operating effectively within
ICE environments—intelligence, emotional stability, self-control,
openness, achievement facets of conscientiousness, optimism, mas-
tery, introversion, hardiness, task-oriented coping, past experience,
low need for social support, and adequate sleep. These attributes
impact all activities under ICE constraints, including the experience
of interacting with computer systems, as per our scope.

2.2 HCI Research Involving ICE Environments

Interactive computer systems in ICE environments [11] serve a
variety of purposes, including operational efficiency—where they
are used for remote control [16] and information work [29]—data
collection and communication—such as for medical [32,51] and
remote decision support [50,56] and planning [33], to name a few.
The demand for such systems is increasing due to the growth of
missions to ICE environments, such as those involving space [16]
and underwater [27] exploration. More specifically, traditional in-
teraction modalities represented by graphical or haptic interfaces
may be less practical in ICE environments [39,40]. For example,
zero gravity [13], low gravity [28], or microgravity [12] charac-
teristics are known to interfere with manual dexterity, making
physical interaction difficult [68]. Furthermore, microgravity cre-
ates a haptic illusion [43], forcing adaptation patterns to come into
play [43]—normal gravity creates the illusion that upward forces
are larger than downward ones, not present in microgravity but
augmented by hypergravity. Next, we relate to prior research in
SpaceCHI, an emerging area in HCI addressing a specific type of ICE
environment that is closest to the one examined in our experiments.

2.3 HCI Research Involving Space and
Extraterestrial Environments

SpaceCHI [46,47,71] represents a recent initiative of the HCI com-
munity to investigate space settings as a representative instance of
ICE 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” [46, p.1]. In
this context, it emphasizes 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 interplanetary exploration and
even zero gravity musical interfaces for entertainment.”

Prior research contributions to SpaceCHI have addressed a wide
palette of topics, including crew collaboration and tools for mission
planning [71], human-system resilience and design for maintain-
ability in deep-space missions [35], participatory design for space
systems engineering [40], human-robot interaction in extraterres-
trial missions [30], food experience design for space travel [41],
and examinations of the influence of extraterrestrial conditions,
such as microgravity, on human factors and corresponding interac-
tion design [11,12,28]. The UX of space interactions has also been
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addressed in the scientific literature. For example, Saint-Guillain
et al. [50] evaluated twelve UEQ scales [54] during a Mars analog
mission, and Nilsson et al. [40] reported qualitative findings, from
interviews with astronauts and space experts, regarding the capabil-
ities of virtual reality systems to facilitate user-centered approaches
in system design for space missions. Vanderdonckt et al. [62] pro-
posed extending interaction frameworks designed within an Earth
perspective, such as reality-based interaction [22] or sensorimotor
realities [63], to extraplanetary environments with a case study in-
volving Mars. Lee et al. [26] shared the vision of an interplanetary
metaverse to connect users from Earth and Mars.

2.4 Summary

The recent interest of the HCI community in contributing to hu-
manity’s quest to understand and inhabit ICE environments, such
as those encountered in space exploration [71], sets the context
for our work, which focuses on the UX of interacting with com-
puter systems in these settings. However, current interaction design
frameworks, originally developed from an Earth-centered perspec-
tive [62], may not be directly transferable to extraplanetary or
out-of-this-world environments [39]. Furthermore, UX is a multidi-
mensional construct, including usability [17], accessibility [70], and
emotional engagement [18], among others. In ICE environments,
these dimensions face extreme challenges due to harsh environ-
mental factors and conditions, leading to extreme UX. Next, we
describe two experiments designed to evaluate its various facets.

3 Experiments

This section presents methodological aspects common to the two
experiments conducted in this work. Specific details about each
experiment and the corresponding results follow in Sections 4 and 5.

3.1 Location and Setup

The experiments took place at the Mars Desert Research Station
(MDRS), a Mars analog inhabited mission located in Hanksville,
UT, USA. The facility provides a Mars-like environment, enabling
scientists and astronauts to experience ICE conditions [59]. MDRS
is composed of several modules [57], including habitat, extravehic-
ular activity preparation room, and science dome with a science
laboratory; see Figures 1 and 3 for a few photographs.

3.2 Participants

Each experiment was carried out with a crew consisting of six ana-
log astronauts,” who spent two weeks at MDRS. The size of the
crew was limited by constraints at MDRS, where a maximum of
eight crew members can be accommodated simultaneously. Our
participants had different backgrounds, including mathematics, as-
tronomy, biology, bioengineering, biomedical sciences, chemistry,
computer science, geology, pharmacy, physics, and engineering.
The two crews participating in the two experiments were simi-
lar in terms of gender (three females and three males per crew)

2 An analog astronaut is a trained individual playing the role of an astronaut during a
simulated crewed mission by living [60], eating [41], sleeping [72], walking [4], and
working [29] in a way that reproduces [59] the expected conditions of a long-duration
space mission, in a geographically similar area to those of actual missions.
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Figure 2: Facilities used for astronaut training involving microgravity resistance in an aquatic environment (left and middle
photographs) and engaging in simulated VR-based Mars walking experiences (right photograph).

and age demographics (between 26 and 31 years, M=26.6 and be-
tween 22 and 30 years, M=25.6, respectively). Before arriving at
MDRS, all crew members underwent special physical training pro-
cedures involving microgravity resistance exercises in an aquatic
environment or experiencing different gravity conditions through
simulated Mars walks enabled by a virtual reality installation; see
Figure 2. For practical reasons related to the geographical proximity
to the teams’ institutions of origin, we conducted the training at
nearby locations, such as the Euro Space Center® or the European
Space Agency’s Neutral Buoyancy Facility.*

3.3 Evaluation Method

To evaluate the UX of various interactive computer systems, we
adopted the UEQ+ method, a modular extension of the User Expe-
rience Questionnaire (UEQ) [54], designed to measure various UX
dimensions quickly and simply [55]. UEQ+ covers both pragmatic
and hedonic UX dimensions and is supported by analysis instru-
ments and published norms [36] to interpret the results [20]. We
chose to measure UX across the following 14 dimensions:

Dj. Attractiveness: What is the overall impression of the system?
Do users like or dislike it?

Dj. Efficiency: Can users solve their tasks without unnecessary
effort? Does the system react fast?

Ds3. Perspicuity: How easy is it to learn how to use the system?

Dy. Dependability: What impression does the system provide of
being in control of the interaction?

Ds. Stimulation: Is it exciting and motivating to use the system?
Is it fun?

3https://www.eurospacecenter.be/en
4https://www.esa.int/About_Us/EAC/Refreshing_the_Neutral_Buoyancy_Facility

Dg. Novelty: Is the system design creative? Does it catch the
interest of users?
Dy. Trust: What do users think about their data being safe and
not misused to potentially harm them?
Dg. Adaptability: What impression does the system give regard-
ing its ability to adapt to personal preferences?
Dy. Usefulness: Does the use of the system offer any advantages?
D1g. Value: Does the system’s design convey a professional and
high-quality appearance?
D11. Visual Aesthetics: Does the system look appealing?
D1y. Intuitive Use: Can the system be used immediately without
the need for training or assistance?
Di3. Haptics: What is the feeling that results from touching and
physically manipulating the system?
D1g4. Trustworthiness of content: What impression does the system
give regarding the quality and reliability of the information
it provides?

According to UEQ+, each dimension D;, Vi=1..14, is decomposed
into multiple subdimensions D; j involving pairs of contrasting
attributes, e.g., the Attractiveness dimension (D7) encompasses eval-
uations across annoying vs. enjoyable (D1,1) bad vs. good (D12),
unpleasant vs. pleasant (D13), and unfriendly vs. friendly (D1,4),
respectively. This approach enables a multi-faceted perspective on
UX evaluation, in which the same construct, such as perceived
Attractiveness or Perspicuity, is interpreted through various con-
notations using ratings A(D;, ;) ranging from 1 (strongly disagree)
to 7 (strongly disagree), e.g., A(annoying vs. enjoyable)=5. At the
same time, we obtain ratings of the perceived importance or weight
of each subdimension, & (D ;), from 1 (least important) to 7 (most
important), e.g., w (unpleasant vs. pleasant)=2. Based on individual
A and w ratings, we define the following aggregated UX scores:
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Figure 3: Top: The Mars Desert Research Station, where sessions S2 to S4 of our experiments were conducted. Bottom: the
timeline of the various stages of the experimental procedure: discovery, practice, and a four-times repetition of a domain task
followed by its evaluation in sessions S1 to S4; see Figures 1 and 7 for additional photographs taken during the experiments.

e The mean score A for a specific dimension D;, computed as e The mean weight of importance o for each dimension D;:
the average, across all participants, of all individual ratings m
associated to the corresponding connotations Dj j is: @(D;) = - Z w(Dij)—4 @)
_ 1 m Jj=1
A(Dy) = n Z; A(Dij) — 4 () We interpret the UEQ+ results following the guidelines in Schrepp
7= and Thomaschewski [55], according to which values above 2 or be-
where n is the number of participants engaged in the eval- low —2 are extremely unlikely, values between —0.8 and 0.8 indicate
uation. By subtracting 4, the median point of the original a neutral evaluation, values above 0.8 reflect a positive evaluation,
Likert scale, A reports an aggregated value admitting intu- and values below —0.8 signify a negative evaluation, respectively.

itive interpretations from negative (—3) to positive (+3). All fourteen dimensions reflect a higher user experience when the
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Table 1: Characteristics of the two experiments conducted in
this work with results reported in Sections 4 and 5.

Characteristic Experiment #1 Experiment #2
Ul type Graphical UI Haptic UI
Interaction style WIMP Tangible
Platform Laptop computer Haptic device
Operation mode Single user Collaborative work
Environment Indoor Outdoor

Task requirements Visual attention Manual dexterity
Heavy gear and
Physical constraints ~Fatigue, indoor lighting  equipment, gloves, high
temperature and humidity
Perception of a confined Perception of vast
space, feelings of isolation, uninhabited territory,

claustrophobia kenophobia

Psychological
constraints

corresponding scores are positive and higher. In the following anal-
ysis, we report the mean (M) and standard deviation (SD) for A and
 to describe the central tendency and variability for each dimen-
sion, based on the ratings of all participants. We also monitor the
evolution of these measures across different measurement points,
called sessions in the following, and characterize trends such as
increasing, decreasing, V-shaped, or plateau-like patterns of user
experience. For example, increasing user experience in terms of De-
pendability may suggest that the crew is becoming more confident
in using the system, as well as in the system’s ability to support
control over the interaction. A V-shaped pattern in Usefulness may
indicate similar levels of user experience at the beginning and end
of the evaluation, with noticeable differences at intermediate time
points as the Mars analog mission progressed.

3.4 Procedure
Both experiments involved four stages each, as follows (Fig. 3):

o During the discovery stage, meant for accommodation, the
participants received a tutorial on the interactive system,
which lasted between 5 and 15 minutes, and then interacted
freely with the system for another period of 10 to 15 minutes.

e The practice stage followed, during which the participants
performed a representative task with the system to become
familiarized with it. This stage lasted about 20 minutes.

e During the domain task stage, the participants received in-
structions to perform a series of domain-specific tasks us-
ing the interactive computer system. The experimenter pro-
posed, but did not enforce, a time limit of 10 minutes.

o Finally, during the evaluation stage, the participants filled
in the UEQ+ questionnaire encompassing the various UX
measures described in the previous subsection.

The discovery and practice stages were conducted before the mis-
sion in a dedicated tutorial room (Figure 1, left), representing our
control condition for each experiment. The domain tasks and eval-
uation stages were performed four times during four subsequent
sessions, denoted S1 to S4, as follows (Figure 3):

S1. The first session was conducted one week before the mission
in the tutorial room.
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S2. The second session was conducted after four Mars days,’at
sol 4, in the science laboratory of MDRS.

S3 The third session was conducted after eight Mars days, at
sol 8, outside the station with light equipment.

S4. The fourth session took place after twelve Mars days, at sol
12, outside the station, and involved heavy equipment and
additional stress constraints.

Figure 3, bottom presents representative photographs of each ses-
sion, S1 to S4, collected during each experiment. This planning
facilitated the evaluation of our participants’ evolving UX percep-
tions of the interactive computer systems they engaged with with
a baseline on an Earth-like environment and the following sessions
introducing progressively more challenging constraints. In addi-
tion to environmental constraints, extreme temporal effects also
due to the unconventional nature of the environment and habitat.
For example, Table 2 reports the average unproductive time of our
crew members, amounting to seventeen hours per day, leaving only
seven hours for actual work—data consistent with previous findings
from the literature [6]. Furthermore, time sharing in the science lab
between geologists, biologists, and engineers required negotiation
and compromises between all parties involved.

4 Experiment #1: The UX of a Graphical User
Interface in a Mars Analog Environment

4.1 Experiment Specifics

The first crew engaged with self-scheduling and planning tasks,
such as maintaining a to-do list, planning a Martian workday, and
editing scheduled tasks with the graphical user interface of the
RoMIE [50] system, an operations management application designed
for advanced modeling and scheduling of astronaut tasks during
missions; see Figure 4 for a screenshot. The application features
a standard graphical user interface and WIMP interaction style,
accessed via a conventional laptop computer. While there are no
particular physical constraints inherent to the application itself, the
external environment in which it is used—an isolated and confined
setting—introduces unique conditions for UX evaluation. Thus,
this first experiment emphasizes how a conventional computer,
software application, and graphical user interface are experienced
in an unconventional context; see Table 1 for the characteristics of
this experiment and a comparison with the second. The procedure
and UX evaluation were carried out as described in Section 3.

4.2 Results

Figure 5 presents the mean scores A and importance @ for the
fourteen UX dimensions, with session S1 serving as the baseline and
S4 implementing the most challenging condition. Two of the scales
start with a slight negative tendency in S1, Perspicuity (M=-0.22,
S§D=1.36) and Visual Aesthetics (M=—0.34, SD=1.63), yet both in
the neutral zone of UEQ+ interpretability of [—0.8,0.8]. The rest
of the scales start with positive scores, of which eight have scores
larger than the 0.8 threshold. After a drop in S2 caused by the first
encounter with ICE conditions in MDRS, all scales except for Visual

5 A Mars-day, or a sol, constitutes a solar day on Mars, i.e., the apparent interval between
two successive returns of the Sun to the same meridian as seen by an observer on
Mars, which is approximately 24 hours, 39 minutes, and 35 seconds on Earth.
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Table 2: Average duration (with SDs) of the activities performed by our crew members in the Mars analog environment, based
on measured activity duration [48]. Note: h and m denote hours and minutes.
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Figure 4: Screenshot of ROMIE, a software application designed to support typical astronaut self-scheduling task planning [50].

Aesthetics resume a positive evaluation in S4. The highest-scoring
dimensions in S4 were achieved, in order, by Novelty (M=1.88,
S$D=0.48), Trustworthiness (M=1.66, SD=0.77), and Dependability
(M=1.63, SD=1.14). The following trends can be distinguished:

o V-shaped curves undergo a noticeable drop, represented by a
local minimum of 1 in the first session on Mars and gradu-
ally rise to S4; see Attractiveness, Efficiency, Dependability,
Adaptability, Usefulness, and Trustworthiness. For example,
Attractiveness started in S1 from a score of M=0.88 (SD=0.86)
and reached M=1.06 (§D=0.90) in session S4.

o U-Shaped curves present a similar behavior, except that the
S3 scores are closer to those achieved in session S2; see
Stimulation, Novelty, and Trust. The reported experience
needs more time to return to a higher level in S4. For example,
Stimulation started from M=1.91 (§D=1.07) in S1 to reach an
inferior score of M=1.41 (SD=1.03) in S4.

o Overall upward trends progressively increase from S1 to S4;
see Perspicuity, Visual Aesthethics, and Intuitive Use. For ex-
ample, Visual Aesthetics gradually improved from M=-0.34
(SD=1.63) in the first session to M=0.83 in the last.

Figure 6 shows the importance ratings o represented as a bar
chart to depict the general trend between sessions and as a Dumb-
bell plot, respectively, to illustrate changes between sessions. A
point below or above the 1 threshold indicates a UX dimension
perceived as less or more positive than in the control condition S1.
Some of the scores show improvement over S1, such as Perspicuity
receiving the highest gain (643%), followed by Visual Aesthetics
(318%) and Intuitive Use (260%). Ratings across four dimensions de-
creased between S1 and S4: Usefulness (—33%), followed by Stimula-
tion (—26%), Trustworthiness (—9%), and Efficiency (—5%), suggesting
that participants had higher expectations during S1 compared to the
other sessions. This result does not depreciate the overall perceived
quality of the interactive system, but indicates that the accumu-
lated experience enabled participants to adjust their assessment
accordingly. Concerning the mean scores, it took several sessions
for the ratios to reach or exceed the Earth’s reference level: only
five dimensions show scores in S3 and S4 equal to those achieved in
the control condition S1. In comparison, four dimensions failed to
reach the threshold—Efficiency, Usefulness, Stimulation, and Trust-
worthiness of content. Unfortunately, the ICE environment mostly
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Figure 5: Panel chart of the twelve UX dimensions evaluated for the graphical interaction in the first experiment, showing
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Figure 6: Bar graph (left) and Dumbbell plot (right) of the UX evolution ratings (top) and importance (bottom) across S2 to S4.

affected dimensions related to performance and efficiency, as the
increasingly stringent conditions from session S2 to S4 were not
mitigated even by learning effects. The following trends can be
identified:

V-shaped curves for Novelty, Visual Aesthetics, Intuitive Use,
and Trustworthiness of content. This trend represents the
most frequently occurring one, starting from a high score in
S1, followed by both a decrease and increase in sequence.

o U-shaped curve observed for the Usefulness dimension only.
Zig-zag curves, presenting increasing and decreasing behav-
iors in the corresponding scores; see Attractiveness, Efficiency,
and Perspicuity. These UX dimensions were appreciated dif-
ferently during the various sessions, not only because of the
changing ICE conditions but also because of the diversity of
the participants’ profiles (see Subsection 3.2).

e Descending curve observed for Trust only; see Figure 6.

o Ascending curves for Dependability, Stimulation, and Adapt-
ability. The scores of these UX dimensions and their impor-
tance increased with the number of sessions evaluated.

5 Experiment #2: The UX of Haptic Interaction
in a Mars Analog Environment

5.1 Experiment Specifics

The second crew conducted a fixation task involving EasyFix [31],
a haptic device designed for stabilizing tibial shaft fractures, one of
the most common types of long bone fractures in space; see Figure 7.
This device fixes all types of tibial shaft fractures, including com-
plex or comminuted ones with significant soft tissue lesions. The
crew received a theoretical training session and a practical demon-
stration, during which they were taught anatomical landmarks and
how to use the haptic device. This second experiment emphasizes
how a conventional haptic interface requiring manual dexterity
is experienced in an unconventional context and under physical
constraints imposed by wearing heavy equipment, all conditions af-
fecting sensory perception, manual dexterity, and body movement.
Unlike the first experiment, centered on an indoor environment
with ICE characteristics, the second experiment highlights the influ-
ence of the external environment; see Table 1 for the characteristics
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Figure 7: Outdoor activity involving EasyFix, a haptic device designed for stabilizing tibial shaft fractures [31].

of this experiment and a comparison with the first. The procedure
and UX evaluation were carried out as described in Section 3.

5.2 Results

Figure 8 presents the mean ratings 2 of the various UX dimensions
and their importance @ across the four sessions. Three UX dimen-
sions started in the neutral zone of [-0.8,0.8]: Efficiency (M=0.75,
S$D=0.48), Adaptability (M=0.67, SD=0.48), and Haptics (M=0.79,
S$D=0.48). All the dimensions dropped down in S2 because of par-
ticipants’ first confrontation with the ICE environment, except for
Adaptability (M=0.79, SD=0.48), which slightly increased. Also, all
dimensions ended up in S4 with a positive evaluation, above 1,
except for Haptics, which nevertheless scored above the neutral
zone (M=0.88, SD=0.48). Lastly, four of the UX dimensions reached
very similar scores in S4: Efficiency (M=1.78, SD=0.48), Perspicu-
ity (M=1.79, SD=0.77), Trust (M=1.79, SD=0.10), and Usefulness
(M=1.79, SD=1.04). Overall, three patterns can be distinguished:

o V-shaped curves for Attractiveness, Perspicuity, Usefulness,
and Intuitive Use. These dimensions increase in mean rating
in session S3 or after. For example, Attractiveness started at
M=1.00 (§D=1.15) in S1, dropped to M=0.63 (SD=1.35) in S2,
and reached its maximum score of M=1.50 (§D=0.02) in S4.
Similarly, PERSPICUITY starts in S1 at M=1.38 (SD=1.09) to
reach a lower score in S2 (M=1.13, SD=0.80) and ends with
its highest value in S4 (M=1.79, SD=0.86).

o Overall upward trends progressively increase from S1 to S4;
see the case of Efficiency, Trust, and Adaptability. For ex-
ample, ADAPTABILITY starts with a low value (Mg;=0.67,
SDs1=0.86), increases in S3 (Mg3=0.25), and maintains this
score until the end.

o Zig-zag curve for the Haptics dimension, which started with
a moderate score of M=0.79 (SD=0.43) that decreased dur-
ing session S2 to M=0.33 (SD=0.48), reached a plateau in S3
(M=1.38, SD=0.37), and decreased again in the most chal-
lenging session, S4, to M=0.88 (SD=0.22).

Figure 9 complements these results with the importance ratios
w for the UX dimensions evaluated in this experiment, for which
the following trends can be distinguished:

o V-shaped curves for Efficiency, Trust, Intuitive Use, and Useful-
ness, representing the pattern observed the most frequently.
It starts with a high score, above 1, in session S1 and, after
variations, ends with a similar score in session S4.

o Ascending curves for Attractiveness and Haptics, two UX di-

mensions that revealed neutral scores in the control session

S1, but which significantly increased in S4.

Descending curve observed for Perspicuity; see Figure 9.

Zig-zag curve for Adaptability. This UX dimension varied

slightly up and down, but stayed mostly within a small range,

since the evaluated device did not present an explicit capacity

to adapt to the various conditions from S1 to S4.
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Figure 9: Bar graph (left) and Dumbbell plot (right) of the UX evolution ratings (top) and importance (bottom) across S2 to S$4.

6 Discussion

In this section, we use our findings to extract implications for inter-
action design involving ICE conditions and propose directions for
future work in HCI intersecting ICE environments. We also analyze
potential limitations in our findings from the perspective of validity
threats in experimental designs to be addressed in the future.

6.1 Implications for Interaction Design in ICE
Environments

The various UX dimensions examined in our experiments revealed
different patterns across increasingly challenging conditions, which
were reflected in ascending or descending levels of the reported
experience, undecided patterns featuring an alternate of high and
low points, or V-shaped patterns equalizing the experience reported
in the simplest and most challenging environmental conditions,
respectively. These findings indicate a complex process of how ICE
conditions influence the perceived UX of interacting with computer

systems featuring graphical and haptic Uls. For example, Attrac-
tiveness received increased appreciation over the various sessions,
Efficiency was severely impacted, Perspicuity and Dependability left
room for improvement, Novelty revealed growing importance when
interacting under ICE conditions, Trust and Trustworthiness of con-
tent deteriorated across more challenging sessions, the perception
of Usefulness diminished across sessions, whereas Adaptability was
perceived equally in all conditions. Based on these findings, we
draw several implications for informing interaction design address-
ing ICE environments, denoted in the following with symbols @
to ®, which we exemplify in relation to emerging areas of HCI,
represented by SpaceCHI [46,47] technology involving interactions
with computers in extraplanetary environments. The degradation
of the UX that we observed in some of the dimensions included in
our evaluation could significantly impact interaction effectiveness
in such environments. Thus, dedicated countermeasures, such as
based on compensatory or coping techniques [10,67], could be ex-
plored to address the negative impacts of ICE conditions towards
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Scale A(Dy) w(D;)
Graphical Haptic Graphical Haptic
Attractiveness = > > >
Efficiency < > > <
Perspicuity > > > <
Dependability ~ >
Stimulation < >
Novelty ~ >
Trust > > < =
Adaptability x > = =
Usefulness < < < <
Visual Aesthetics > >
Intuitive Use > > < >
Trustworthiness < <
Haptics > >

Table 3: Evolution of the UX dimensions from Earth to S4:
~=ratio similar to Earth, < = ratio inferior to Earth, > = ratio
superior to Earth, <« = ratio largely inferior to Earth, and
>> = ratio largely superior to Earth. Z(D,—)= scale mean score,
w(Dj)=scale mean importance.

delivering interactions with a UX comparable to that experienced
in conventional, Earth-like environments (Table 3).

6.1.1 Interactive systems featuring assistance and resistance aligned
to ICE environmental conditions. Drawing from UI plasticity [3,61],
assistance refers to the UI’s capability to progressively enhance [38]
the underlying interaction modalities to support or facilitate the
user’s goals, actions, and decision-making. This aspect is particu-
larly relevant for ICE conditions to preserve experiential qualities
across various UX dimensions. For example, by providing increased
assistance from one interaction session to the next, specific UX di-
mensions, such as Dependability or Stimulation, could benefit from
increasing trends, unlike the situation observed in our experiment
(Figure 5) where assistance measures were not available. Alterna-
tively, resistance refers to the UI’s capability to deliberately reduce,
restrict, or gracefully degrade [14] the underlying interaction modal-
ities to preserve certain user actions or behaviors, prevent errors,
or guide users in achieving their goals. For example, Efficiency and
Usefulness are UX dimensions in which enabling users to replicate
successful behaviors and actions can help sustain a high level of
experience. This contrasts with the situation observed in our second
experiment (Figure 8), where Ul resistance was not available and,
consequently, despite increasing efficiency, perceived usefulness
followed a different trend. Furthermore, assistance and resistance
interventions could contribute to increasing UX across the Trust
and Trustworthiness of content dimensions, which we found in our
experiments to be significantly impacted by ICE conditions. These
observations can be distilled into two actionable implications for
UI design: @ incorporate assistance mechanisms within the inter-
face to support user actions where needed in order to account and
compensate for the negative effects of physical and psychological
factors on user input, and @ implement forms of interface resistance
to help preserve user behavior when successful.
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6.1.2  Assistance and resistance contribute to adaptive Uls for dealing
with ICE constraints. We found that the Adaptation dimension was
equally perceived across the various sessions, which leaves room
for improvement in situations of challenging conditions. Adaptive
UIs that self-adjust based on feedback from users, sensed cognitive
load, or inferred emotional states should provide a higher level of
UX. One example is microgravity-friendly Uls, where displays, con-
trols, and widgets adapt in terms of their physical characteristics,
e.g., the size of soft buttons, to enable more effective interactions de-
spite the more challenging physical conditions. Adaptability could
also be implemented through user profiles and customization of
Ul settings, such as switching to a particular color scheme for in-
teractions taking place during extravehicular activities [53] or to
one specific Ul layout when interactions are intended for the less
demanding in-habitat environment [52]. These observations can be
distilled into the following implication: © enable adaptive behavior
in the user interface to align with changing environmental factors
and user behavior. In unconventional settings, where users experi-
ence stressful physical and psychological conditions, adaptation to
context becomes even more crucial for effective interactions.

6.1.3 Automating interactions in ICE environments. To complement
aspects of system adaptivity design, automation integrated into
interaction techniques could enable new Uls that assist users engag-
ing in routine or complex tasks in ICE environments. One example
is predictive UX [5], where machine learning techniques capture
user behavior to anticipate needs, suggesting possible actions and
flagging out potential issues [49]. This may have a direct, positive
effect on specific UX dimensions, such as Usefulness and Intuitive
Use, both of which could be further improved, given the empirical
findings from our experiments (Figures 5 and 8). At this level, we
recommend: @ enhancing user experience by shifting the burden
of physically repetitive tasks to the computer, thereby reducing the
impact of environmental physical stressors. This recommendation
complements assistance, resistance, and adaptivity with automation,
each representing a distinct strategy for mitigating the physical
and psychological burden on users. Next, we focus on pragmatic
and hedonic UX dimensions for interacting with computer systems.

6.1.4  Pragmatic UX dimensions require targeted support in ICE
environments. Dimensions such as Efficiency, Perspicuity, and De-
pendability were among the most affected ones in our experiments
when involving progressively more challenging ICE conditions.
This result suggests that future designs of interaction modalities
and techniques should compensate for losses across these dimen-
sions caused by environmental factors, such as through consistent
design that ensures Ul consistency across multiple interactive appli-
cations and systems to reduce learning curves and enhance famil-
iarity and efficiency. In the case of graphical user interfaces, design
considerations may consist in leveraging the visual presentation of
information in terms of shape, color, and size to compensate for the
negative effects of environmental factors, such as impaired depth
perception caused by astronaut equipment or altered color percep-
tion due to lighting conditions. Moreover, use of alternative output
modalities may achieve a similar positive effect on UX. For haptic
interfaces, design considerations may include dynamic adjustment
of force feedback to account for reduced manual dexterity caused
by wearing gloves and limited ranges of movement due to astronaut
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suits. In relation to assistance and resistance, haptic enhancement
can compensate for performance decrements in aiming and track-
ing tasks under microgravity through low/medium spring stiffness
and virtual mass of a force feedback joystick. Besides haptics alone,
multisensory feedback could enable more intuitive control modes,
as demonstrated during spaceflight [67]. These observations can
be summarized into the following actionable implication: @ en-
hance the pragmatic dimensions of UX through designs specifically
aimed at compensating for losses in visual attention or manual
dexterity through adaptive visual cues, alternative modalities, and
situationally calibrated feedback.

6.1.5 Hedonic UX dimensions emerge from the meaningful integra-
tion of interactions with the environment. The hedonic UX dimen-
sions evaluated in our experiments, such as Stimulation and Novelty,
were appreciated at levels either similar or inferior to those in the
control, Earth-like condition (Figure 5). Enhancing the felt experi-
ence across these dimensions related to pleasure, enjoyment, and
subjective satisfaction, can address psychological well-being, foster
engagement, and create meaningful interactions for users engag-
ing in ICE environments. However, this desideratum may prove
particularly difficult at the design level, given that ICE conditions
are physically and psychologically challenging. Therefore, new in-
teraction techniques are necessary to support UX across hedonic
dimensions without undermining the pragmatic ones. One exam-
ple is addressing emotional connection through gamification by
including playful elements in the interaction, such as achievement
badges or rewards, as well as fostering social connectivity through
special communication features involving bases on Earth or with
crewmates to enhance emotional bonding. At this level, we recom-
mend: @ enhancing hedonic UX by embedding interactions within
a meaningful, enriching, and rewarding context for users. This in-
volves integrating interaction design with habitat design (where
interaction and environment are interconnected at a profound level
evoking ubicomp-style interactions), emphasizing the benefits of
collaborative work in isolated and confined environments (where
teamwork and collaboration are encouraged whenever possible),
and connecting UX design with techniques that support and pro-
mote well-being practices (where the latter dissimulate into the
former, surpassing user conscious attention).

6.2 Theoretical Foundations for Studying UX in
ICE Environments

Our exploration of UX in a simulated extraplanetary environment
marks the beginning of more investigations in this area. To sup-
port such future work, we believe that theoretical developments
are essential to build models of UX relevant to ICE environmen-
tal conditions, formulate and test hypotheses in new experiments,
and evaluate UX under the unique physical and psychological con-
straints present in unfamiliar and unconventional environments.
In the following, we suggest potential developments based on ex-
isting theoretical frameworks [22,63,69] for understanding user
performance and experience on Earth, which we align with the de-
sign implications outlined in the previous subsection, and provide
suggestions for extending them to extraplanetary environments.
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6.2.1 Ability-based design. One of the most popular and encom-
passing design frameworks in accessible computing is Wobbrock
et al’s [69] Ability-based Design (ABD) approach. Unlike other
frameworks, such as user-centered design [17], the specific focus
on abilities aligns ABD with our goal. Although originally intro-
duced in the context of accessible computing, ABD can be applied to
users of various abilities, including users that employ their abilities
in new environments, such as those characterized by ICE concerns.
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. For
example, walking or working in a bulky astronaut suit (see Figure 1)
are examples of constraints that diminish one’s sensory and motor
abilities, developed within Earth’s environment. Thus, the ABD
principles could generalize well to extraterrestrial environments
through user interfaces that provide assistance (our implication @)
and resistance (implication @). Both assistance and resistance em-
phasize users’ abilities to effectively engage with and successfully
complete tasks, with the former offering targeted support toward a
specific goal, and the latter preserving successful behavior across
tasks and goals. Moreover, adaptability (implication @), has been
previously explored in SpaceCHI [45] through a generative theory
proposal for extraterrestrial habitats characterized by high-risk,
uncertainty, and dynamic situation development.

6.2.2 Reality-based Interaction. The effect of the environment on
interaction design has been examined in the scientific community
with several frameworks. Of these, one that is relevant to our scope
is Jacob et al’s [22] Reality-Based Interaction (RBI), which attempts
“to make computer interaction more like interacting with the real,
non-digital world” (p. 201). To this end, the framework considers
four themes: (i) naive physics (common sense knowledge about the
physical 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
navigating within the environment), and (iv) social awareness and
skills (for interacting with others), respectively. Naive physics, repre-
sented by the informal perception of basic physical principles, e.g.,
gravity, friction, velocity, is inherently dependent on the planet. Al-
though RBI subsumes the design of the natural interaction [21], the
meaning of “natural” is likely to vary significantly in environments
with different physical characteristics, e.g., interacting with a de-
vice under microgravity conditions [11]. A more proper conceptual
approach might be non-natural interaction design [64] to contrast,
in the context of SpaceCHI, users’ expectations of interacting in
the Earth environment with those on other planets. From this per-
spective, both pragmatic and hedonic UX dimensions of interacting
with computer systems in uncoventional environments could be
improved (our implications @ and @), as non-natural interaction
design specifically emphasizes the unconventional, surprising, and
unfamiliar across all elements of the context of use. Beyond the nat-
ural physical reality of Earth, the altered appearance and modified
behavior of extraterrestrial environments require interaction design
that embraces and integrate this non-natural context through in-
constancy, inconsistency, and inaction [64]. Environment awareness
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and skills refer to navigating within and altering one’s environ-
ment, 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 [45]
and in part through adaptive interfaces [69], suggesting a process of
“mediation.” The primary reality, serving as the substratum for all
interactions, emerges as key to aligning users’ expectations of what
is natural with the environment’s actual appearance and behavior.
Reducing the décalage between users’ expectations and the envi-
ronment’s reality can positively impact UX across both pragmatic
and hedonic dimensions. Next, we discuss another framework that
explicitly emphasizes computer-mediated perception and action.

6.2.3  Sensorimotor Realities. Sensorimotor Realities [63] (SRs) rep-
resent a technology-agnostic framework for computer-mediated
perception and action with an interaction design perspective by
capitalizing 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, as follows.
The sensory mediation and motor mediation dimensions specify the
nature and amount of mediation that affects perception and action.
The virtuality 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 mediate sensation and action, while environment augmentation
specifies the integration of sensing, processing, and visualization
technology in the physical environment to mediate sensorimotor
abilities. The concept of “mediation,” key to the SRs design ap-
proach, is directly relevant to extraterrestrial contexts of use where
interactions are performed in specific conditions of equipment that
mediate abilities, e.g., astronaut suits as human augmentation in
space exploration [15] and, correspondingly, an emerging practice
of astronaut-oriented design [2].

Mediation provides the context for automatic interactions in ICE
environments (our implication @) by shifting routine tasks from the
user’s focused attention and active engagement to the periphery of
both sensory and motor processes. In this sense, mediation encom-
passes all processes that, being exocentric to the user and attribut-
able to devices or the environment, influence intrinsic perception
and action, thus creating the premises for improving both pragmatic
(implication ®) and hedonic (implication ®) UX dimensions. The
former is supported through concrete assistance that increases user
efficiency in unfamiliar environments, while the latter arises from
the ability of mediation to create meaningful integrations between
interaction and environment. Furthermore, beyond body augmen-
tation, mediation is achieved through environment augmentation
due to specialized equipment used for navigation, exploration, and
sustaining life in an extraterrestrial environment [35,57]. Through
the lens of mediation, both user sensorimotor abilities and their
perception of the environment’s characteristics, particularly ICE
ones, can be dynamically reshaped. Thus, along with ability-based
design [69] and reality-based interaction [22], sensorimotor reali-
ties [63] provide a theoretical foundation for exploring interaction
frameworks for planetary environments beyond Earth.
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6.3 Limitations and Future Work

There are several threats [65] that might have influenced the results
of our experiments, which we discuss in the following.

In terms of external validity, both our experiments were con-
ducted at MDRS, a state-of-the-art facility designed to replicate
Mars analog conditions as closely as possible. However, despite the
fidelity of this setting, significant differences exist compared to the
actual Martian environment, such as Mars’ gravity being 38% of
Earth’s, a Martian day lasting 24 hours and 40 minutes, and the
average temperature being of —63°C. Thus, our empirical results
should be interpreted with the understanding that they reflect a
partial simulation of Mars. Nevertheless, despite these differences,
a wide range of conditions were simulated with high fidelity at
MDRS—particularly aspects related to feelings of isolation and
confinement, perceptions of a vast uninhabited terrain, and the
restrictions imposed by wearing and manipulating heavy and bulky
equipment, all of which were present in the simulation.

Regarding internal validity, our crew size was limited to six ana-
log astronauts per experiment, because of logistical constraints at
MDRS. This aspect presents a significant limitation to both the
statistical power and generalizability of our findings. For example,
crew members with different physical training, psychological pro-
files, or technical backgrounds may evaluate their UX in patterns
that differ from those observed in our sample. Moreover, the small
sample size prevented us from performing inferential statistical
analyses and, instead, we focused on descriptive statistics and iden-
tifying trends in how the various UX dimensions evolved over time.
Nevertheless, even this preliminary information is valuable for
understanding differences with respect to Earth-like settings and
can serve as a foundation for future investigations. Furthermore,
our experiments focused solely on graphical and haptic interac-
tions, excluding other modalities, devices, and platforms. While
these two modalities are representative of Mars missions, future
work should expand the scope of UX evaluation in extraplanetary
environments to more diverse application types and interaction
devices. At a methodological level, the integration of physiological
and cognitive measures, such as stress biomarkers and cognitive
load assessments, will enable a more comprehensive understanding
of how ICE environments affect the UX of interactive systems.

For construct validity, our within-subject approach could be re-
structured as a between-subject design to mitigate potential learn-
ing effects that might influence evaluations in consecutive sessions.
Finally, in terms of conclusion validity, we ensured all crew members
received uniform training before their mission. However, this train-
ing was not comparable to the extensive and intensive preparation
of real astronauts, spanning months of physical and psychological
effort. Future work could address these threats by incorporating
larger samples of analog astronauts who undergo more intensive
training and experience more realistic simulations of extraplanetary
conditions, if technologically available.

Lastly, a final limitation regards the emotional cost endured by
our participants while operating in the ICE environment, an aspect
that we did not evaluate or consider in this work. However, future
examinations could look at how emotional factors interact with
physical and psychological stressors to offer a more comprehensive
understanding of the UX of interactive computer systems in such
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environments. The ethics of designing such experiments—where
conditions are challenging and potentially significantly more de-
manding than those of our study—involves careful consideration
of participant well-being and risk mitigation, going beyond simple
informed consent. We recommend continuous monitoring and sup-
port mechanisms that should be in place to address any adverse
effects that may arise during the experiment.

7 Conclusion

We reported in this work empirical findings from two experiments
conducted in an extraplanetary simulated environment, reflective of
challenging ICE conditions, to evaluate various UX dimensions in-
volved by interacting with graphical and haptic user interfaces. Our
results indicated that environmental stressors, of either a physical
or psychological nature, affect UX with various patterns and help
us conclude that interactions designed for such environments need
to be tailored to exceptional usage conditions. We also proposed
future developments based on extending interaction frameworks
developed within an Earth perspective to extraplanetary environ-
ments. We envision further research to replicate, consolidate, and
refine the implications of our experiments as well as to extend them
through evaluations in actual ICE environments or more realistic
simulations, such as actual space missions or polar expeditions.
We believe that our findings represent a first step towards under-
standing UX in unconventional environments, where interactive
computer technology plays a crucial role in supporting work and
well-being. We also plan to compare different interaction modalities
equipped with different devices to determine which one seems the
most appropriate to accomplish a given task, without causing inter-
ference with other modalities already involved, such as the speech
modality used for communication. Finally, we also want to compare
the preference expressed by analog astronauts for performing these
tasks with performance measures, such as the pragmatic measures
reported in this article.
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